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Preface
“In the depth of winter, I finally learned that within me there lay an invincible summer”
-

Albert Camus

The thesis you are about to read is the result of five years of hard, but very rewarding work I carried out at
the Analytical, Environmental and Geo-Chemistry (AMGC) group of the Vrije Universiteit Brussel (VUB).
However, the roots of the ideas expressed in the thesis were put down many years before I embarked on
my PhD. My passion and curiosity for Earth’s history originated when I started collecting rocks and fossils
at the age of five on our family holidays in the French Alps. Since then, the fascination for the forces that
shape Earth as we know it, and the concept of life evolving over vast eons of time, has never let go of me.
This passion for System Earth was further cultivated at Utrecht University, where I had the chance to learn
from inspiring researchers and embark on my first research projects. This was where my enthusiasm for
paleontology and paleoclimatology matured, and where the first seeds of what would grow out to be the
subject of this dissertation were planted. It goes without saying that I consider myself extraordinarily lucky
for having been able to carry out a research project of my own design, and succeeding in producing this
PhD thesis. The journey I took towards completing this work has been a very personal one. At the same
time, however, it is unimaginable that I could have succeeded in writing this thesis, or any of its chapters,
without the help of many people who have supported me in various steps along the way:
First of all, I would like to thank the Flanders Institute for Innovation by Science and Technology (IWT, now
FWO) for supporting this research with a Strategic Basic Research grant (IWT700-SB-141047).
Needless to say, I owe a great deal to Philippe Claeys, who saw the merit of this research project from the
first moment he laid eyes on it. It was Philippe who gave me the opportunity to embark on this PhD and
without whose trust, support, professional guidance, vision and enthusiasm none of this would have been
possible.
I would like to thank my examination committee for taking the time to read my thesis and give me their
feedback. The discussions we had during the private defence of this thesis were very constructive and
insightful, and greatly helped me to structure my thoughts into this thesis. I would like to especially thank
Michel Crucifix for taking extra time to discuss the implications of this work with me and help me to clarify
the structure of the thesis.
I am very grateful to Matthias Sinnesael and Stef Vansteenberge for upholding the perfect balance of fun
and seriousness during our years as officemates, for sharing our PhD journeys, and for introducing me to
the Belgian language(s), culture(s) and politics.
I owe special thanks to Christophe Snoeck and Steven Goderis for their advice, humor and continuous
support of my work, and to Christina Makarona for silly conversations but also for our insightful discussions
about X-Ray Fluorescence and other topics.
The analytical work described in this thesis would not have been possible without the technical support of
David Verstraeten, Luc Deriemaker, Roald Tagle, Stijn Van Malderen and Bart Lippens.
I wish to thank David, Joke, Maité, Seann, Lidia, Kevin, Guido, Willy, Marc, Yue, Martine, Tara, Sebastiaan,
Sam, Frank, Koen, Bastien, Alicia, Imke, Johan, Pim, Sietze, Thomas, Lawrence, Huan, Ryoga, Flore and
others for all the fun and science we shared while being colleagues. Being part of a dynamic and supporting
research group such as AMGC has made a world of difference in the past years and I consider myself
lucky to had all these people as colleagues.
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Abstract
Reconstructions of climate in the past teach us about climate variability during various periods in Earth’s
history. While many paleoclimate studies have focused on the climate reconstructions over long timescales
(thousands to millions of years), the effect of climate change on short-term (years to decades) variability
must be better understood to improve our models for future climate change. Such high-resolution climate
data can be obtained from a range of archives such as ice cores, tree rings and corals. These archives
have allowed researchers to reconstruct high-resolution climate change over the past few thousand years.
However, in order to obtain a more complete understanding of climate variability during more extreme
climates, we need to look at climate variability millions of years in the past (in deep time). Such
reconstructions require climate archives that preserve their original chemical variability on a seasonal or
even daily scale over these long timescales. The shells of bivalves and the enamel of fossil teeth are
promising candidates for this purpose. The research presented in this thesis takes a critical look at the
potential of teeth and shells for preserving their original chemical composition in the fossil record, and how
chemical proxies measured in these archives can be used to reconstruct climate.
In order to test chemical proxies in shells and teeth for climate reconstruction, multi-proxy studies were
carried out on modern and fossil specimens. The combination of multiple proxies on the same archive
allowed isolation of the effect of various climate variables on chemical proxies in the archives. More
importantly, such proxy comparison studies shed light on the link between climate, environment and
chemical proxies in shells and teeth, such as trace element concentrations. Trace element concentrations
can be measured rapidly and with high precision, making them very promising proxies for paleoclimate
reconstruction. The multi-proxy approach was applied on shells from different bivalve species to test
whether links between proxy and environment are different between species. Inter-species comparison
studies prove to be a key approach for determining proxy relationships in shells from extinct organisms by
comparing them with organisms that have living relatives. They allow the abundant fossils of extinct groups
such as rudist bivalves to be used for high-resolution paleoclimate research
Several new techniques and analytical strategies for obtaining high-resolution climate data were
developed within the scope of this research. New applications for micro X-Ray Fluorescence (µXRF) trace
element analysis were developed and demonstrated. The method is applied for screening carbonate
samples for diagenetic alteration and for quantitative trace element profiling. Furthermore, a detailed study
was carried out to optimize the measurement strategies required to rapidly obtain reproducible and
accurate trace element results using µXRF. The results of these studies form the guidelines for applying
the rapid, non-destructive and comparatively inexpensive µXRF method in studies in scientific fields such
as geochemistry, archaeology and materials science. Several studies within the scope of this thesis
evaluated treatment procedures applied to fossil and archaeological bioapatite samples to prepare them
for stable isotope and trace element analyses. The results of these investigations demonstrate which
treatment procedures should be adhered to and which procedures are to be avoided. Besides highresolution climate reconstructions, the techniques developed in this research were also applied in longterm climate reconstructions using limestone sequences and speleothems and studies assessing
environmental pollution in tree ring archives.
Two bold studies described in this thesis push the boundaries of high-resolution paleoclimate research.
The first describes a numerical model that allows the reconstruction of growth and trace element uptake
rates in bivalve shells based on microstructural and trace element analyses in multiple dimensions
throughout the shell. This model allows the discussion of trace element uptake rates into the entire shell
as proxies for climate. These uptake rates can be reconstructed from well-preserved fossil shells and
provide a new way to calibrate trace element proxies in living and extinct bivalve shells. The second study
applies new developments in state-of-the-art ultra-high-resolution Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICPMS) to measure trace element concentrations in a fossil rudist bivalve
shell on a resolution that allows chemical variability on a daily scale to be resolved. The results of these
III
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measurements at unprecedented resolution pave the way for climate reconstruction far beyond the
seasonal scale. They also yield information on the paleobiology of extinct rudist bivalves and can be used
to reconstruct changes in the frequency of celestial cycles over geological timescales.

IV
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Samenvatting (NL)
Klimaatreconstructies vertellen ons over de variatie in klimaat tijdens verschillende periodes in de
geschiedenis van de Aarde. Hoewel veel klimaatreconstructies focussen op de lange termijn (duizenden
tot miljoenen jaren), is het belangrijk de veranderingen op korte termijn (dagen tot decennia) ook beter te
bestuderen om onze modellen voor het klimaat in de toekomst te verbeteren. Dit soort hoge resolutie
klimaat data kan worden verzameld uit verscheidene archieven zoals ijskernen, boomringen en koralen.
Deze archieven helpen onderzoekers het klimaat van de laatste duizend jaar op hoge resolutie te
bestuderen. Echter, om het gedrag van het klimaat tijdens extreme omstandigheden beter te begrijpen
moeten we het klimaat van miljoenen jaren geleden onderzoeken. Dit soort reconstructies vereisen
archieven voor hoge resolutie klimaatverandering die het originele chemische klimaatsignaal op de lange
tijdschaal bewaren. De schelpen van bivalven en fossiele tanden zijn hiervoor uitgelezen kandidaten. Het
onderzoek gepresenteerd in dit proefschrift biedt een kritische blik op de mogelijkheden van schelpen en
tanden om hun originele klimaat signaal te behouden tijdens fossilisatie, en bestudeert hoe chemische
proxies in deze archieven kunnen worden gebruikt om het klimaat te reconstrueren.
Om chemische proxies voor klimaatreconstructie in schelpen en tanden te testen werden multi-proxy
studies gedaan van moderne en fossiele specimens. De combinatie van meerdere proxies in hetzelfde
archief maakt het mogelijk om het effect van verschillende klimaat variabelen op de proxies te isoleren.
Daarnaast geven dit soort studies veel informatie over de link tussen klimaat en milieu en chemische
proxies in schelpen en tanden, zoals concentraties van sporenelementen. Deze sporenelementen kunnen
snel en precies worden gemeten, waardoor het hele interessante proxies zijn voor klimaatverandering op
hoge resolutie. De multi-proxy approach werd toegepast op verschillende soorten bivalven om verschillen
in proxy links tussen soorten te onderzoeken. Dit soort studies met meerdere soorten blijken een zeer
belangrijke methode te zijn om data uit reeds uitgestorven soorten te interpreteren door ze direct te
vergelijken met soorten die nog wel levende afstammelingen hebben. Dit betekent dat grote groepen
uitgestorven bivalven (zoals rudisten) nog kunnen worden gebruikt voor klimaatreconstructie op hoge
resolutie.
Verschillende nieuwe technieken en meetstrategieën werden ontwikkeld om hoge resolutie klimaat data
te verkrijgen in het onderzoek in dit proefschrift. Nieuwe applicaties voor micro X-Ray Fluorescentie
(µXRF) sporenelementen analyse werden ontwikkeld en gedemonstreerd. Deze methode werd toegepast
als screening methode voor de staat van bewaring van carbonaatfossielen, en om hoge resolutie profielen
van sporenelementen concentraties te meten in deze fossielen. Daarnaast werd een gedetailleerde studie
uitgevoerd om de meetcondities met µXRF te optimaliseren zodat snel data van hoge kwaliteit (nauwkeurig
en reproduceerbaar) kan worden verzameld. De resultaten van deze studies vormen nieuwe richtlijnen
voor het meten van sporenelementen met relatief goedkope µXRF techniek zonder het sample materiaal
te vernietigen (non-destructief), en kunnen worden toegepast in verscheidene geochemische,
archeologische en materiaaltechnische studies. In verschillende studies in dit proefschrift werden testen
uitgevoerd van voorbehandelingsmethoden voor de preparatie van bot en tandmateriaal voor chemische
analyse. De resultaten van deze studies laten zien dat sommige procedures moeten worden vermeden
terwijl anderen goed werken om de samples schoon te maken. Technieken ontwikkeld in dit proefschrift
werden ook toegepast op archieven voor lange termijnreconstructies zoals kalksteen sequenties en
stalagmieten. Daarnaast werden ook boomring archieven gebruikt voor het bestuderen van de effecten
van menselijke vervuiling op het ecosysteem.
Twee gedurfde studies in dit proefschrift verleggen de grenzen van hoge resolutie klimaatreconstructie.
Een eerste studie beschrijft een wiskundig model dat werd ontwikkeld om de groei en de opname van
sporenelementen in bivalven schelpen te reconstrueren in meerdere dimensies door de schelp. Dit model
stelt ons in staat de opname van deze elementen in de hele schelp te gebruiken als proxy voor klimaat.
Deze opnames kunnen worden gereconstrueerd uit goed bewaarde fossielen en vormen een nieuwe
manier om proxies voor klimaat in levende en uitgestorven bivalven te kalibreren. De tweede studie past
V
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nieuwe ontwikkelingen in Laser Ablatie Inductief Gekoppelde Plasma Massa Spectrometrie (LA-ICPMS)
toe om sporenelementen te meten op ultra-hoge resolutie. Deze metingen staan toe om dagelijkse
wisselingen in schelp chemie te karakteriseren in een fossiele rudist bivalve uit het Laat Krijt (75 miljoen
jaar oud). Deze resultaten op nooit eerder vertoonde resolutie staan toe om klimaat variabelen te
reconstrueren tot ver voorbij de seizoenale schaal. Ze geven ook informatie over de paleobiologie van
deze uitgestorven organismen en laten zien hoe astronomische cycli van dag en nacht en van de
seizoenen hebben veranderd over geologische perioden.

VI
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1. General introduction
On climate change
Climate scientists all over the world overwhelmingly agree that Earth’s climate is heavily influenced by
human activity. An estimated 97% of experts agree that human influence has been the dominant cause of
observed global warming since the mid-20th century, and levels of consensus increase with level of
expertise on the subject (Cook et al., 2016). This consensus on anthropogenic global warming is reported
by the Intergovernmental Panel on Climate Change (IPCC, 2014). Global warming is caused by
anthropogenic
greenhouse
gas emissions and land use
change driven by population
growth. It has resulted in a
global
average
surface
temperature
increase
of
0.85°C during the period
between 1880 and 2012. Even
if strict mitigation policies are
enforced, temperatures are
highly likely to rise an
additional increase of 1-2°C
before the end of the 21st
century (see Figure 1). The
socio-economic effects of
climate change range from sea
level rise and the associated
displacement of people, an
increase in extreme weather
events, desertification and an
increase in violent conflicts
(Hsiang et al., 2013; Strauss et
al., 2015). In order to predict
the effects of future climate
change, it is paramount that
we improve climate models by
confronting
them
with
measured or reconstructed
climate data.
The most detailed models for
climate prediction are Earth
System Models (ECMs), which
simulate worldwide circulation
of heat and chemistry in the
ocean
and
atmosphere
(Hawthorne et al., 2013; IPCC,
2014). These models yield
predictions of a wide range of
climate variables (e.g. surface
temperature,
precipitation
variables,
humidity,
atmospheric composition) for

Figure 1: IPCC predictions for temperature (a), ice cover (b) and ocean pH (c) in the 21st
century (IPCC, 2014)

1
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every simulated grid cell, leading to high-resolution predictions of weather and climate (Sun and Hansen,
2003). Continuous confrontation of these models with actual climate data is crucial for evaluating model
outcome and to correct and improve input parameters as well as the internal mechanisms that drive these
important climate models (Phipps et al., 2013). This can be achieved by comparing model outcomes with
climate data. The accuracy of the model outcome is optimized by changing empirical constants used to
represent the role of processes which cannot be resolved by the model due to a lack of spatial or temporal
resolution (Menemenlis et al., 2005). Furthermore, if measured or reconstructed climate data cannot be
reproduced by models, such confrontations allow us to improve out understanding of the mechanics of
Earth’s climate. Direct instrumental measurements of climate variables are of vital importance to this
approach, but instrumental records only have sufficient coverage back to approximately the year 1850
(Jones and Briffa, 2000). Since global warming is likely to change our climate to beyond the extremes
recorded in this relatively short time span, data from climate much farther in the past is required to improve
our climate models for reconstructing future climate (Hargreaves and Annan, 2009). Not only will this
paleoclimate data allow us to study warmer climates unseen in the last 150 years, the longer time span of
such reconstructions also offers insights about climate change beyond the decadal scale.
1.1 Paleoclimate
Paleoclimatology, the study of past climates, has revealed the nature of fundamental mechanisms driving
Earth’s climate through geologic history. Such mechanisms include large scale forcing mechanisms that
control climate over a wide range of timescales (from thousands to billions of years, e.g. Berger, 1988;
Veizer et al., 2000; Zachos et al., 2001; see Fig. 1). The response of various climate variables through
time is measured indirectly using geochemical proxies, such as (stable) isotope ratios, (trace) element
abundances and other properties of sedimentary rocks and fossils (e.g. Pälike et al., 2001; Sluijs et al.,
2008; Ziegler et al., 2010). The incorporation of these proxies in sedimentary rocks and fossils is related
to environmental variables. The term “environmental variable” in this context can stand for any external
variable that influences the environment in which the proxy is formed, such as temperature, salinity and
sea water composition, but also things like diet, trophic level and habitat. These variables are directly
influenced by climate variables such as local air temperature, precipitation and wind speed and direction,
giving rise to the reconstruction
of climate by means of
environmental proxies. Climate
is
reconstructed
using
geochemical proxy records,
which reveal evolution of these
proxies (and therefore of
climate) through time (e.g.
Norris and Rohl, 1999). Climate
models can be improved by
confronting
them
with
paleoclimatology data, and
these models can then be used
to project weather and climate
in the future (e.g. HendersonSellers et al., 2002).
In order to characterize the
climate system as a whole,
information
about
climate
change on a wide variety of
temporal scales is required
(Huybers and Curry, 2006). An

Figure 2: Long-term reconstruction of tropical temperature anomaly (relative to present-day)
over the course of the Phanerozoic eon (after Veizer et al., 2000)

2
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important goal of paleoclimate studies is to characterize variability in climate across a wide range of
temporal scales in an effort to shed light on the general controls on continuum variability of climate on
Earth (Shackleton and Imbrie, 1990; Pelletier, 998; Fraedrich and Blender, 2003; Huybers and Curry,
2006). A difficulty in obtaining such information about paleoclimate is that, when taking reconstructions
further back in time, archives for high-resolution climate variability become increasingly rare. While many
archives recording short-term (seasonal to decadal) climate variability are available for reconstructions in
the Quartenary (e.g. corals, ice cores, tree rings and speleothems; Dunbar et al., 1994; Luckman et al.,
1997; Petit et al., 1999; Rasmussen et al., 2008; Morrongiello et al., 2012; van Rampelbergh et al., 2014;
see 1.2), preservation of such archives poses problems when taking reconstructions back into deep time
(pre-Quartenary).
For this reason, most deep time paleoclimate recontructions have made use of marine sedimentary
archives to recostruct climate fluctuations at the time scale and resolution of orbital (Milankovitch) cycles,
like climatic precession (~21 kyr), obliquity (~41 kyr) and eccentricity (~100 kyr), and lower frequency
cycles (“long-term reconstructions”), up to tectonic scale (>100 Myr; see Berger, 1988; Nance et al., 2014;
example in Figure 2). Since marine sedimentation rates are generally low (a few centimeters per thousand
years; Reading, 2009), most of these sedimentary archives only record changes over longer timescales.
These long-term climate reconstructions have yielded critical insights into climate change on the long term
and the dynamics of climates vastly unlike that of the present. However, the temporal resolution achievable
when sampling marine sedimentary archives is generally insufficient to capture changes that take place
within periods shorter than 10.000 years. At the same time, overviews of climatic variance over a wide
range of temporal scales show that much of the variation in our climate actually takes place on the subannual to decadal scale, with the seasonal cycle being the single most important cycle in Earth’s climate
(Mitchell, 1976; Huybers and Curry, 2006). If we are to achieve a better understanding of the continuum
of climate variability over a wide range of temporal scales, these long-term reconstructions in deep time
should be complemented by reconstructions from archives that allow reconstructions to be made at the
seasonal to decadal scale (“short-term” or “high-resolution” climate reconstructions).
Recently, the reconstruction of deep time climate variation at higher resolution (sub-Milankovitch to subannual scale) has received more attention (e.g. Woodhead et al., 2010; Batenburg et al., 2011; De
Vleeschouwer et al., 2012; de Winter et al., 2014). Such research is of great importance for understanding
Earth’s climate on the scale of a human lifespan, and is of particular interest in for putting anthropogenic
climate change in perspective. Reconstructions on a seasonal scale can help constrain the uncertainties
in long-term climate reconstructions and provide snapshots of short timescale variations superimposed on
longer climate trends. However, the importance of using high-resolution paleoclimate archives to
complement reconstructions based on deep marine sediments goes further than just widening the
“frequency window” through which we are looking at past climate. Different archives, such as corals, ice
cores, tree rings and speleothems (Dunbar et al., 1994; Luckman et al., 1997; Petit et al., 1999;
Rasmussen et al., 2008; van Rampelbergh et al., 2014; see 1.2) also allow us to study climate and
environmental change in different types of environments which opens up the possibility to compare
between contemporary climate records from different environmental settings (e.g. altitude, latitude, marine
vs. terrestrial), giving a more complete view of climate variability in the past. Furthermore, many of these
high-resolution climate archives yield information on much more than just climate. A large variety of proxies
developed for a range of different archives allow us to obtain information on a myriad of environmental
variables, such as pH, redox potential and chemistry of aquatic environments or vegetation cover,
precipitation regimes and food web structure in terrestrial ecosystems (e.g. Fairchild et al., 2001; Schöne
et al., 2005; Nakagawa et al., 2012; Schimmelmann et al., 2016; Borsato et al., 2016). These sources of
additional information expand the use high-resolution archives beyond purely reconstructing climate, and
allow us to apply these archives for reconstructing a wide variety of environmental and even ecological
conditions.
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1.2 Objectives
The aim of this thesis is to explore the potential of bivalve shells and tooth enamel to serve as archives for
the reconstruction of seasonal variability in climate and environment in pre-Quarternary times (“deep
time”). Extracting high-resolution geochemical records from these incrementally-grown fossil archives
requires us, on the one hand, to tackle analytical difficulties concerning the measurement of geochemical
proxies and, on the other hand, to solve issues concerning the interpretation of these records. During this
PhD project, several advances were made in the techniques used to assess preservation of the fossil
samples, improve measurement resolution and data quality, and to understand the growth mechanisms of
these skeletal archives.
1.3 High-resolution paleoclimate archives
The study of paleoclimate in sub-annual to decadal resolution requires geological archives that record
environmental conditions (linked to climate) on a short (seasonal to decadal) timescale. Conventional
pelagic marine carbonate sequences, such as those recovered in the International Ocean Discovery
Program (IODP), do not provide the necessary temporal resolution to reconstruct this variability (Veizer et
al., 1999; Henkes et al., 2018). Instead, high-resolution climate reconstruction requires archives that grow
rapidly, incrementally and continuously (or with well-known, temporally confined, hiatuses). Given the short
time span of high-resolution climate variability, the presence of structural disturbances in climate archives
can compromise the reconstruction of a large part of climate variability and drastically reduce the amount
of information we can obtain from the archive. This criterion effectively rules out most sedimentary
sequences as archives for high-resolution climate change, since processes such as bioturbation, wave
action and diagenesis continuously mix the upper layer of sediment, and exposure to erosion can quickly
produce large hiatuses in the record (Boudreau, 1998; Andersen, 2001; Vibe et al., 2018). While there are
some exceptions (e.g. varved lake sediments, see below), these processes generally prevent the
resolution of variability recovered from these archives beyond the centennial scale (Stevens et al., 2006).
1.3.1 Lake and peat bog archives
When conditions for deposition are favourable, sedimentary archives can preserve small-scale features
recording high-resolution environmental variability. This can only occur in almost complete absence of
sediment mixing and consequently occurs mostly in deep, (seasonally) anoxic basins, such as deep lakes
and fjords (Zolitschka et al., 2015; Schimmelmann et al., 2016). Under such conditions, so-called “varves”
(annually deposited laminae) can be deposited, which enable the establishment of detailed chronologies
for these archives. Such archives also allow reconstructions of climate and depositional environment on
an annual or even seasonal scale. Varved lake deposits allow the study of biogenic (pollen, diatoms,
biomarkers, etc.), chemical (trace elements and stable isotopes) and optical (microfacies and colour
analysis) proxies to obtain detailed reconstructions of changes in local vegetation and climate in the lake
catchment (Last and Smol, 2002; Nakagawa et al., 2012). A special case of anoxic lake archives are the
peat bog archives, which also allow high-resolution reconstructions of local vegetation and environmental
conditions, albeit limited to decadal resolution (Woillard, 1978; Blackford, 2000; Morris et al., 2016). Multiproxy studies in marine varved archives can produce records of past changes in biogeochemical cycles,
paeoceanography and paleoecology in the (nearshore) marine realm (Dallimore and Jmieff, 2010;
Schimmelmann et al., 2016 and references therein). As such, these high-resolution sedimentary archives
provide records of local climate in both the terrestrial and marine realm. As mentioned above, such
reconstructions focus predominantly on the Quaternary time period. Nevertheless, varved sediment
archives have the potential to preserve from pre-Quaternary times (Anderson and Dean, 1988; Kirkland,
2003; Davies et al., 2012). The interpretation of proxy data from these archives by comparison with their
modern analogues is, however, hampered by differences in sedimentary and biological composition which
cause the expression of varves to evolve over time. Furthermore, the effect of diagenetic processes and
the uncertainty of dating methods in deep time successions makes it hard to demonstrate the annual origin
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of varves and use them for high-resolution climate reconstruction in deep time (Schimmelmann et al.,
2016).
1.3.2 Ice core archives
Ice core archives provide another valuable archive for high-resolution climate reconstruction. Like lake
cores, ice core archives can often be precisely dated by means of annually layering (Rasmussen et al.,
2014). Ice core archives yield information of high-resolution climate change in generally data-poor polar
and high altitude regions, complementing other climate records. Long-term accumulation of ice on polar
ice caps allows these archives to record northern hemisphere climate over the last 130 kyr (Greenland ice
cores; Rasmussen et al., 2008; Dahl-Jensen et al., 2013; see Figure 3) and even back in time more than
800 kyr on the southern hemisphere (Antarctic ice cores; Jouzel et al., 2007). One of the biggest
advantages of ice core archives is that gases trapped in the ice can offer direct measurements of
atmospheric composition (pCO2, pCH4, pN2O, etc.; Shoji et al., 1982; Severinghaus et al., 2006; Higgins
et al., 2015). These measurements
form more reliable records of past
changes in biogeochemical cycles
than reconstructions made indirectly
through proxies. It must be noted
that gases in ice cores can mix,
resulting in a smoothing of the
climate record which reduces the
resolution of reconstructions to a
maximum
of
10-50
years
(Schwander et al., 1988; Rhodes et
al., 2016). In addition to trapped gas
bubbles, a multitude of proxies for
past climate (e.g. stable isotopes in
ice and dust content) can be used to
reconstruct
temperature,
wind
patterns and other climate variables
(Petit et al., 1999; Augustin et al.,
2004; Lovejoy and Lambert, 2018).
While ice core archives offer
important archives of high-resolution
climate
in
the
Quaternary,
movement in ice sheets and basal
melting puts an upper limit to the
maximum age of ice that can be
recovered in ice cores of 1.5 Ma
Figure 3: Example of reconstruction of climate variables in the Eemain (last intergralcial)
(Fisher et al., 2013), precluding
period from Greenland ice core records (after Dahl-Jensen et al., 2013)
deep time reconstructions using this
archive.
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1.3.3 Tree rings
The reconstruction of past climates from tree rings (dendroclimatology) offers an additional method for
high-resolution climate reconstruction. As in lake varves and ice cores, counting tree rings offer an
excellent absolute dating technique for climate archives. Individual trees can grow for more than 5000
years (Earle, 2013), but composite tree ring chronologies composed of multiple archaeological and fossil
trees have been extended continuously for more than 11000 years (Becker, 2003) and discontinuously for
up to 50000 years (Palmer et al., 2006; see Figure 4). Depending on the growth site, proxies in tree
archives, such as tree ring width, wood stable isotopes and trace element content, can yield records of
paleoclimate variables (e.g. precipitation, temperature and pCO2; Treydte et al., 2007; Sheppard, 2010;
Cook, 2013). Providing valuable data on terrestrial climate, tree ring archives are complementary to
records of marine climate, such as corals and bivalve shells, and are sometimes combined with these
records to provide insight into the effects of climate variability in both the terrestrial and marine realm
(Black et al., 2009). Wood is permineralized during fossilization, resulting in the complete replacement of
organic material by minerals and the loss of original chemical composition (Dietrich et al., 2001). Therefore,
only non-chemical proxies (e.g. tree ring width) can be used in fossil wood. Since tree response to climate
is very variable between species and localities, the application of fossil tree ring archives for climate
reconstructions in deep time requires detailed knowledge of taxonomy and large datasets and is therefore
severely limited (Falcon-Lang, 2005).

Figure 4: Example of a composite tree ring record (ring width) of New Zealand kauri (Agathis australis) during Oxygen Isotope Stage 3
(±35 ka; after Palmer et al., 2006)

1.3.4 Speleothems
Speleothems, structures formed by the precipitation of minerals from water in caves (e.g. stalagmites),
constitute an additional archive for high-resolution climate reconstructions. The isotopic and trace element
composition of these cave deposits is determined by the ambient conditions in the cave and the
composition and amount of available drip water (McDermott, 2004; Van Rampelbergh et al., 2014). The
dominance of these two variables depends on the morphology of the cave and the location of the
speleothem relative to its entrance. The environment outdoors controls speleothem chemistry in more
ventilated caves, while in parts of caves with near-constant environment drip water composition is the
dominant variable driving variability in speleothem composition (Spötl et al., 2005). Speleothems in
ventilated caves can yield records of outside temperatures on a seasonal scale (Banner et al., 2007), while
the composition of speleothems in scarcely ventilated caves delivers information about changing
precipitation regimes and vegetation changes on top of the cave area (Lachniet, 2009). Speleothems can
grow fast enough to record sub-annual variability in climate or environment (Banner et al., 2007), but can
also grow long enough to record variability on an orbital timescale (10-100 kyr; Wang et al., 2008; ÜnalImer et al., 2015; see Figure 5). One of the major advantages of the speleothem archive is the availability
of excellent dating methods such as layer counting, U-series dating and C-14 dating, allowing the
establishment of precise speleothem chronologies. Another advantage is the global distribution of caves,
allowing speleothems to be used for reconstructions of climate in a wide range of environments (Fairchild
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and Baker, 2012). A disadvantage of these archives is that the relationship between climate and
environmental changes and chemical proxies in speleothems is often cave-specific and complicated by
the influence of the overlying carbonate rocks (the “epikarst”) on the composition of the drip water (Bradley
et al., 2010; Van Rampelbergh et al., 2014). Cave monitoring studies are in place in several caves
worldwide in order to establish better transfer functions for speleothem proxies and improve the precision
of climate reconstructions using this archive (Tremaine et al., 2011; Van Rampelbergh et al., 2014). The
fastest growing speleothems sometimes record annual laminations, enabling seasonal reconstruction of
climate and environmental variability when combined with cave monitoring studies (Banner et al., 2007;
Van Rampelbergh et al., 2014). These reconstructions illustrate the complexity of the speleothem archive,
because they often show that on different timescales (e.g. seasonal vs. centennial) different environmental
variables are dominant drivers of proxies in speleothem calcite (Van Rampelbergh et al., 2014). Annual
laminations allow for very precise chronologies to be constructed for speleothems (Verheyden et al., 2006).
Attempts have been made to use fossil speleothems for high-resolution climate reconstruction in preQuaternary times (Woodhead et al., 2010). However, much as in tree ring archives, the influence of local
differences such as cave-specific variables (e.g. ventilation, see above) on the expression of chemical
proxies in speleothems makes it hard to extrapolate modern proxy relationships to fossil speleothem
records for deep time reconstruction (Borsato et al., 2016). Furthermore, the post-depositional alteration
of speleothem carbonate (most notably porous and aragonitic speleothems) reduces the preservation of
speleothems in the fossil record and limits the use of the speleothem archive for pre-Quaternary
reconstructions (Fairchild et al., 2006; Perrin et al., 2014).

Figure 5: Comparison of speleothem and ice core records over the last 100 kyr (after Unal-Imer et al., 2015)
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Figure 6: Overlapping stable isotope records from fossil Porites corals showing Pacific temperature variability in the 13th and 14th
century (after Cobb et al., 2003)

1.3.5 Coral archives

An important source of information on high-resolution climate variation resides in the calcified skeletons of
corals. Most modern corals are colonial organisms, consisting of multiple individual polyps which are
produced by asexual reproduction. Tropical shallow-water corals live in symbiosis with zooxanthellae
(autotrophic dinoflagellates) while deep-water corals are not photosymbiotic (Cairns, 1977; Kleypas et al.,
1999; Houlbrèque et al., 2015). Stony corals build a calcium carbonate skeleton to protect the polyps.
Skeletons can have various shapes and sizes, but massive coral mounts (predominantly those produced
by the genus Porites) are most suitable for climate reconstruction (e.g. Cobb et al., 2003; see Figure ).
The chemical composition of coral skeletons relates to environmental variables such as temperature, the
chemical composition of the sea water and pH, as well as on the growth rate of the organism (Hayashi et
al., 2012). This relationship with the environment allows shallow corals to be used for tropical climate
reconstruction (Fairbanks et al., 1997; Brocas et al., 2016) and deep-water corals for reconstructions of
the composition of intermediate water bodies and ocean circulation (Lazier et al., 1999; Correa et al.,
2010). As in tree rings, annual banding in coral skeletons allows accurate dating of hundreds of years old
individual corals (Urban et al., 2000; Zinke et al., 2014) and even longer records from coral composites
(Dunbar et al., 1994; Cobb et al., 2003; Yan et al., 2015; see Figure ). Coral archives have proven
especially useful for the reconstruction of decadal oscillation, such as variability in El Nino Southern
Oscillation, over the last centuries, but also yielded records of tropical seasonality (Linsley et al., 1994;
Cobb et al., 2003; McGregor et al., 2017). The coral archive offers high-resolution climate reconstructions
in the tropical and deep-marine realm and complements high-resolution climate records in other settings.
One of the most noteworthy examples of this synthesis of climate records is the PAGES 2k Consortium
database (PAGES 2k Consortium et al., 2017). Some studies have interpreted proxy records from fossil
corals to reconstruct high-resolution climate change in the past (Kilbourne et al., 2004; DeLong et al.,
2010). However, the aragonitic skeletons of corals have a poor preservation potential and coral-based
reconstructions are therefore mostly limited to the Holocene (McGregor and Gagan, 2003; Webb et al.,
2009).
1.3.6 Sclerosponges
Another tropical marine calcifier whose skeleton can be used as for seasonal-scale climate reconstruction
is the sclerosponge. Sclerosponges are slow-growing organisms with a carbonate skeletal structure similar
to that of corals. While some of these sponges precipitate secondary carbonate to fill up holes in their
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skeleton, which complicates the establishment of skeletal chronologies, there are species that do not
produce skeletal infillings and can be used to produce records of environmental change over 1000 years
(Druffel, 1981; Hartman, 1983; Benavides and Druffel, 1986; Fernandez et al., 2015). The slow growth
rates of sclerosponges (0.01 - 1.34 mm/yr) somewhat complicates sampling for high-resolution (seasonally
resolved) records of chemical variability. However, sclerosponges precipitate their carbonate skeletons in
isotopic equilibrium with ambient sea water and have been used successfully to produce monthly resolved
records of sea surface temperature (Moore et al., 2000; Grottoli, 2006). Besides serving as useful archives
for temperature evolution over the last millennium, sclerosponges have also yielded valuable information
about marine productivity and ocean circulation (Rosenheim and Swart, 2007). While some work has been
done on interpreting trace element (e.g. Mg/Ca, Sr/Ca and Ba/Ca) records from the sclerosponge skeletal
archive in terms of pH and salinity, results show that careful microstructure-specific calibrations of such
proxies are required to confidently interpret these proxies (Waite et al., 2007; Allison et al., 2012). These
findings demonstrate that sclerosponges are a promising but under-utilized archive for reconstructing
climatic and chemical changes in the tropical marine realm over the last 1000 years (Morrongiello et al.,
2012). Unfortunately, sclerosponges build their skeletons out of aragonite or high-magnesium calcite,
which seerely limits their preservation potential over longer timescales (pre-Quartenary; Brand and Veizer,
1980; Grottoli, 2006).
1.4 Accretionary skeletal archives
The previous two paragraphs demonstrate the use of skeletal parts as archives for climate and
environmental change. Indeed, many organisms secrete hard skeletons during their lifetime, and these
hardparts can be excellent archives for climate and environmental change on short timescales (see Ivany,
2012; Passey, 2012). Most of the higher taxa that produce skeletal archives live long enough to capture
seasonal to decadal variability (e.g. mollusks, fishes and vertebrates) and precipitate their skeletons in
isotopic equilibrium with the fluid from which the mineral is precipitated (ambient sea or freshwater or body
fluid; e.g. Ivany, 2012; Grossman, 2012; Passey, 2012 and references therein), allowing interpretations of
oxygen isotope ratios in terms of paleo(body)temperatures with some degree of confidence. However,
many of these taxa do exert some control on the concentration of trace elements in their skeleton, giving
rise to physiological effects (“vital effects”) on trace element proxies in many skeletal archives (Weiner and
Dove, 2003). In an attempt to circumvent this issue, the chemistry of skeletons from modern specimens
are often studied to establish species-specific transfer functions for chemical proxies that allow skeletal
archives from conspecific or closely related specimens to be interpreted (e.g. Surge et al., 2001; Lorrain
et al., 2005; Kohn et al., 2013; Ballesta-Artero et al., 2018). The application of this approach can be
extended further back in time by applying the uniformitarian principle: using studies of the chemistry of
skeletons of close modern relatives to interpret high-resolution chemical proxy records from fossil skeletal
archives in terms of paleoenvironment and paleoclimate (e.g. Dodd et al., 1990; Jones and Allmon, 1995;
Good, 2004).
The study of high-resolution climate and environmental change using these skeletal archives focuses
heavily on the reconstruction of paleoseasonality, this being the dominant cycle in the time domain which
can be resolved in these archives (Huybers and Curry, 2006; Ivany et al., 2012). The fact that seasonality
has such a strong influence on the environment in which these organisms grow often causes skeletal
archives to contain annual markers which form the basis of chronologies used to interpret other variations
observed in the chemical record or even to link together multiple climate records (e.g. Butler et al., 2013).
Seasonality itself is often the goal of high-resolution reconstruction studies, as it is an important
characteristic by which to classify modern climates (Rubel and Kottek, 2011). Seasonality in the context
of climate is traditionally defined as the difference between monthly temperature extremes (summer and
winter), but the term can be used to define the difference observed in any variable that changes periodically
paced to the annual cycle. Seasonality as such can be approximated by a sinusoid around which variation
follows a normal distribution. From this it follows that the extent of seasonality recorded in a skeletal archive
(or any time series) depends on the time resolution of the record, with higher resolution leading to a higher
9
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change of capturing seasonal extremes and therefore a larger seasonality. From a climate reconstruction
perspective, seasonality is an important variable that can be used to classify climate at a given space and
time, independent from mean annual temperature. Therefore, the relationship between seasonality and
mean annual temperature, latitude and environment yields valuable information about the dynamics of the
climate system. The relationship of seasonality changes to changes in other climate variables (e.g. mean
annual temperature) in different environmental settings and during various time periods is subject to debate
in the paleoclimate community (Schöne and Fiebig, 2009; Wanamaker et al., 2011; Ivany, 2012 and
references therein). Skeletal archives such as bivalve shells and mammal teeth that preserve the
expression of the seasonal cycle in deep time therefore deliver a unique type of information about past
climate that is complementary to conventional long-term climate reconstructions from these time periods.
1.5 Bivalve shells
While all the archives listed in 1.3 are valuable recorders of high-resolution climate, preservation issues
do not allow them to be applied for deep time reconstructions. Reconstructing the important sub-annual to
decadal components of climate variability requires archives that not only record environmental variability
at sufficient resolution, but also enable this variability to be preserved on geological timescales. The shells
of molluscs meet these criteria and are promising archives for high-resolution climate variability in preQuaternary times. The phylum Mollusca constitutes the second-largest phylum in the animal kingdom
(after the arthropods) and includes gastropods (e.g. snails and slugs), cephalopods (e.g. squid and
octopuses) and bivalves (clams; Rosenberg, 2014). They are among the most widely distributed groups
in the fossil record since the Cambrian explosion (±540-520 Ma; Lecointre et al., 2001; Taylor and Lewis,
2007). As an ancestral characteristic, molluscs typically secrete shells (shell-less molluscs such as slugs
have later lost this ability). These shells are mainly composed of aragonite, though many bivalve species
produce (partly) calcitic shells, which are much more resistant to diagenesis and tend to preserve well in
the fossil record (Kennedy et al., 1969; Brand and Veizer, 1980; Ullmann and Korte, 2015). For this reason,
bivalve shells have become important subject fossils in studies of paleontology, paleoecology and
paleoclimatology (e.g. Jablonski et al., 2003; Valentine et al., 2006). Since bivalves have lifespans ranging
from a few years to up to hundreds of years (Schöne
et al., 2005), the study of growth patterns and
composition
of
bivalve
shells,
called
sclerochronology, can yield information about
changes in their environment on a sub-annual to
centennial scale (Schöne and Gillikin, 2013). Much
like corals or tree rings, bivalve shells can be dated,
at least relatively, by counting annual, tidal or even
daily growth increments (Jones, 1983; Popov, 2014).
When growing conditions are favourable, bivalve
shells are secreted continuously, meaning that
temporal resolutions of bivalve archives are almost
exclusively limited to the sample size required for
chemical analyses. The latest techniques for highresolution chemical analysis on bivalve shells have Figure 5: Example of a fossil rudist biostrome (reef) in the Saiwan
therefore been able to document changes in shell
region of Oman.
chemistry on a sub-daily level (Sano et al., 2012;
Warter and Müller, 2017).
1.5.1 Environment
Bivalves inhabit a wide range of aquatic habitats, stretching from the tropics to boreal climates and from
freshwater to deep marine environments (e.g. Yonge, 1949; Campbell and Bottjer, 1995; Roy et al., 2000).
This distribution allows them to be used for the reconstruction of climate in a wide range of environments.
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Over the course of evolutionary history, bivalves have conquered various ecological niches, perhaps the
most remarkable of which is the evolution of the very abundant reef-building rudist (Hippuritida, Skelton,
2013) bivalves during the Cretaceous (Skelton and Gili, 2012; see Figure 5).
1.5.2 Shell formation
Bivalve shells are composed of two valves (hence the
name “bivalve”) joined by the ligament. The valves grow
incrementally by addition of new material at the edge of
the shell (leading to an increase in shell area) and at the
inside of the shell (leading to gradual thickening of the
shell; Jones, 1983). A thin membrane covering the mantle
of bivalves (the epithelium) folds in a series of lobes. At
the outer edge of the mantle, an organic layer called the
periostracum forms a barrier between the outer
environment and the space in which shell mineralization
occurs. This area, on the interface between the mantle Figure 6: Schematic overview of the components involved in
lobes (covered by the epithelium), the periostracum and mineralization of bivalve shell material (after Jacob et al.,
2008)
previously mineralized shell, is called the extrapallial
space (Marin et al., 2012; see Figure 6). The presence of an extrapallial space in which mineralization
occurs is important, because this seems to allow the bivalve to control the components which its shell is
mineralized by transporting the necessary ions towards the calcification site through the mantle (Istin,
1970; Marin et al., 2012). Mineralization of the shell occurs at the periostracum, which consists of
conchiolin proteins. The conchiolin, secreted in a groove formed by the mantle lobes, lays out the matrix
along which carbonate mineralization occurs. The exact composition of protein molecules varies widely
between bivalve species, and it is thought that the relative abundance of these proteins and other organic
molecules in the periostracum determines the microstructure and mineralogy of the shell valve (Weiner
and Hood, 1975). The exact process of carbonate mineralization in the extrapallial space of bivalves is not
fully understood, and there is some discussion on the degree of control the animal can exert on the
composition of the carbonates that make up its shell (Addadi et al., 2006; Marin et al., 2012).
The standard model holds that the composition of the fluid in the extrapallial space (the extrapallial fluid),
from which carbonate is precipitated, is controlled by the bivalve. This supposedly happens by transport
of ions through the mantle into the extrapallial space, but the exact pathway is still poorly understood
(Wheeler et al., 1975; Marin et al., 2012). The extrapallial fluid is supersaturated with respect to calcium
carbonate after which mineralization of calcite, aragonite or nacre (mother-of-pearl) occurs along the
matrix of conchiolin proteins (Simkiss and Wilbur, 2012). Calcium and bicarbonate ions used for carbonate
mineralization are taken up from the ambient water and the food, while bicarbonate is also supplied from
the animal’s respired CO2 (Simkiss and Wilbur, 2012). These ions are extruded into the extrapallial space
from the mantle along with a range of other ions (e.g. Na+, Mg2+, Fe2+ and Sr2+) that are subsequently
incorporated into the carbonate (Marin et al., 2012). The epithelial cells of the mantle simultaneously
release organic molecules into the extrapallial fluid. Biominerals self-assemble in the extrapallial space
from these molecules and ions, and the degree of influence the animal has on the carbonate microstructure
and composition is thought to be limited to controlling the composition of the extrapallial fluid. This model
of shell mineralization is subject to critique, and there is data that suggests that the bivalve can exert more
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Figure 7: Example of microstructures found in bivalve shells after Marin et al. (2012)

control on mineralization. The very existence of an extrapallial space is not even altogether certain (Addadi
et al., 2006; Rousseau et al., 2009).
1.5.3 Mineralogy and microstructure
The types of microstructures found in bivalve shells vary strongly between taxa, but the shell always
consists of an outer organic layer (the periostracum) supplemented by one or more carbonate layers.
Carbonate layers may consist of calcite, aragonite or the composite material nacre (mother-of-pearl),
which is composed of tablets of aragonite separated by layers of biopolymers (Jackson et al., 1988). The
combination of organic, mineral and composite layers lends the bivalve shell its strength (Zuschin and
Stanton, 2001). The shells of primitive molluscs are thought to have been fully aragonitic, but calcite layers
most likely evolved as a response to changes in ocean chemistry over the Phanerozoic which renders
aragonite more prone to dissolution (Taylor, 1973; Harper et al., 1997; Xie et al., 2016). Biogenic
carbonates are generally subdivided into aragonite, low-magnesium and high-magnesium calcite. The
distinction between low and high magnesium content is made because high magnesium content has been
demonstrated to increase the solubility of the shell. It therefore reduces its resistance to diagenesis and
preservation potential in the fossil record (Brand and Veizer, 1980; Brown and Elderfield, 1996; Ullmann
and Korte, 2015). Another factor influencing shell preservation is the presence and concentration of
organic matrix in the shell. The organic matter composition of bivalve shells varies between 1% and 5%
(by weight; Kawaguchi and Watabe, 1993; Schöne et al., 2013). Organic matter is amongst the first
substances to degrade after burial, and its breakdown creates an environment that promotes diagenesis
of carbonate crystallites (Glover and Kidwell, 1993).
A third factor influencing shell preservation is the microstructure of shell carbonate. The habits of carbonate
minerals in bivalve shells differ greatly between bivalve taxa and these characteristics are described under
the term “microstructure” (Carter, 2013; see Figure 7). A comprehensive overview of shell microstructures
and their occurrence in molluscs is given in Carter and Clark (1985). The most common microstructure
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categories are prismatic, laminar and crossed microstructures. Any shell can contain multiple shell layers
consisting of different types of microstructures, and the type of microstructure is used as a descriptive
characteristic to classify bivalve taxa (Carter et al., 2011). Microstructural analysis is important in
sclerochronological research because, much like mineralogy, differences in shell microstructure affect the
preservation potential of the original chemical composition of the bivalve shell and therefore the reliability
of high-resolution climate reconstructions based on bivalve shells (Al-Aasm and Veizer, 1986a,b). This
difference in preservation potential can partly be explained by variations in crystal size and shape and
variations in the organic matter content between microstructures (Harper, 2000). More importantly,
structural differences on the microscale in the shells of modern bivalves are shown to be related to the
local chemical composition of shell material (Freitas et al., 2009). This affects the expression of potential
climate proxies such as trace element ratios. Microstructure and chemical analysis in multiple dimensions
should therefore be combined to reach a full understanding of chemical proxies in bivalve shells.
1.5.4 Proxies
While (micro)structural analysis can yield a wealth of information about the taxonomy, growth and age of
bivalves, the real power of bivalve sclerochronology lies in the application of chemical proxies to
reconstruct (paleo)climate. Over the years, the prospect of using this valuable archive for climate
reconstruction has led to the testing and development of a wide range of (chemical) proxies for
reconstructing environmental conditions from bivalve shell carbonate. Such proxies range from stable
isotopes (e.g. oxygen: δ18O, carbon: δ13C, calcium: δ44Ca and magnesium: δ25Mg; Dettman et al., 1999;
Immenhauser et al., 2005; Hippler et al., 2009), trace element ratios (e.g. Mg/Ca, Sr/Ca; Dodd and Crisp,
1982; Schöne et al., 2011), growth rates (Royer et al., 2013; Brocas et al., 2013; Butler et al., 2013;
Lohmann and Schöne, 2013) and microstructural properties (e.g. nacre tablet size; Olson et al., 2012).
1.5.5 Stable oxygen isotope ratios
The most reliable and widely applied proxy in bivalve shell
calcite is the stable oxygen isotope composition (δ18O).
This technique relies on the measurement of the ratio
between the rare heavy stable isotope of oxygen, oxygen18 (±0.25% abundance on average), and its more
common lighter counterpart, oxygen-16 (±99.75%
abundance on average). This ratio is normalized to that
of an international reference standard, either Vienna
Standard Mean Ocean Water (VSMOW, for water
samples) or Vienna Pee Dee Belemnite (VPDB, for
carbonate samples) and expressed in per mille ratio
following the formula:
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Since bivalves are aquatic filter feeders, exchange with
the water in their environment is overwhelmingly the
Figure 8: Empirical relationship between stable oxygen
dominant source and sink of oxygen, rendering other
isotope ratio (δ18O) and calcififation temperature (Epstein et
fluxes (e.g. food intake and respiration) negligible
al., 1953)
(Epstein et al., 1953). Bivalves therefore generally
precipitate their shell in isotopic equilibrium with sea water (Epstein et al., 1953; Lécuyer et al., 2004;
Figure 10). An exception is formed by bivalve species from deep-sea hydrothermal vents, whose stable
isotope compositions are affected by strong vital effects (Wisshak et al., 2009; Figure 11). When
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precipitated in equilibrium, the stable oxygen isotope ratios in biogenic carbonates are offset with respect
to ambient sea water according by a thermodynamically controlled fractionation factor that depends solely
on the calcification temperature (Epstein et al., 1953; see Figure 8). As a consequence, the stable oxygen
isotope composition of bivalve calcite is a function of the stable oxygen isotope composition of the ambient
sea water (δ18Osw) and the temperature by which the shell was precipitated (Urey, 1948). The caveat of
stable isotope composition as a climate proxy in bivalves is that δ18Osw is rarely constant. Coastal sea
water δ18O differs geographically and seasonally and these differences often exceed the variability caused
by temperature changes (Mook, 1970; LeGrande and Schmidt, 2006). This variability is mostly driven by
changes in the input of isotopically light (16O-rich) water in the form of freshwater runoff, which brings down
the δ18O and the salinity of coastal waters (e.g. Cooper et al., 2005). Another mechanism that can cause
changes in δ18Osw is excess evaporation, which removes isotopically light oxygen and increases δ18O and
salinity (Railsback et al., 1989). Both these processes cause δ18Osw to correlate with salinity changes.
Since bivalves are most abundant in coastal and estuarine waters with large variations in salinity, this
limitation complicates the interpretation of stable isotope compositions in bivalve shells for sub-annual
temperature reconstructions. While studies of modern bivalves can control for differences in δ18Osw to
isolate the temperature effect, this is often not possible in fossil bivalve studies (Surge et al., 2001).
Changes in salinity are of
interest for characterizing
past
environments,
precipitation budgets and
marine
circulation.
Therefore,
while
this
dependence of δ18O in
bivalves on both salinity and
temperature may be seen
as a limitation of the proxy,
but separating the effect of
these two variables may
actually allow us to gain
more
information from
oxygen isotope studies.
This
leaves
sclerochronologists with the
challenge to search for
additional proxies to isolate
either
salinity
or
temperature from bivalve Figure 9: Effect of kinetic fractionation on stable isotope composition in biogenic carbonates (a) and
the effect of seasonally changing growth rates on stable isotope composition in a photosymbiotic
shells to allow quantifiable
tridacnid bivalve (McConnaughey and Gillikin, 2008)
estimates of both variables
from fossil bivalves.
1.5.6 Stable carbon isotope ratios
Similar to oxygen, the carbon in bivalve shell carbonate also has a varying stable isotopic composition.
The ratio of the rare heavy carbon-13 (average abundance of ±1.11%) relative to that of the more common
lighter carbon-12 (average abundance ±98.89%) is expressed as a per mille ratio (δ13C) according to the
13
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Contrary to oxygen, multiple sources of carbon entering the body of a bivalve affect the carbon isotope
ratio of the shell. Both environmental carbon (mostly in the form of Dissolved Inorganic Carbon, or DIC)
and carbon respired by the animal in the form of CO2 can all contribute to the isotopic composition of
carbon in the extrapallial space, and therefore in the bivalve’s shell (McConnaughey and Gillikin, 2008).
The relative proportion of these two sources determines whether δ13C in shell calcite mainly reflects dietary
δ13C or environmental δ13C. For aquatic bivalves, the dominant carbon source is thought to be
environmental DIC (Craig, 1953; McConnaughey et al., 1997). This relationship makes the δ13C proxy
interesting, because DIC in shallow waters relates to productivity and atmospheric CO2 (e.g. Shadwick et
al., 2010). A proxy for δ13C of DIC may therefore allow reconstructions of past changes in surface water
productivity and pCO2 on a sub-annual scale. However, the use of shell carbonate δ13C for this purpose is
complicated by the difference between various species of DIC in surface waters (CO2, HCO3-, CO32-). The
speciation of DIC is strongly dependent on pH and the relative contributions of the different species to the
DIC content of the blood of bivalves depends also on internal pH and diffusion coefficients of different DIC
species through mantle membranes (Gutknecht et al., 1977). Another complication is the possibility of outof-equilibrium (“kinetic”) fractionation effects on δ13C that can occur during the reaction of CO2 with water
in the extrapallial space (McConnaughey, 1989; see Figure 9). While rare in bivalves, these kinetic effects
can change δ13C in the carbonate because fast transport of CO2 through the mantle membranes promotes
a large contribution of CO2 to the carbon budget of bivalve shell carbonate (Gutknecht et al., 1977). Thirdly,
the contribution of respired CO2 to shell carbonate can vary from below 10% to above 50% (Tanaka et al.,
1986; McConnaughey et al., 1997; Lorrain et al., 2004; Gillikin et al., 2006; McConnaughey and Gillikin,
2008), causing carbonate δ13C to vary independent of the isotopic variability in DIC. Finally, bivalve
archives often exhibit a downward trend in δ13C with age. The causes of such a trend may range from
changes in respiration, calcification physiology or hydrology with age, but the exact cause remains
unknown (McConnaughey and Gillikin, 2008 and references therein). In conclusion, the myriad of factors
likely to play a role in the δ13C of bivalve shells makes the interpretation of this proxy highly dependent on
the situation. While δ13C may record valuable information about DIC or productivity in the water column,
its interpretation in cases where little information about the environmental setting is available (e.g. fossil
bivalve shells) is complicated.
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1.5.7 Clumped isotope analysis
A relatively recent development in the field of stable isotope geochemistry relies on the measurement of
so-called clumped isotopes (Eiler, 2007;
Schmid and Bernasconi, 2010; Henkes et al.,
2018). In carbonate clumped isotope (CCI)
analysis, the term “clumps” refers to molecules
of CO2 in which the rare stable isotopes 18oxygen and 13-carbon are combined (13C-18O16
O). The mass of these molecules is 47 u, and
its abundance is expressed as the ratio Δ47
(see 1.5.4). Carbonate stable isotope ratios are
always measured after conversion to CO2 gas
to facilitate sample introduction into the mass
spectrometer
(see
1.5.4).
Due
to
thermodynamic constraints, the likelihood of
such clumps of heavy isotopes decreases with
increasing calcification temperature (Ghosh et
al., 2006; see Figure 10). Heated CO2 gases
(>1000°C) have a perfectly stochastic
distribution of stable isotopes, but carbonates
precipitated at lower temperatures tend to
have increasingly higher abundances of
isotope clumps (Eiler, 2007; Huntington et al.,
Figure 10: Compilation of different calibration curves for the relationship
2009). Therefore, the abundance of CO2 with
mass 47 can be used as an independent proxy between calcification temperature and clumped isotope ratio (D47; Defliese
et al., 2015)
for calcification temperature. Since the
abundances of both these stable isotopes are low (±0.25% and ±1.11%), analysis of the abundance of the
clumped variety (±44.4 parts per million) in carbonate samples requires very sensitive equipment (see
1.5.4). Recent advances in techniques of sample preparation and mass spectrometry now allow the
measurement of these minute differences in stable isotope composition (Huntington et al., 2009; Schmid
and Bernasconi, 2010; Petersen et al., 2016). Therefore, CCI analysis is proving to be a very powerful
technique for independent temperature reconstruction (Ghosh et al., 2006). The technique is especially
interesting in combination with the above mentioned stable oxygen isotope technique, since it yields
independent paleotemperature estimates, allowing both temperature and δ18Osw to be reconstructed from
the same sample and solving the problem of salinity and temperature influence on δ18O.
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1.5.8 Trace element analyses
Given the above mentioned caveats of using stable isotope proxies in bivalve shells, there has been
increasing interest in the development of alternative chemical proxies for environmental conditions in
bivalve shell carbonate (Schöne and Gillikin, 2013). Trace element ratios (e.g. Mg/Ca, Sr/Ca, Ba/Ca) have
enjoyed much attention in the sclerochronological community, because of their success as climate proxies
in coral and foraminifer carbonate and the potential for rapid acquisition of trace element data using
techniques like Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS, see 1.5.7;
Fuge et al., 1993; Mitsuguchi et al., 1996; Schrag, 1999; Elderfield and Ganssen, 2000; Richardson et al.,
2004; Schöne et al., 2011). The seemingly endless possible combinations of trace element ratios supplies
sclerochronologists with a large array of known variables that may be combined to isolate unknown
variables that influence shell formation. However, the search for trace element proxies has been plagued
by the influence of so called “vital effects” on the calcification process (Weiner and Dove, 2003). The term
“vital effect” is used for a collection of (often unknown) physiological variables that influence the chemical
composition of biogenic carbonates (Urey et al., 1951). The influence of these vital effects on calcification
is evident from low trace element concentrations in bivalve shells compared to ambient water compositions
and the observation of large differences in trace element composition between different parts of the shell
that mineralized simultaneously (Freitas et al., 2009; Schöne and Gillikin, 2013; Lazareth et al., 2013).
Vital effects in trace element incorporation arise from the bivalve’s ability to control the concentration of
trace elements in the calcifying fluid (see 1.3.2). This discrimination might be an evolutionarily driven
advantage to increase the strength
of the bivalve shell. As such, the
degree of discrimination for or
against certain trace elements
varies taxonomically and differs
widely between trace elements
(Weiner and Dove, 2003). Kinetic
effects may also play a role, since
it has been demonstrated that the
ability to discriminate against trace
elements may be compromised
when shell growth rate increases
(Lorrain et al., 2005; see Figure
11).
Since
the
calcification
mechanism in bivalves is not fully
understood, it is difficult to pinpoint
exactly which step in the
calcification process is responsible Figure 11: Records of growth rate and Sr/Ca ratios in Saxidomus giganteus demonstrate
for trace element discrimination that Sr/Ca ratios correlate with growth: An example of kinetic effect (Gillikin et al., 2005)
(see 1.3.2).
For the moment, the problem of vital effects on trace element proxies is circumvented by selecting bivalve
species that faithfully record environmental variables in trace element proxies and using these species for
reconstruction purposes (e.g. Freitas et al., 2005; Schöne et al., 2011). However, the application of this
approach is limited, because many bivalve species common in the fossil record are extinct without modern
relatives (e.g. rudists; Steuber, 1999), and can therefore not be used. However, trace element variations
correlated to microstructural changes (Schöne et al., 2013) and studies into the effect of the Ca2+-pump
on trace element discrimination in other (arguably simpler) organisms (Bryan and Marchitto, 2008;
Montagna et al., 2014; Spero et al., 2015; Füllenbach et al., 2015) may offer clues about vital effects on
trace element incorporation in bivalve calcite. The key to solving these issues with trace element proxies
in bivalve shell carbonate is a better understanding of the calcification process and how its various steps
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result in variations in trace element incorporation. The application of new techniques for rapid acquisition
of trace element data on an increasingly high spatial resolution together with carefully monitored growth
experiments may help to solve these issues and allow more widespread application of trace element
proxies in the future.
1.5.9 Potential
To summarize, bivalve shells have the potential to fill a gap in our knowledge of past climates. They serve
as an important archive of climate variability on the sub-annual to decadal scale and nicely complement
tropical marine archives such as shallow water corals and terrestrial archives such as tree rings and
speleothems. However, arguably their greatest advantage is their abundance and preservation potential
(especially of the calcite microstructures) in the fossil record, which allows high-resolution climate
reconstruction in deep time. Up until recently, the use of fossil bivalves for this purpose has been limited
by complications in interpreting chemical proxies in terms of environmental variables. However, the advent
of new analytical techniques and an improved understanding of the calcification mechanisms of bivalve
shells opens up new possibilities for high-resolution climate reconstructions using this valuable archive.
1.6 Tooth bioapatite
Most archives for high-resolution climate reconstructions discussed above are limited to the aquatic realm.
However, achieving a full understanding of the dynamics of Earth’s climate requires knowledge on the
causes and effects of climate change in the terrestrial realm as well. Long-term reconstructions of
terrestrial climate can be made using successions of lake or fluvial deposits (Zhisheng et al., 1990; Wing
et al., 2005; Abels et al., 2012). Paleobotany studies in such successions can even yield estimates of
terrestrial seasonality variables such as annual temperature range and precipitation regimes (Wing and
Greenwood, 1993; Hyland et al., 2018). While these yield valuable insights into past terrestrial climates,
the discussion in 1.2.1 shows that the reconstruction of the full seasonal to decadal climate variability from
these archives is very difficult (see also Schimmelmann et al., 2016). An overview of high-resolution
climate archives leaves us with tree rings, annually-layered speleothems and ice cores as the only archives
truly capable of capturing seasonal and decadal climate variability, and these archives have almost no
preservation potential beyond the Quaternary period (see 1.2). Luckily, much like bivalves, terrestrial
animals also mineralize hard tissues that can withstand diagenesis and be preserved in the fossil record.
The most important material in skeletal hardparts in the terrestrial realm is bioapatite, a form of calcium
phosphate which makes up the main component in the bones and teeth of vertebrates. Like bivalve shells,
bioapatites mineralize incrementally and therefore have the potential to record environmental variables at
very high temporal resolution. However, since one of the major roles of bioapatites in vertebrates is as a
storage place for nutrients (such as Ca), many bioapatite structures (e.g. bone) can be resorbed and
remodelled during the lifetime of the animal (Legros et al., 1987; Boskey, 2007). An exception is the
bioapatite in tooth enamel, which is generally mineralized early in life and retains its composition after
completion (Pawlina et al., 2006). This makes tooth enamel a good recorder of the composition of
environmental and dietary changes that took place during the time of its formation, which can be a few
months up to several years (Passey and Cerling, 2002; Balasse, 2002).
1.6.1 Environment
The mineralization of bioapatites predates vertebrate evolution, but teeth are a feature unique to
vertebrates (Westbroek and Marin, 1998; Kardong, 2006; Boskey, 2007). The bioapatite in tooth enamel
is the hardest material in the body of a vertebrate and it most likely evolved from fish scales as an
adaptation for hunting (Sharpe, 2001; Pawlina et al., 2006; Rücklin et al., 2012). The first teeth probably
evolved in placoderm fishes (Rücklin et al., 2012), but the first appearance of tooth enamel likely happened
in bony fishes (Ostreichtyes) in the Early Devonian (±400 Ma, Qu et al., 2015). While the first enamelcontaining teeth evolved in the sea, (partially) terrestrial tetrapods bearing teeth evolved soon after this
development (±370 Ma; Pyron, 2011). Soon after their origination, tetrapods diverged to occupy several
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ecological niches on continents (Schwenk, 2000). After the evolution of the amniote egg (±318 Ma; Romer,
1957), tetrapods were able to live in drier environments and ancestral reptilian and mammalian taxa
occupied almost every terrestrial environment (Romer, 1957). As a result, the teeth of land vertebrates
from almost every terrestrial environment may be found in the fossil record. If well preserved, this archive
can yield a large amount of information about the evolution of terrestrial environments on Earth.
1.6.2 Tooth enamel formation
Being associated with almost all
vertebrate taxa, teeth occur in a wide
variety of shapes and sizes. Despite
the wide variety of animals
mineralizing teeth, the formation of
true teeth is highly conservative in
the fossil record, as is evident from
the
similarities
between
the
formation of teeth in sharks and
mammals, which are separated by
over
450
million
years
of
evolutionary history (Rasch et al.,
2016). This means that, even though
the shape, use and replacement
mechanism of teeth within the fast Figure 12: Simplified18model of tooth enamel growth direction and how records of stable
oxygen isotopes (δ O) can be used to reconstruct seasonality (after Fricke and O’Neil,
subphylum of Vertebrata differs
1996)
widely, we can formulate a general
developmental scheme for the formation of teeth of the entire group (Rasch et al., 2016, Nanci, 2017). The
formation of tooth enamel, called amelogenesis, is widely studied due to its relevance for health practices
and dentistry (Ten Cate, 1994; Boskey, 2007). It is therefore much better understood than the
mineralization process of bivalve shells (see 1.3.2). Teeth grow downward from the tip of the crown
towards the root (Fricke and O’Neil, 1996; Green et al., 2018; see Figure 12) Tooth enamel forms following
three stages: the inductive, secretory and maturation stage. During the inductive stage, the ameloblasts,
the cells that form the different components of enamel, are formed. These cells line up in a shape that will
determine the shape of the tooth crown. In the secretory stage, ameloblasts first lay out the enamel matrix
that consists of enamel proteins. This matrix is then partly mineralized as the ameloblasts move away to
lay the matrix for the next part of the enamel. The secretory stage lays out bioapatite crystals, but leaves
room for them to widen and mature during the maturation stage. In the maturation stage, pores between
the bioapatite crystals are filled up by lateral growth of the crystals and the enamel becomes more
crystalline. In the process, a large fraction of the organic molecules in the enamel is removed, leaving a
highly mineralized tissue (Ten Cate, 1994). This final process gives enamel its strength and the removal
of a large part of the organic molecules greatly improves its preservation potential (Pasteris et al., 2008).
Ameloblasts are lost when the tooth erupts from the jaw, so enamel maturation only occurs once and
unlike dentin and bone, enamel is not remodelled after deposition (Boskey, 2007). While the formation
mechanism of tooth enamel is well understood, there is some uncertainty about the degree of control that
can be exerted on the composition of tooth enamel. The transport of Ca2+ ions to the mineralization site
can happen passively or actively. In the latter case, the ameloblasts control the transport of Ca and other
ions to the mineralization site, suggesting that there is control on the incorporation of elements into the
enamel (Ten Cate, 1994). However, there is also evidence that deficiencies or elevated concentrations of
trace elements in the blood of an organism are recorded in tooth enamel, suggesting that enamel
composition is dependent on external factors that influence the availability of nutrients and other elements
to the animal (Molleson, 1988; Underwood, 2012).
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1.6.3 Bioapatite structure and composition
Tooth enamel is a composite biogenic material that consists of an inorganic mineral fraction, bioapatite,
an organic fraction and water (Pasteris et al., 2008). During fossilization of enamel, organic matter and
water are removed from the enamel and, if the preservation allows it, the mineral bioapatite fraction
remains (Sponheimer and Lee-Thorp, 1999). The decay of organic matter and the available pore space in
bioapatite minerals drives the alteration of bioapatites during fossilization (Ayliffe et al., 1994). This means
that bioapatites with a higher organic matter content and a more porous structure are more susceptible to
chemical alteration during and after burial and fossilization. The fact that enamel is highly mineralized,
containing up to 98% bioapatite, makes it less susceptible to diagenesis (Skinner, 1995). Another factor
that plays a role in the preservation of bioapatite is the size of the bioapatite crystals. Larger bioapatite
crystals have less surface area and react less readily with pore waters during the fossilization process
(LeGeros, 1991). The crystal size in enamel is much larger than that of dentine or bone, making it the most
readily preserved of the bioapatite materials (Lee-Thorp and Sponheimer, 2003). The chemical structure
of unaltered bioapatite can be summarized as:
(𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝑀𝑀𝑀𝑀, 𝐵𝐵𝐵𝐵, 𝐹𝐹𝐹𝐹, 𝑆𝑆𝑆𝑆, 𝑍𝑍𝑍𝑍, [])10 (𝑃𝑃𝑂𝑂4 , 𝐻𝐻𝐻𝐻𝑂𝑂4 , 𝐶𝐶𝑂𝑂3 )6 (𝑂𝑂𝐻𝐻, 𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝐶𝐶𝑂𝑂3 , 𝑂𝑂, 𝐻𝐻2 𝑂𝑂, [])2

(LeGeros et al., 1986; Skinner, 2005; Wopenka and Pasteris, 2005; Yoder et al., 2012; Snoeck and
Pellegrini, 2015). In this formula, “[]” represents potential vacancies in the crystal lattice. As is evident from
the above formula, mineral bioapatite consists of three phases: 1) Cations, 2) The phosphate-group and
3) the hydroxyl-group (Pasteris et al., 2004). The formula reveals the complexity of the bioapatite mineral
which allows a myriad of chemical substitutions. Alternatively, channels in the bioapatite structure between
the crystals can contain ions as well, but these inclusions are known to exchange rapidly with the
surroundings and preserve poorly in the fossilized bioapatite (Yoder et al., 2012). When fossilized however,
the structure of bioapatite can change to more stable forms such as hydroxyapatite or fluoroapatite. The
degree of exchange happening during this process depends on the degree of structural evolution the
mineral bioapatite undergoes during diagenesis (Krueger, 1991). It is worth noticing that the phosphateas well as the hydroxyl-group in bioapatite can contain carbonate-ions (LeGeros, 1991). The carbonate
content in bioapatite makes a range of proxies applicable that were developed for carbonates (see 1.3.4).
Many of the proxies developed for carbonate fossils have been poorly explored for use in bioapatites, and
require further development before they can be applied (see 1.4.4). Due to its resistance to diagenesis,
fossil enamel bioapatite can retain these original substitutions. The relative proportion of several elements
substituted in the bioapatite mineral can potentially harbour a lot of information about the formation of the
enamel and indirectly about the environment of the animal. This makes bioapatite an interesting archive
for paleoenvironmental information.
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1.6.4 Proxies
The complex character of bioapatite allows for lots of variation in its structural and chemical composition.
As such, many studies have attempted to develop proxies for environmental change based on structural
or chemical analyses on bioapatites (e.g. Martin and Haley, 2000; Shields and Stille, 2001; Trueman and
Tuross, 2002; Gehler et al., 2011; Song et al., 2012; Chen et al., 2015). This work has focused on a diverse
array of apatite materials, from bones and teeth of land animals to marine microfossils and phosphatic
invertebrate shells (Kohn and Cerling, 2002). While the interpretation of proxies strongly depends on the
type of fossil material and its environment, many of the techniques applied in these studies can be applied
on a wide range of bioapatites (Kohn and Cerling, 2002). In the following summary of bioapatite proxies,
the focus will be on the application of proxies for environmental reconstructions on land ecosystems.
1.6.5 Stable oxygen isotope ratios
As in the carbonates, stable oxygen isotope ratios in
bioapatites have gained lots of attention as paleoclimate
proxies since the discovery of the influence of
temperature on oxygen isotope fractionation in biogenic
minerals (Urey, 1951; Longinelli and Nuti, 1973; Kolodny
et al., 1983; see 1.3.5 and Figure 8). Oxygen isotope
ratios in bioapatite are especially interesting because
there are several diagenetically stable phases of oxygen
present in the bioapatite structure (phosphate,
phosphate-group carbonates and hydroxyl-group
carbonates; Kolodny et al., 1983). The P-O bond in
phosphates is very strong and it is therefore widely
believed that the oxygen isotope composition of
phosphate-bound oxygen in bioapatites preserves well in
the fossil record (Kohn et al., 1999). The oxygen isotope
content of carbonates is more susceptible to diagenetic
alteration (Nelson et al., 1986). When well-preserved, the
linear relationship between stable oxygen isotopes in
phosphates and carbonates can serve as a proxy for
crystallization temperature (Kolodny et al., 1983),
potentially
allowing
reconstructions
of
water
temperatures (from ectothermic aquatic organisms;
Figure 13: Example of stable oxygen isotope records from
Kolodny et al., 1983) or body temperatures (from active
series of bison and sheep molars for palaeoseasonality
or inertia-driven endotherms; Bryant et al., 1996).
reconstruction (Fricke and O'Neil, 1996)
However, since preservation of carbonates in bioapatite
in the geologic record is rare, deviation of fossil values from the relationship between phosphate and
carbonate oxygen isotope ratios is perhaps more useful as a check on the amount of exchange of oxygen
isotopes with the environment during diagenesis (Iacumin et al., 1996; Zazzo et al., 2004).
Given the potential for isotopes to exchange with bioapatite fossils post-mortem, a significant amount of
research has been carried out in order to find ways to “clean” fossil and archaeological bioapatite samples,
removing the diagenetically exchanged carbonates (Koch et al., 1997; Garvie-Lok et al., 2004; Yoder and
Bartelink, 2010; Crowley and Wheatley, 2014; Pellegrini and Snoeck, 2015; Snoeck and Pellegrini, 2015).
These so-called “pretreatment” procedures focus mostly on the removal of carbonates locked in the
channels and hydration layers in the bioapatite structure, as these constituents very readily exchange with
pore fluids during the fossilization process (Yoder et al., 2012). Pretreatment methods have achieved
various degree of success, as some studies have shown that over-ambitious pretreatment can alter the
original oxygen isotope composition of the bioapatite, leading to loss of the paleoenvironmental information
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(Snoeck and Pellegrini, 2015). When the problem of diagenesis can be resolved, stable oxygen isotope
ratios from tooth enamel can yield information about paleoseasonality (Sharp and Cerling, 1998; Dettman
et al., 2001; see Figure 13), thermoregulation (Bryant et al., 1996), herding practices in archaeological
communities (Blaise and Balasse, 2011) and topographic uplift (Kohn et al., 2003). Sequential sampling
of teeth for stable oxygen isotope analysis has proven to be especially useful for paleoenvironmental
reconstruction, because it allows reconstruction of environmental variables through different seasons,
shedding light on issues like past migration, water intake and birth seasonality (Sponheimer and LeeThorp, 2001; Evans et al., 2006; Balasse et al., 2012). Since preservation of the original stable oxygen
isotope signature is an issue, especially over geological timescales and especially in the carbonate
fraction, incrementally sampled stable oxygen isotope analyses have found most use in archaeological
studies, where preservation issues are less severe than in paleontology (Balasse et al., 2002; Müller et
al., 2003; Evans et al., 2006; Frémondeau et al., 2012). However, when preservation is carefully assessed,
stable oxygen isotope analyses in tooth enamel can be applied for reconstruction of sub-annual changes
in terrestrial ecosystems in deep time.
1.6.6 Stable carbon isotope ratios
As in bivalve carbonate, both the carbon and
oxygen isotopes of the carbonate fraction of
bioapatite can be used as paleoenvironmental
proxies. While in bivalves, a significant amount
of uncertainty surrounds the sources of carbon
to the system, in bioapatites of terrestrial
vertebrates,
carbon
originates
almost
completely from the animal’s food intake (LeeThorp and van der Merwe, 1987). The stable
carbon isotope ratio of tooth enamel of
terrestrial vertebrates can therefore serve as a
valuable proxy for paleodiet reconstruction, and
incremental sampling for carbon isotope
analysis can shed light on seasonal changes in
diet (Lee-Thorp et al., 1989; Balasse, 2002).
However, just like in bivalves, metabolism
affects the carbon isotope signature of tissues
in terrestrial vertebrates (Cerling and Harris,
1999). Luckily, the offset between an animal’s
diet and its tissues seems to be constant and
can therefore be corrected for to enable dietary
reconstructions (Lee-Thorp and van der Merwe, Figure 14: Distribution of carbon isotope ratios (δ13C) among plants and
1987; Cerling and Harris, 1999; see Figure 14).
herbivores demonstrating the effect of the different photosynthetic
The fractionation factor for carbon isotope ratios pathways of C3 and C4 plants and how this is transferred to tooth enamel
is species-specific and likely depends on the composition through diet with an offset of 14‰ (Kohn and Cerling, 2002)
way in which the animal digests its food (e.g. through different degrees of fermentation; Passey et al.,
2005; Kellner and Schoeninger, 2007). The carbon isotope ratio of enamel therefore contains information
about diet, trophic level and even potentially allows reconstruction of details on the type of digestive
process the animal employs (Passey et al., 2005; Kellner and Schoeninger, 2007). The most important
changes in diet that can be observed in fossil bioapatite archive are different contributions of C3 and C4
plants to the diets of herbivores (Kohn and Cerling, 2002). Due to different styles of photosynthesis, carbon
in C4 plants is about 14‰ more enriched in carbon-13 than that of C3 plants (Farquhar et al., 1989; Kohn
and Cerling, 2002; Figure 14). Carbon isotope analyses of tooth enamel in the fossil record therefore find
use as proxy for changing vegetation types and evolution of the diets of terrestrial herbivores (Morgan et
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al., 1994; Wang et al., 1994; Cerling et al., 1998). Needless to say, since this information is gathered from
carbonates attached to the bioapatite structure, like stable oxygen isotope ratios, diagenesis issues also
affect the interpretation of carbon isotope ratios from bioapatites (Wang and Cerling, 1994).
1.6.7 Clumped isotope analysis
Since carbonate clumped isotope analysis records the temperature of carbonate mineralization, it can be
applied on carbonate content in pristine samples of fossil bioapatites (Eiler, 2011). As such, the clumped
isotope technique can give information about the body temperature of extinct vertebrates (both terrestrial
and marine) and shed light on the evolution of endothermy (Eagle et al., 2010). In ectothermic organisms,
the clumped isotope method has the potential to reconstruct ambient temperatures, and it shows great
potential as a proxy for water temperatures in bioapatite-secreting microorganisms such as conodonts
(Trotter et al., 2008). As in carbonate skeletons, the added value of clumped isotope analysis for bioapatite
studies to the conventional stable isotope analysis is that it can be used to isolate the effect of temperature
and accurately reconstruct (bodily) water stable oxygen isotope ratios (Eiler, 2007). Applied to endothermic
animals, sequential analysis of enamel for clumped isotope analysis even has the potential to resolve
seasonal variations in the isotopic composition of ingested water and therefore shed light on seasonal
migrations or weather patterns in fossil organisms (Eiler, 2012). Many of these ideas have not been
thoroughly explored due to limitations on the sample sizes that can be obtained from bioapatite fossils.
Since enamel bioapatite contains only around 5% carbonate and clumped isotope analyses requires at
least 1-2 mg of carbonate, the sampling resolution of bioapatite archives for clumped isotope analysis is
limited (Sydney-Zax et al., 1991; Schmid and Bernasconi, 2010). This means that the analysis of
seasonality in tooth archives and single conodont fossils for paleotemperature estimates requires future
technological improvements.
1.6.8 Other stable isotope systems
Besides stable isotopes of carbon and oxygen, some work has been done to develop additional stable
isotope systems as proxies in fossil bioapatites. An example is the use of stable calcium isotope ratios to
reconstruct trophic level and diet (Heuser et al., 2011; see Figure 15). The advantage of using calcium
isotopes is that they are more
easily preserved in the fossil
record due to the high
concentrations of calcium in
bioapatite (Heuser et al., 2011).
Another tracer for tropic level is
the nitrogen isotope ratio, but
since it is associated with the
organic fraction of bioapatite (e.g.
collagen), it is rarely preserved in
fossil bioapatites (Ambrose,
1990; 1991; Bocherens and
Drucker, 2003). Alternatively,
magnesium
isotopes
in
bioapatites have been shown to
reflect trophic level of the
organism, but more work is
needed to determine whether this
stable isotope signature can be
preserved in the fossil record
Figure 15: Compilation of calcium isotope ratios in vertebrate bioapatites sorted by trophic
(Martin et al., 2017).
level (Heuser et al., 2011)
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1.6.9 Trace element analyses
While stable isotope proxies are frequently applied in
bioapatite studies, the incorporation of trace element
concentrations into bioapatite is subject to debate (Ezzo
et al., 1995; Burton and Price, 2002; Darrah et al., 2013;
Kohn et al., 2013). The preservation of original trace
element signatures in fossil bioapatites is complicated
by a strong uptake of several trace elements into
bioapatite from surrounding pore fluids (Millard and
Hedges, 1997; Kohn et al., 1999). The uptake rate of a
range of so-called “bone-seeking elements” (e.g. P, Ca,
Zn, Sr, Ba, Pb and Rare Earth Elements) is so high that
the diagenetic signatures of these elements are used in
provenance studies, because they so resemble the
trace element profile of the sediments from which the
fossil bioapatites originate (Trueman and Benton, 1997;
Kohn et al., 1999; Ségalen et al., 2008; Kohn and
Moses, 2013). Even though diffusion of trace elements
post mortem is strong, studies of well-preserved
Figure 16: Examples of depth profiles of trace element
bioapatites show that this diffusion can often not fully concentrations in bioapatite in relation to classical leaching
explain the patterns observed in trace element profiles (approximated by error functions: “erfc”), indicating
in vivo uptake (Kohn and Moses, 2013)
concentrations in enamel, meaning that information
about in vivo uptake of trace elements can be isolated from fossil and archaeological tooth enamel (Kohn
and Moses, 2013; see Figure 16). Consequently, attempts have been made to link trace element
concentrations in bioapatites to changes in diet and trophic level (Kyle, 1986; Sillen, 1992; Kohn et al.,
1999; Lee-Thorp and Sponheimer, 2006). Since trace element concentrations in drinking water are
generally low, it has been hypothesized that changes in trace elements in diet and environmental dust
intake may predominantly drive trace element concentrations in bioapatites in terrestrial vertebrates
(Sponheimer et al., 2005; Sponheimer and Lee-Thorp, 2006; Underwood, 2012). While further
investigation is still required, these findings suggest that the development of trace element proxies for
application in fossil bioapatites may shed light on changes in vegetation cover, wind patterns and
subsurface geology.
1.6.10 Potential
Highly mineralized bioapatites, such as those in enamel, have the potential to preserve their original
composition through geologic timescales and can serve as important archives for high-resolution terrestrial
climate variability. Previous studies show that both trace element and stable isotope compositions of
enamel may harbor clues about the local climate and environment in which the animal lives. Modern
techniques for measuring these chemical proxies allow changes in the geochemistry of tooth enamel to
be measured with high precision and accuracy, paving the way for development of new proxies for
paleoclimate and paleoenvironmental research using this promising archive. However, since the land
animals that produce these bioapatites are generally complex organisms that can assert a lot of control on
the mineralization of their hardparts, careful study of the mechanisms that drive compositional changes in
bioapatites are required before potential proxies can be used for paleoenvironmental reconstruction.
Terrestrial vertebrates inhabited a wide range of environments, yielding lots of potential for environmental
reconstruction. However, this distribution is also one of the great challenges for the bioapatite archive to
be applied for deep time reconstructions, since most of the proxies discussed above can only be
interpreted with some knowledge on the environment in which the animals lived. The wide variety of
environments and the potential of organisms to migrate severely complicates the reconstruction of
paleoenvironmental conditions by introducing new variables. Another challenge, as with every archive, is
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the preservation of original trace element and stable isotope compositions in bioapatites despite being
exposed to pore fluids during long periods of burial.
1.7 Methodology
The measurement of chemical proxies in the archives described above requires the proper analytical
techniques. Most of these proxies (e.g. trace elements) can be measured in several ways, each having
advantages and disadvantages in terms of accuracy, precision, costs and obtainable sampling resolution.
The paragraphs below list and explain the analytical techniques used to carry out the measurements that
form the basis of the research described in this dissertation.
1.7.1 Microscopy
Microscopic analyses are of vital importance in the field of high-resolution paleoclimatology. Not only does
the characterization of microstructures provide guidance for other microanalyses, changes in
microstructure in skeletal materials can also serve as proxies for environmental change (Dean, 1987;
Schöne et al., 2005; Surge and Walker, 2006; Olson et al., 2012; Ballesta- Artero et al., 2018). In the field
of bivalve sclerochronology, microstructural analysis forms the bases for determining the (relative) age of
different parts of the bivalve shell, the direction of growth and the presence of growth stops (Jones, 1983).
Microstructural features are deposited in bivalve shells in response to environmental changes caused by
the day-night, tidal or annual cycles and when correctly identified allow very accurate dating of shell
formation (Jones, 1983; Goodwin et al., 2001; Butler et al., 2013). The longest-lived accurately aged noncolonial organism, the bivalve Arctica islandica, was dated this way (Butler et al., 2013). Similarly, growth
markings in tooth enamel reflect daily, monthly or annual periods of growth and can be used as a method
for independent age control in enamel proxy records (Panella and MacClintock, 1968; Dean, 1987). Growth
markings in teeth or shells can mark periods of stunted growth due to stress or unfavorable conditions and
can therefore mark important periods in the animal’s lifetime such as birth and weaning or environmental
stress such as extreme seasons or periods nutritional deficiencies (Schour, 1936; Smith, 1989; Goodwin
et al., 2001; Dobney et al., 2004). These advantages make microscopic study of microstructure a hallmark
of sclerochronological research. Growth increments can be imaged, counted and measured using reflected
or transmitted light microscopy (Jones, 1980; Dean, 1986; Goodman and Rose, 1990; Risk and Pearce,
1992; Schöne et al., 2005). However, since the presence of growth increments in thin sections can be
ambiguous, procedures for staining thin sections or etching polished cross sections through bivalve shells
have been adopted to allow for better characterization of different types of growth markings (Rhoads, 1980;
Risk and Pearce, 1992; Schöne et al., 2002; 2005). Most of the microscopy work presented here relies on
the observation of growth structures in
thin sections in transmitted light or thick
sections
under
reflected
light
microscopy.
1.7.2 Cathodoluminescence
A microscopic analysis technique that
requires special attention in the field of
carbonate
geochemistry
is
cathodoluminescence
(CL).
CLmicroscopy works by exciting the
sample by a beam of energetic
electrons (cathode rays, Yakobi and
Holt, 2013). In response to this
excitation, some parts of the sample
luminesce in the visible light spectrum,
giving off a signature of their presence

Figure 17: Schematic overview of Cathodoluminescence microscopy (copyright:
Gatan inc.)
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in the sample (Götze, 2002; 2012; see Figure 17). In carbonates, manganese and iron inclusions cause
distinct luminescence under CL-microscopy. Since these elements are present in elevated concentrations
in diagenetic carbonates, CL is an ideal technique for assessing the preservation state of fossil carbonates
and is a very common tool in carbonate geochemistry (Brand and Veizer, 1980; Al-Aasm and Veizer,
1986a; Banner and Hanson, 1990). Furthermore, CL allows differentiation between various types of
carbonates such as dolomite, aragonite and calcite, guiding sampling of well-preserved carbonate phases
in bivalve shells (Götze, 2012). Several other inclusions and lattice defects in carbonates can be picked
up by cathodoluminescence, and the application of spectrometry can even allow quantitative analysis of
components in these minerals (Marfunin, 1979; Kempe and Götze, 2002). Besides carbonate
geochemistry, CL microscopy finds many potential uses in the analysis of bioapatites, because it can
detect presence of rare earth elements and manganese in mineral bioapatite (Götze, 2012). This
application of CL microscopy has remained relatively unexplored and may prove to be a valuable technique
in bioapatite analysis in the future. In the research presented here, CL microscopy has been applied mostly
as a tool for diagenesis screening.
1.7.3 Isotope Ratio Mass Spectrometry
Conventional stable carbon and oxygen
isotope ratios are generally measured
using Isotope Ratio Mass Spectrometry
(IRMS). The most common stable isotope
analyses carried out in this research, and
in paleoclimatology studies in general, are
stable carbon and oxygen isotope ratios
of carbonates (Muccio and Jackson,
2009). The large amount of stable isotope
ratio measurements done on carbonates
has driven the development
of
sophisticated mass spectrometers and
introduction systems that allow high
sample throughput, small sample sizes
and high precision of stable isotope
results (Sharp, 2017). Mass spectrometry
is a technique for separating compounds
by their mass. The sample is ionized and
accelerated by an electromagnetic field.
The trajectory of the ionized particles is
then bent by an orthogonal magnet. Due
to their inertia, the trajectory of the heavier
particles is less affected than that of the
lighter particles. In isotope ratio mass
spectrometry, collectors called Faraday
cups count particles with given massed to
measure the relative abundance of
different isotopes of an element in the
sample (Muccio and Jackson, 2009; see
Figure 18).

Figure 18: Schematic overview of an Isotope Ratio Mass Spectrometer (IRMS)

IRMS requires the sample to be introduced in gaseous phase, meaning that carbonates need to be
converted to gas before measurement. This is typically achieved by reacting the carbonates with
orthophosphoric acid (H3PO4) at a known temperature to produce CO2 gas. The temperature control is
important because the acid reaction can cause fractionation if incomplete and this fractionation factor
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needs to be controlled (Guo et al., 2009). In the early days of carbonate isotope geochemistry, the reaction
to produce CO2 from carbonates was carried out manually, the resulting CO2 gas was purified using a
manual extraction line and sealed in glass tubes (e.g. Epstein et al., 1953). Modern systems called
“carbonate preparation devices” allow the reaction of pre-weighed samples with phosphoric acid to be
carried out mechanically. The resulting CO2 gas is then mechanically purified in a series of cooled traps
and led into the mass spectrometer via a dual inlet system (Boutton, 1991; Michener and Lajtha, 2008).
Alternatively, samples are often prepared under vacuum in glass vials with septa-caps that allow injection
of phosphoric acid for controlled reaction. The produced CO2 gas is injected into the mass spectrometer
via a continuous flow inlet system that flushes it into the mass spectrometer using a carrier gas (usually
He; Spötl and Vennemann, 2003; Paul and Skrzypek, 2007). After sample introduction, sample gas and a
reference gas with known isotopic composition are measured interchangeably to allow calibration of the
counts obtained in the Faraday collectors. CO2 molecules with masses of 44 u (12C16O16O), 45 u
(13C16O16O) and 46 u (12C16O18O) are measured and isotope ratios of carbon and oxygen are calculated
from the abundance ratios between these weights: Carbon isotopes from the ratio between mass 45 and
mass 44 and .oxygen isotopes from the ratio between masses 46 and 44 (see Figure 18).
For the measurement of stable oxygen isotope ratios of the oxygen bound in the phosphate group in
bioapatites, another preparation technique is required. Since unlike carbonates, phophates do not
dissociate in reaction with acid, another technique is required to break the strong phosphate bond and free
the oxygen atoms. An overview of the possible techniques for doing this is given in Vennemann et al.
(2002). Over the course of this PhD research, the technique for high-resolution reduction of phosphate
with carbon (after O’Neil et al., 1994 and Kornexl et al., 1999) was set up at the lab of the AMGC research
unit. The analytical steps for this technique are detailed below. In order to isolate the phosphate fraction
from bioapatites, it is common procedure to precipitate the phosphates as silver phosphate (Ag3PO4; after
Crowson et al., 1991; Wenzel et al., 2000). Bioapatite samples with a weight of ~1 mg are reacted with 2
M HNO3 and then neutralized with 2 M KOH to remove carbonates. Calcium is precipitated from the
solution as CaF2 by adding 2 M HF, after which the solutions are centrifuged to remove the residue. Silver
phosphate is precipitated from the remaining phosphate solution by adding a silver amine solution (0.34 g
AgNO3 + 0.28 g NH4NO3 in 1 mL NH4OH and 30 mL distilled water). Keeping these solutions at 60°C in a
hot bath allows NH4 gas to escape from the solution, slowly dropping the pH and allowing Ag3PO4 crystals
to form. The silver phosphate crystals are rinsed with deionized water, homogenized and aliquots of 0.2
to 0.5 mg are weighed into silver foil capsules for analysis. Three aliquots per sample are reduced in a
carbon-coated furnace of an Eurovector High-Temperature Conversion-Elemental Analyzer (TC-EA)
heated to 1450°C to convert the PO4 to CO gas by means of high-temperature reduction reaction. The CO
gas is purified in a chromatograph and let into the mass spectrometer via a continuous flow inlet system
using He as a carried gas. For phosphate-stable oxygen isotope analysis, the ratio between CO masses
28 (12C16O) and 30 (12C18O) is measured.
Since stable isotope ratios are always reported relative to an international reference standard (either
VSMOW or VPDB, see 1.3.4), measurements need to include a certified reference material of which the
stable isotope composition is calibrated to the international standard (Werner and Brand, 2000). This
standard are treated as a sample throughout the procedure and multiple aliquots are measured to
determine the precision of the analyses.
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1.7.4 Clumped isotope analysis
A special type of stable isotope analysis that has recently attracted much attention in the paleoclimate and
carbonate geochemistry community is the measurement of clumped isotopes (see 1.3.7). This technique
aims to measure rare CO2 species with masses of 47 u, 48 u and 49 u in addition to the conventional
measurements of 44 u, 45 u and 46 u to obtain the abundance of all possible combinations of stable carbon
and oxygen isotopes in a CO2 molecule. The occurrence of the rare mass 47 (13C18O16O; expressed as
Δ47; see Eiler, 2007) isotopologue is thermodynamically related to calcification temperature and therefore
finds used for temperature reconstructions in fossil carbonates (Ghosh et al., 2006; Eiler, 2007; Figure
10). Since the concentrations of these isotopologues in sample gas are so small, very precise control on
the sample preparation and a larger amount of sample material is required (Schmid and Bernasconi, 2010;
Eiler, 2011). Several adaptations of the conventional dual inlet sample introduction system were invented
to allow more accurate measurements of clumped isotopes (Schmid and Bernasconi, 2010; Wacker et al.,
2013; Hu et al., 2014; Petersen et al., 2016). Furthermore, the IRMS needs to be equipped with additional
Faraday cups to measure masses 47, 48 and 49. To use the temperature relationship between Δ47 and
temperature, clumped isotope data has to be corrected for acid reaction temperature and instrumental drift
and calibrated to an international reference frame (Guo et al., 2009; Dennis et al., 2011). Clumped isotope
analysis has uses beyond the reconstruction of calcification temperature. Since the technique is very
sensitive to changes in the equilibrium between carbonates and the calcification fluid, the technique can
be used to track changes in calcification rate and burial diagenesis (Thiagarajan et al., 2011; Passey and
Henkes, 2012; Affek et al., 2013).
1.7.5 Micro-X-Ray Fluorescence

Figure 19: Schematic overview of the production of X-Ray fluorescence (XRF) radiation at the atom
level (copyright: Bruker Nano GmbH)

There are several techniques for analyzing trace element content in geological samples. The research
presented here relies heavily on a technique called micro X-Ray Fluorescence (µXRF). X-Ray
fluorescence (XRF) refers to the emission of X-Rays that results from the sample being excited by X-Rays
from an X-Ray source (Glocker and Schreiber, 1928; Beckhoff, 2006). Radiation from the X-Ray source is
absorbed by the sample material and causes electrons to be excited to higher energy states. The energy
by which this excitation happens is lower than the energy required to fully ionize the atom. This energy is
then lost from the atom when electrons move back to their ground state, releasing X-Ray photons in the
process (“fluorescence”; Norrish and Chappell, 1977; see Figure 19). The energy (and therefore
wavelength) of X-Ray radiation that is released in the form of fluorescence depends on the energy steps
between the shells of electrons. For example, Kα is the energy released when an electron drops from the
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L-shell to the K-shell (Bertin, 2012). These energy levels are unique for an element and the fluorescent XRays therefore provide a signature for the sample’s elemental composition. After taking into account the
physics of elastic and inelastic scattering of X-Rays on and around a sample as well as effects of X-Ray
diffraction in the sample matrix, the energy of fluorescence X-Rays can be directly linked to sample
composition through a fundamental algorithm (Sherman, 1955; Rousseau, 1984a;b; Rousseau and Boivin,
1998). This fundamental, theoretical basis linking sample composition to analytical results is unique to the
XRF technique and theoretically allows the technique to achieve very high precision (Rousseau and Boivin.
1998). Since excitation of the sample with X-Rays does not change the structure or composition of the
sample and does not consume any sample material, the XRF technique is fully non-destructive. It therefore
allows additional measurements by other techniques to be carried out on the same sample volume. This
makes XRF a very valuable technique in paleoclimatology, where the combination of measurement
techniques in a multi-proxy approach is essential for extracting paleoclimate data from climate archives.
The non-destructive character of XRF is especially important in high-resolution climate reconstructions,
where sampling resolution is high and the amount of available material for analyses is generally low.
XRF instrumentation typically contains at least the following three components: X-Ray source, sample
holder and detector. X-Rays from the source can be focused on a selected area on the sample using optics
(e.g. a collimator or polycapillary), but this is not done in every XRF setup. Some XRF systems allow
focusing of the source X-Ray beam as well as the fluorescence radiation (“confocal XRF”), further
increasing the constraints on the sample volume to allow the technique to gain higher spatial resolution
(Dehlinger et al., 2013). The defining feature of micro-X-Ray fluorescence is the application of a focused
X-Ray beam to allow measurements on a small spot on the sample (Beckhoff, 2006). These systems
typically also come with movable sample holders to allow spatial differences in sample composition to be
resolved.
Detection of fluorescence X-Rays can be done using an energy-dispersive or a wavelength-dispersive
detector. In the former case, the detector counts all incoming photons and determines their wavelength
(energy) to create an energy spectrum. In the case of wavelength-dispersive detection, a diffraction crystal
is placed in front of the detector to filter out photons with a certain range of wavelengths. While wavelengthdispersive detection allows only a few elemental peaks to be measured at any one time, peaks in wave
dispersive spectra are generally sharper and more clearly defined, leading to higher measurement
precision (Beckhoff, 2006). Energy dispersive systems generally allow a wider range of elements to be
measured. Which elements can be detected or quantified with confidence and which concentrations are
detectible and quantifiable depends heavily on the measurement setup and is therefore device-specific
(Beckhoff, 2006). The distinction between detection (determining whether an element is present or not)
and quantification (determining the concentration of the element) is important to make here, because the
concentration limits for detecting an element (the “Lower Limit of Detection” or LLD) are different (and
always lower) than the concentration needed to detect an element (the “Lower Limit of Quantification” or
LLQ; Sitko and Zawisza, 2012). These concentration limits depend mostly on the spectral resolution
(signal-to-noise ratio) of the XRF spectrum (Beckhoff, 2006). One way to improve this spectral resolution
is to increase the photon density (intensity or “brilliance”; Balerna and Mobilio, 2015) of the X-Ray source.
For this reason (amongst others) XRF measurements are sometimes carried out at synchrotron facilities
where the X-Ray source energy can reach much higher levels than in lab-based XRF devices (Balerna
and Mobilio, 2015).
While XRF is governed by theoretical principles, in practice the interpretation of XRF spectra from
geological samples is not straightforward. This is mainly a result of the fact that geological samples are
not homogenous materials and have a wide variety of matrices and compositions. Another complicating
factor is the interference of X-Ray diffraction peaks on the XRF spectrum. X-Ray diffraction (XRD) is an
effect that occurs when X-Rays interfere with the crystal lattice of minerals, which are common in
geological samples (Bragg, 1907; Warren, 1990). These peaks interfere with the peaks formed by X-Ray
fluorescence of elements in crystalline samples and complicate the interpretation of the spectrum. Such
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complications prevent the straightforward application of the Sherman equation or its derivatives (e.g.
Rousseau, 1986a) for calculating elemental composition directly from the X-Ray spectrum. Therefore,
software was developed to interpret complex XRF spectra by iteratively fitting simulated XRF spectra of
different theoretical sample compositions to the spectrum (Rindby, 1989; Mahuteau, 2008). With the rapid
development of powerful lab-based computers, these so called “peak-deconvolution software” packages
have become more and more successful in separating composite peaks in the XRF spectrum and
deconvoluting complex spectra (Mahuteau, 2008). Since this approach of spectrum quantification
approximates the theoretical interpretation of an XRF spectra, it needs to be grounded by calibration with
matrix-matched certified reference materials (e.g. Hunt and Speakman, 2014). In the studies presented in
this dissertation, several efforts have been made to develop these calibrations for carbonate and bioapatite
samples and to demonstrate the uses and disadvantages of µXRF for reliable determination of trace
element variability in high-resolution paleoclimate archives.
1.7.6 Inductively Coupled Plasma Mass Spectrometry
Another technique used to determine trace element concentrations in geological samples is Inductively
Coupled Plasma Mass Spectrometry (ICPMS). Like IRMS, ICPMS makes use of the principle of mass
spectrometry to separate components in the sample by mass (Montaser and Golighty, 1988). Samples for

Figure 20: Schematic overview of am Inductively Coupled Plasma Mass Spectrometry (ICPMS) device
(after Aceto, 2016)

ICPMS are either injected as liquids (by a nebulizer) or gases, allowing the analysis of dissolved geological
samples. Sample material is injected into a plasma torch and ionized by inductive heating in a strong
magnetic field. A plasma containing charged ions is maintained in the ICP torch by flushing the torch with
Ar gas. A large fraction of the sample is ionized by the plasma. The sample plasma is then transferred to
the vacuum of the mass spectrometer through small holes in sample cones that allow the gas to enter
without significantly disturbing the vacuum of the mass spectrometer. Ionized particles can be focused into
the mass spectrometer to maximize the fraction of the sample that enters the mass spectrometer. This
happens through the use of a setup of magnetic lenses and sensors such as quadrupole or sector field
optics (Rosenthal et al., 1999; Yu et al., 2005; see Figure 20). In the mass spectrometer, the ion beam is
bent by a magnetic field that rapidly changes strength to allow scanning for a wide array of ion masses
(usually between 7 and 250 atomic units). This allows a wide range of trace elements (from Li to U) to be
quantified using ICPMS.
ICPMS is applied widely in studies of geological samples (Eggins et al., 1997; Carignan et al., 2001;
Balaram and Rao, 2003). In order to allow full ionization in the ICPMS plasma, solid samples are often
digested using strong acids and dissolved in demineralized water or weak acid solutions for ICPMS
analysis (e.g. Wu et al., 1996; Eggins et al., 1997; Sastre et al., 2002). However, strong bonds in some
samples require more complex preparation steps such as alkaline fusion or microwave digestion (Balaram
and Rao, 2003; Qi et al., 2007), especially when the elements of interest include refractory metals which
are hard to dissolve (Todand et al., 1995). The carbonate and bioapatite samples used in this research
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could generally be dissolved in ultrapure nitric acid, though phosphates require addition of hydrofluoric
acid to dissociate. Samples are reacted with nitric acid and boiled on a hotplate overnight to allow full
sample dissociation. A second digestion step using a mix of hydrofluoric and nitric acid (1:3 proportions)
was applied if the first step did not result in total dissolution of the sample. Solutions were heated to
evaporate acids and the residue was re-dissolved in weaker acid solutions (typically 3% nictric acid).
ICPMS measurements need to be calibrated to yield accurate trace element concentrations, which
requires the use of standard reference materials (Norman et al., 1996). Additionally, assessment of
reproducibility of the method requires repeated measurements of in-house standards (Vanhaecke et al.,
1992). Since samples and standards are digested using strong acids or alternative digestion methods, the
effect of sample matrix on ICPMS results is less strong than in µXRF analyses (Tan and Horlick, 1987).
Therefore, reference materials from a range of sample matrices can be used for reproducibility assessment
and calibration.

Figure 21: Schematic overview of a Laser Ablation introduction device for ICPMS measurements (after
Gonzalez, 2017)

1.7.7 Laser ablation ICPMS
One way of introducing sample material into an ICPMS device requires special attention. Laser ablation
ICPMS (LA-ICPMS) couples a sample chamber equipped with a powerful laser beam to an ICPMS setup
to allow in situ ICPMS measurement (Russo et al., 2002). The advantage of this system is that it does not
require any sample preparation (e.g. digestions) besides preparing a flat sample surface. During
measurement, the sample is brought into the sample chamber, which is brought under vacuum. An ablation
cell is brought close to the sample surface at the desired measurement location and a laser pulse ablates
the surface of the sample. This causes sample aerosols to be released in the ablation cell, which is flushed
with a carrier gas (typically Ar) to carry the ablated aerosols to the ICPMS (Günther et al., 1999; see Figure
21). Sample aerosols are then ionized and measured using the ICPMS technique as described above.
Sample volumes measured using LA-ICPMS are generally much smaller than the amounts required for
conventional dissolution-based ICPMS (Pearce et al., 1992; Günther et al., 1999). Spot sizes for LAICPMS vary widely but reproducible measurements can be done on spots with a diameter smaller than 20
µm (Diwakar et al., 2013). Introducing sample into ICPMS systems via laser ablation also reduces the risk
of sample contamination because sample preparation and digestion steps can be skipped (Günther et al.,
1999).
The LA-ICPMS technique has gained a lot of attention in the fields of geology, physics and biology due to
its potential applications for in situ analyses of chemical composition in a wide range of samples (Pozebon
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et al., 2017). This interest has driven research into the effects of laser beam frequency, frequency
bandwidth and shape as well as the effects of different lasers, ablation speeds and carrier gases on the
shape of the aerosol plume that forms during ablation (Pozebon et al., 2017 and references therein). These
developments have allowed the improvement of laser ablation systems for fast, high-resolution, high
precision in situ analysis. LA-ICPMS finds many uses in the field of paleoclimate and paleoenvironmental
research by providing high-resolution transects and even 2D maps of spatial trace element distributions in
geological samples, shedding light on the lateral variation in trace element proxies and allowing fast, quasinon-destructive analysis of trace element proxies in fossil skeletal materials (Müller and Fietzke, 2016). In
the research presented here, LA-ICPMS transects on bivalve carbonate are used to characterize variations
in trace element proxies (e.g. Mg/Ca, Sr/Ca, Ba/Ca) at a seasonal and even daily scale.
1.8 Aims
The introduction above demonstrates that while previous studies have provided reconstructions of climate
and environmental change on short timescales, these studies have mostly remained limited to
reconstructions in the Holocene and Pleistocene. An overview of the available archives for high-resolution
paleoclimate reconstruction shows that this field has the potential to add a new level of information to our
understanding of Earth’s climate. However, the limitation of reconstructions to the Quartenary is caused
by the fact that most of these archives fail to preserve their information on short term climate and
environmental change over long timescales. In an attempt to fill this gap in our knowledge, this thesis takes
a critical look at the use of bivalve shells and tooth enamel bioapatite as archives of short term variability
in climate and environment. While the potential for the use of bivalve shells and tooth bioapatites has
indeed already been recognized at the very onset of paleoclimate research, the multitude of questions left
open after decades of research illustrates the complexity of obtaining proxy records from these biogenic
archives and interpreting them to obtain information of past climate and environmental change. This
challenge can be subdivided to formulate two types of goals, which are the main aims of the thesis:
-

Analytical goals: How can we improve the accuracy, reproducibility and spatial resolution of proxy
records obtained from high-resolution paleoclimate archives?

The work presented here aims to develop methods to extract proxy records from bivalve and tooth enamel
records that allow the temporal resolution to reconstruct changes on the sub-annual to decadal timescale.
Several tools were investigated that allow us to study the expression of the seasonal cycle in the chemical
composition of bivalve shells and mammal tooth enamel.
-

Reconstruction goals: How can we interpret these proxy records to learn more about how climate
and environment changed at the seasonal scale in the past?

A second goal of the thesis is to develop chemical proxies that record climate and environmental variability
in archives that allow the temporal resolution to reconstruct changes on the sub-annual to decadal
timescale. The investigated chemical proxies were tested on modern specimens of known origin to test
hypotheses about their link with environmental conditions. Subsequently, these proxies were applied on
fossil specimens to allow reconstruction of seasonal environmental variability as far back in time as the
Late Cretaceous. This workflow showed the advantages and disadvantages of the applied methods and
archives and allowed discussion of rapid environmental variability in a range of different climate and
environmental settings.
In the following, I will first present the studies focusing on acquiring high-resolution proxy data from (fossil)
bivalve shells (Chapter 2). Within this chapter, the first two studies (2.1 and 2.3) focus on improving and
discussing the use of the µXRF technique for obtaining high-resolution trace element (e.g. Mg/Ca and
Sr/Ca) records in bivalve shell calcite. A third study (2.3) highlights a model for the incorporation of these
elements into the shell that aids in interpreting these records. Finally, three studies (2.4 – 2.6) apply the
methods presented in 2.1 and 2.2 to generate and interpret seasonal (2.4 and 2.5) to even daily (2.6)
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variations in the chemistry of fossil bivalve shells in terms of paleoclimate, paleoenvironment and
paleobiology. In the next chapter (Chapter 3), I first present two studies (3.1 and 3.2) in which the influence
of diagenesis on archaeological and fossil bioapatites is discussed (3.2) and methods are developed to
remove the contamination from these samples (3.1). Finally, the results of a third study (3.3) demonstrate
how stable isotope and trace element records from tooth enamel can be used to reconstruct seasonal
variations in diet and environment.
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2. Bivalves as archives for high-resolution climate variability
The aim of this chapter is to explore the use of bivalve shells for reconstructing ancient marine conditions
on a sub-annual scale. The first two subchapters (2.1 and 2.2) describe studies that improve the analytical
techniques used to produce records of shell chemistry in growth direction which form the basis of
reconstructions from bivalve shells. In the third subchapter (2.3), a model is presented that uses trace
element distributions measured in bivalve shells to reconstruct the uptake rates of trace elements by the
organism. This sheds light on the link between trace element concentrations in the shell and the
environment in which the bivalve grew, which helps with the interpretation of trace element records from
bivalve shells. The next two subchapters (2.4 and 2.5) apply the developments in analytical techniques
and interpretation of shell chemistry (both within this thesis and in the literature) in a “multi-proxy approach”
to reconstruct seasonal changes in shallow marine environments in the Late Cretaceous from fossil bivalve
shells. Finally, the last subchapter (2.6) capitalizes on the improvements in lateral measurement resolution
of modern analytical techniques to characterize chemical variations recorded in a fossil bivalve shell at
sub-daily resolution. This demonstrates the possibilities of the bivalve shell archive for reconstructions far
beyond the seasonal scale.
Micro X-ray fluorescence
During this PhD, significant advances in measurement and data processing strategies enabled the
acquisition of quantifiable trace element concentration data in high resolution (25 µm spot size) on polished
sample surfaces using a state-of-the-art lab-based µXRF device. As highlighted in 1.5.5, focused µXRF
analysis enables determination of trace element concentrations at high spatial resolutions with minimal
sample preparation and without sample consumption (Norrish and Chappell, 1977). This makes µXRF a
very promising tool for acquiring trace element data for paleo-reconstruction studies. At the start of the
PhD research, use of the lab-based µXRF method was mostly limited to the acquisition of semi-quantitative
data. Quantitative XRF analysis required powerful X-Ray sources and detectors and lab-based devices
were limited to obtaining semi-quantitative data such as relative changes in elemental concentration and
unquantified peak counts (e.g. Scruggs et al., 2000; de Winter et al., 2014). The latest generation of labbased µXRF devices now contain sufficiently strong X-Ray sources and efficient focusing optics and
detectors to allow generation of XRF spectra with the spectral resolution required for quantifying trace
element concentrations. The research presented in this chapter disseminates these new developments
and demonstrates the measurement strategies and calibrations necessary to apply commercial lab-based
µXRF instruments for measuring and quantifying trace element concentrations in two dimensions on
polished samples. This development paves the way for rapid, non-destructive, high-resolution
measurements of trace element proxies that improve the resolution of paleoclimate records.
Subchapter 2.1 explores the effects of various measurement strategies on the quality (accuracy and
reproducibility) of both portable and micro-XRF results. In this study, several strategies for XRF
measurements (e.g. mapping, line scanning and point analysis) are explored in order to determine the
ideal conditions for obtaining reliable results. New criteria are formulated for obtaining accurate and precise
results for different elements using a range of measurement techniques, which forms the bases for
determining XRF measurement conditions throughout the research presented in this PhD thesis. This
research was published as a technical note in the Journal of Analytical Atomic Spectroscopy.
The study in subchapter 2.2 applies the recent developments of the lab-based µXRF technique to
demonstrate its use for semi-quantitative trace element mapping and quantitative trace element line
scanning on a Campanian (Late Cretaceous) fossil rudist bivalve. The applications of µXRF for bivalve
sclerochronology are explored by demonstrating the use of µXRF mapping for the detection of diagenetic
alteration in the fossil shell and the use of µXRF line scanning for determining quantitative trace element
variability in growth direction through the well-preserved outer shell layer. These developments pave the
way for application of µXRF in sclerochronological studies. The results of this study were published in the
journal Sedimentology.
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The research in these subchapters shows that micro-X-Ray Fluorescence analysis can be a valuale tool
for paleoclimate research. MicroXRF analysis can offer fast, non-destructive trace elemental analysis by
focusing an X-ray beam on a small surface of the sample. The research presented in subchapter 2.1 shows
the possibilities of using a lab-based setup and demonstrates that it is possible to achieve quantitative
trace element concentration measurements when the proper measurement strategies are used. Thorough
testing of different analytical strategies shows that measurement time is an important parameter in µXRF
measurements and that the optimal measurement time for achieving quantitative results (Time of Stable
Reproducibility and Time of Stable Accuracy) can be calculated for a specific material and a range of
elements of interest. This enables the researcher to determine exactly how to achieve the desired
measurement precision while optimizing measurement time.
The µXRF technique was also calibrated for use on (bivalve) carbonates. The results obtained in this thesis
(subchapter 2.2 and supplementary papers) highlight the application of µXRF on carbonates and ready
the technique for use in reconstruction studies using trace element proxies. MicroXRF mapping was
demonstrated to be an excellent tool for rapid determination of sample preservation. Conventionally,
cathodoluminescence microscopy (see 1.5.2) was the most popular tool for such screening. However,
µXRF mapping of Mn, Fe and Si contents in fossil carbonates is a much faster method that requires
much less sample preparation. XRF mapping also gives the researcher more information about the type
of diagenesis that occurred and may replace or complement cathodoluminescence microscopy in other
carbonate geochemistry studies. Given the right measurement conditions, µXRF yielded quantitative trace
element profiles in the pristine calcite shell of fossil rudists. These profiles reveal the original trace element
composition of the shell, which can be used to reconstruct paleoenvironmental changes on a seasonal
scale in the Late Cretaceous Tethys Ocean.
Bivalve growth and trace element uptake modelling
Subchapter 2.3 describes the results of a modelling project that was carried out within the scope of this
PhD research. The idea for this project stems from the complications that persist in interpreting trace
element proxies in bivalve shell calcite. Several studies have demonstrated that the concentrations of trace
elements explored as potential proxies for environmental conditions vary within different parts of the
bivalve shell (e.g. various microstructures) or between contemporaneous bivalve specimens (Carriker et
al., 1991; Freitas et al., 2008; Schöne et al., 2010; Lazareth et al., 2013). Other studies showed that these
differences in trace element concentrations may be linked to shell growth rates (Carré et al., 2006; Takesue
et al., 2008). These heterogeneities in trace element concentrations severely complicate the development
of trace element proxies for bivalve shell calcite. It is likely that this problem arises from the fact that trace
element concentrations are often measured in a single transect along the shell’s growth axis. This
measurement strategy does not allow information about the heterogeneity in other directions in the shell
to be gathered and most likely only offers a limited view of the variations in trace element uptake by the
bivalve, due to intra-shell variations in microstructure, growth and calcification rate (Lazareth et al., 2013).
A possible solution for this issue is to link environmental variables not to changes in trace element
concentrations in a linear transect through the shell, but to the total trace element uptake rates in the entire
shell.
In an attempt to approximate these uptake rates, a new modelling approach was invented that couples a
model of the growth of the bivalve shell in three dimensions with two-dimensional variability in trace
element concentrations. The model works by identifying growth structures in a longitudinal cross section
(in dorsoventral direction through the umbo) and linking the growth and shape development of the shell in
cross section to XRF maps created of the same cross section. The growth and development of the bivalve
shell is modelled in three dimensions based on basic assumptions about the shape of the shell. XRF
mapping results are projected on the growth model to calculate three dimensional changes in trace
element concentration in the shell with time and allow estimation of the absolute amount of certain trace
elements that are taken up by the shell at any given point in time.
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This modelling approach allows the user to estimate trace element uptake rates by bivalves without a priori
knowledge of the mechanisms by which these elements are incorporated in the shell carbonate, thereby
circumventing many of the problems that arise due to uncertainties about the mechanisms of shell
mineralization and the fate of trace elements in the process (see 1.3.2). The main advantage of the
proposed modelling approach is that it can be applied to fossil shells, if well preserved, and used to
reconstruct trace element concentrations in the paleoenvironment through modelled uptake rates.
Applying this model to link trace element uptake rates to environmental variables (e.g. temperature,
salinity, and nutrient content) may allow the construction of much more reliable transfer functions for trace
element proxies in the future, improving paleoenvironmental reconstructions from fossil bivalve shells. The
formulae and calculations required to run this model were worked out into a package called “ShellTrace”
in the open source computational software R (R core team, 2013).
The simulator proposed in 2.3 allows modelling of growth rates and trace element uptake in bivalves
without the need for culture experiments on modern specimens to calibrate trace element proxies. This
model is an attempt to parameterize the incorporation of trace elements into the shell via a mathematical
approach and therefore constitutes a deliberate oversimplification of the growth of bivalve shells. The
model is solely based on the distribution of elements in the shell and the presence of microstructures
indicating timing of shell secretion. Model results sheds light on the processes that govern trace element
incorporation and can be used to identify gaps in our knowledge of the processes involved. The model
demonstrates a new way of thinking about trace element-based paleoenvironmental reconstruction that
have implications for paleoclimate reconstructions using trace element ratios. Considering the amounts of
trace elements taken up in the entire bivalve shell at any one time negates the effects of local differences
in the composition of the shell that have complicated reconstructions based on trace element profiles
(Freitas et al., 2008; Schöne et al., 2010). The application of such models will improve calibrations of trace
element proxies in bivalve shells, including those without modern relatives, in the near future. At the same
time, the proposed modelling approach makes reconstruction of trace element uptake rates from wellpreserved fossil bivalves possible, allowing these new calibrations to be applied in deep time paleoclimate
reconstructions.
Paleoseasonality reconstructions from bivalve shells
For decades, researchers have tried to find relationships between bivalve shell chemistry and
environmental conditions (Richardson et al., 1999; Lazareth et al., 2003; Schöne et al., 2011). While some
of these studies yielded promising transfer functions between environmental conditions and stable isotope
and trace element composition (e.g. Richardson et al., 1999; Surge and Lohmann, 2008), the application
of these transfer functions for deep time reconstructions has been complicated by observed inter-species
and even inter-specimen variability in shell chemistry (e.g. Freitas et al., 2008; 2009; Schöne et al., 2010;
see 2.1.1). Especially in the case of trace element concentrations, these variations suggest that shell
chemistry is not strictly dependent on environmental conditions, but is often partly controlled by vital effects
(Cohen et al., 2001; Weiner and Dove, 2003; Elliot et al., 2009; see 1.3.8). Since these vital effects seem
to be species-specific, paleoclimate reconstructions far back in time are complicated, because many fossil
bivalve species are extinct without modern relatives (e.g. rudist bivalves). The research in this subchapter
aims to solve some of these issues by applying a multi-proxy approach on high-resolution measurements
of bivalve shell chemistry. The philosophy behind this approach is that a combination of proxies allows the
effects of environmental variables on shell chemistry to be isolated by comparing the varying response of
proxies to the same paleoenvironmental changes. This way, the combination of proxies can be used to
disentangle the influence of multiple environmental variables (e,g. temperature, salinity and sea water
composition) and improve the reliability of climate reconstructions.
Subchapter 2.4 makes use of a unique fossil assemblage in the Sultanate of Oman, where rudist bivalves
are found in association with large thick-shelled fossil oysters. This setting allows a comparison to be made
between the chemistry of the shells of different bivalve species that grew in the same environment. Rudists
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are a very important group of bivalves which are very common in the fossil record in the Cretaceous
(Skelton, 2013). Hippuritid rudists grew thick outer shell layers out of low-magnesium calcite, which is very
resistant to diagenesis, allowing it to retain its original chemical composition after fossilization (Al-Aasm
and Veizer, 1986a; b). Unfortunately, rudists went extinct in the end-Cretaceous mass extinctions together
with the non-avian dinosaurs (Steuber et al., 2002), leaving no close relatives. The only way to study the
expression of high-resolution climate changes in the chemistry of rudists is by comparing their shell
chemistry with that of contemporary bivalve species of which modern relatives are available. By comparing
rudist and oyster archives, this study sheds light on the response of rudist shell calcite to seasonal changes
in the environment during the warm Late Cretaceous period. This allows rudist shells to be used as highresolution paleoclimate archives in a wide range of environmental settings throughout the Cretaceous
period, shedding light on climate dynamics in deep time. The results of this study were published in the
journal Palaeogeography, Palaeoclimatology, Palaeoecology.
The study in subchapter 2.5 focuses on the shell chemistry of the so-called foam- or honeycomb-oysters
(Pycnodonte) and their relation to paleoenvironment. Pycnodonte bivalves are common in Cretaceous and
early Paleocene strata and are therefore a promising archive for paleoseasonality changes through the
biotic crisis that caused the end-Cretaceous mass extinction. This study combines a range of structural
(e.g. CT scanning), microscopic (cathodoluminescence and fluorescence microscopy) and chemical (XRay fluorescence and mass spectrometry) techniques to characterize the preservation of these shells and
identify chemical variability recorded in the well-preserved calcite. This unique multi-proxy approach sheds
light on the pathways by which pore fluids enter the honeycomb structure of the shell and cause some
microstructures to be diagenetically altered while others are more resistant. A combination of trace
element, stable isotope and clumped isotope analyses on the well-preserved parts of Pycnodonte
vesicularis shows that these shells can be used for paleotemperature and paleosalinity reconstruction in
the latest Cretaceous. This study also highlights the role of the sensitive clumped isotope proxy for
detecting diagenetic alteration. The results of this project pave the way for seasonally-resolved absolute
paleotemperature reconstructions in deep time, most notably through periods of rapid environmental
perturbation such as the end-Cretaceous mass extinction. The results of this study were published in the
journal Climate of the Past.
Application these multi-proxy approached on fossil bivalves yielded new information about the meaning of
trace element proxies for climate and environmental change in bivalve shells. Combining different
temperature proxies allowed for a critical assessment of seasonal temperature curves that can be
produced from fossil bivalve shells using δ18O and Mg/Ca proxies. Furthermore, the addition of new proxies
such as Zn/Ca and S/Ca records highlights subannual changes in growth and metabolic rates, water
column stratification and productivity. The combination of associated bivalve species allowed the
uniformitarian principle of reconstruction based on close living relatives to be extended towards the extinct
rudist bivalves. While this single study cannot be conclusive about the role of trace elements in rudist
shells, the application of this type of multi-species studies opens up the abundant archive of fossil rudist
bivalve shells for paleoclimate research in the Late Jurassic to Late Cretaceous time period (Steuber and
Löser, 2000; Gourrat et al., 2003). Combining stable isotope and trace element analyses with clumped
isotope analyses on fossil shells of Pycnodonte vesicularis from the Late Cretaceous shows that the
clumped isotope technique shows promise as a tool for sub-annual temperature reconstructions from fossil
bivalve shells. Combining it with high-resolution analyses of the other proxies allows detailed
reconstruction of seasonality in temperature, salinity, sea water composition and shell growth in the Late
Cretaceous shortly before the end-Cretaceous mass extinction.
Daily cycles in bivalve shell chemistry
The last study in this chapter (2.6) takes the measurement of high-resolution trace element records in
bivalve calcite one step further to explore variations in trace element composition on a daily scale. In order
to achieve this, LA-ICPMS, µXRF and IRMS measurements were combined to obtain sub-annually
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resolved records of shell chemistry from a well-preserved shell of the extinct rudist bivalve Torreites
sanchezi. The fast growth rate of these rudist shells allowed the deposition of comparatively wide (±35
µm) daily growth increments. The presence of such daily growth increments is known from modern bivalve
shells, and allows the reconstruction of daily growth rates (Goodwin et al., 2001; Schöne et al., 2005).
Recent advances in LA-ICPMS trace element analysis allowed the chemical characterization of such daily
growth increments in fast-growing tridacnid bivalves (Warter and Müller, 2017; Warter et al., 2018). Similar
measurements revealed that the shell of Torreites sanchezi recorded a strong daily cycle in trace element
composition. Such diurnal variability is only documented in photosymbiont-bearing calcifiers and can be
explained by the influence of the daily light cycle on photosynthesis of these symbiotic algae (Sinclair et
al., 2005; Spero et al., 2015; Warter et al., 2018). The study therefore demonstrates that rudist bivalves
are highly likely to have engaged in a symbiotic relationship with photosynthetic organisms (e.g.
zooxanthellae), much like modern tridacnid bivalves. This observation resolves a long-standing debate
about the life mode of this important group of bivalves that went extinct during the end-Cretaceous mass
extinction (Skelton and Wright, 1987; Steuber, 1999). The fact that rudists bore photosymbionts also has
implications for the interpretation of stable isotope and trace element records from fossil rudists, because
isotopic fractionation and potential trace element discrimination by the symbionts affects the composition
of their shell (Sano et al., 2012). Results in this study also show that variability in the chemistry of fossil
bivalve shells can be characterized down to a daily resolution using the latest measurement techniques,
greatly improving the potential resolution of these archives.
Precisely documenting the daily and seasonal variability in the same archive allows celestial cycles of the
Earth-Moon system to be reconstructed with high precision, shedding light on tidal dissipation and the
evolution of the system since the formation of the Moon (Runcorn, 1968; Meyers and Malinverno, 2018).
Accurate determination of daily cyclicity also improves the chronology of shell growth and detects halts in
the growth of the bivalve shell. But arguably the most important observation made in these high-resolution
records is the dominance of daily (light) variability over seasonal variability in trace element concentration.
The large scale of diurnal variability in the shell of Torreites rudists does not impact reconstructions on the
seasonal scale, because the size of a typical sample for stable isotope measurements for seasonality
reconstructions exceeds 100 µm, averaging out several days to weeks in one sample. The diurnal
variability in shell chemistry may actually have an influence on high-resolution trace element analyses
using µXRF and LA-ICPMS techniques (spot sizes <50 µm), and may explain part of the high frequency
oscillations in these records that are often subscribed to analytical noise. This shows that bivalves can be
sensitive recorders of the daily cycle through geologic history. The fine scale of these fluctuations has until
very recently been just outside the grasp of analytical techniques that are routinely applied in paleoclimate
studies (e.g. LA-ICPMS). However, recent advances in these techniques (Warter and Müller, 2017; Warter
et al., 2018), including developments made within the scope of this thesis, allow access to this daily
variability, opening up possibilities for even higher resolution climate reconstructions in the future.
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2.1 Trace element analysis of carbonates using portable and micro-X-Ray fluorescence: Performance and
optimization of measurement parameters
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Abstract
Variations in elemental abundances in carbonate archives offer a wealth of information that can be used
as proxy for paleoenvironment and diagenetic history. State of the art portable handheld X-ray
Fluorescence (pXRF) and laboratory micro X-ray Fluorescence (µXRF) instruments provide a relatively
inexpensive, fast and non-destructive way of acquiring these trace element composition data. However,
there are well-known issues and limitations regarding the method of spectrum acquisition and the
conversion of XRF spectra into quantitative elemental mass fractions. This study offers a guideline for the
appropriate use of these XRF techniques for the study of carbonates. Using certified calcium carbonate
and dolomite standards, accuracy and reproducibility of a pXRF (Bruker AXS Tracer IV) and a µXRF
(Bruker M4 Tornado) device are tested under various measurement conditions. The experimental set-up
allowed for the variation of several parameters, including measurement area, integration time,
quantification method and measurement strategy. The effects on the accuracy and reproducibility of the
quantified elemental abundance results are examined to assess for both devices the optimal performance
conditions for the determination of trace element abundances in natural carbonates. The limits of detection
and quantification are evaluated for both instruments for a range of trace elements commonly used as
paleoenvironmental proxies (e.g. Sr, Mn and Fe). The quality of the XRF spectra is evaluated using
spectral processing software. As a result, two new methods for the determination of optimized parameter
combinations are proposed for a range of commonly used elements. The Time of Stable Reproducibility
(TSR) is based on optimizing measurement reproducibility by examining the change of the relative
standard deviation per time unit and proposing an integration time threshold for reproducible
measurement. The Time of Stable Accuracy (TSA) is based on optimizing measurement accuracy by
studying changes in accuracy in function of increasing integration time and defining an integration time
threshold for accurate measurement. An overview table including minimum integration times by which a
reliable measurement is reached is provided for all analyzed elements and experimental set-ups for this
study. However, the methodological approach that is developed here is applicable on other (carbonate)
materials as well. A comparison between the two X-ray Fluorescence instruments allows the evaluation of
their respective advantages and disadvantages. Finally, we recommend optimal measurement strategies
and techniques for specific research questions.
Introduction
Modern X-ray Fluorescence (XRF) based techniques provide an adequate, low-cost and rapid answer
to many analytical problems in a wide variety of research disciplines (Beckhoff et al., 2006). 1 In the case
of energy-dispersive XRF, multiple elements can be measured simultaneously with high sensitivity. The
non-destructive aspect of the technique is a major advantage when working with precious and/or rare
museum or collection samples (e.g. fossils, art pieces and precious artifacts). Laboratory-scale XRF
instruments are now widely available and offer a high sample output alternative, which does not require
the extensive sample preparation of other trace element analysis techniques (e.g. Inductively Coupled
Plasma Mass Spectrometry (ICPMS), Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES) and Synchrotron Radiation induced X-ray Fluorescence (SR-XRF)). XRF techniques are also
competitive in terms of cost per measurement.
A broad range of approaches and instruments is currently available for laboratory-scale XRF. Over the
last decades, micro-X-ray Fluorescence (µXRF) was made possible by the improvement of X-ray optics
allowing for a micrometer scale spatial resolution (Haschke, 2013). Small spot sizes allow for more precise
sampling strategies in the case of inhomogeneous materials. Portable X-ray Fluorecence (pXRF) devices
make in-situ measurements possible, paving the path for direct field analyses (Potts and West, 2008;
Frahm and Doonan, 2013). Moreover, an additional advantage of pXRF is that it can be used under
controlled lab conditions as a less expensive alternative to exclusively laboratory-based devices.
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Variations in elemental abundances in calcium carbonate and dolomite materials are frequently studied,
offering a wealth of paleoenvironmental proxy information. They are an interesting substrate for laboratory
scale XRF analysis in the field of paleoenvironmental reconstruction. The applications in earth and
environmental sciences are numerous: e.g. (1) XRF core scanning yields near-continuous records of
elemental intensities and ratios (Calvert and Pedersen, 2007; Weltje and Tjallingii, 2008; Rowe et al., 2012;
Dahl et al., 2013; Ross et al., 2014), (2) Elemental mapping or imaging has the potential to reveal the
spatial distribution of elements in a sample (e.g. Gholap et al., 2010), (3) Studying the composition of
(carbonate or bioapatite) skeletons can reveal seasonal records of paleoclimate proxies (Kurunczi et al.,
2001; Hull et al., 2011; de Winter and Claeys, 2016; de Winter et al., 2016), (4) Determination of variations
in trace elements in speleothems to trace back hydrogeochemical processes (Borsato et al., 2007; Finné
et al., 2015; Buckles and Rowe, 2016), (5) Ancient artefacts can be characterized for archeological
purposes (Papadopoulou et al, 2004, 2006, Nazaroff et al., 2010; Hunt and Speakman, 2015) and many
more.
Despite the substantial conveniences of using XRF methods on a broad variety of samples, one
drawback is the plethora on potential uses and experimental set-ups that can hamper a correct
interpretation and comparison of results from different studies. For this reason, a profound characterization
of the effects influencing the reliability of the final results is essential (Goodale et al., 2012; Brand and
Brand, 2014). On the one hand, there are variations in results caused by differences in sample properties
such as water content (e.g. Ge et al., 2005; Tjallingii et al., 2007), sample matrix effects (Beckhoff et al.,
2006), sample (in)homogeneity and different sample geometry (e.g. Forster et al., 2011) as well as surface
effects (e.g. Potts et al., 2008). On the other hand, there are variations in measurement conditions,
including different beam spot size (Papadopoulou et al, 2006), bulk versus single-particle analysis (e.g.
Vincze et al., 2002), different detection limits and mass fractions of desired elements (Papadopoulou et al,
2006) and different instrumental set-ups (e.g. Gholap et al., 2010). These changing parameters are equally
important for geological XRF studies (e.g. Wheeler, 1999; Weltje and Tjallingii, 2008; Rowe et al., 2012;
Dahl et al., 2014; Ross et al., 2014; Yuan et al., 2014; Quye-Sawyer et al., 2015). Specifically, for
carbonates Wheeler (1999) carried out an exploratory study on limestones and dolomites while QuyeSawyer et al. (2015) evaluated the use of handheld XRF on carbonate field samples. Due to the variety in
measurement parameters, it is crucial to define criteria for a reliable measurement that are independent
of these parameters.
To determine thresholds for the reliable detection and quantification of XRF results in geological studies,
it is common practice to calculate lower limits of detection and quantification based on the error of
deconvolution. This error of deconvolution is the error of calculating elemental composition based on
element peaks in the spectrum and on solutions of the Sherman Equation (on which the fundamental
parameters quantification is based; Sherman, 1956; Rousseau, 1984; Broll, 1986; Sitko and Zawisza,
2012). Such thresholds include the Lower Limit of Detection (LLD, Rousseau et al., 2001), which is
approximated by three standard deviations of deconvolution and the Lower Limit of Quantification (LLQ;
Keith et al., 1983), in turn approximated by 10 standard deviations of deconvolution. However, the
aforementioned range of different applications and samples calls for a method to determine such
thresholds in a way that takes into account not only errors related to the deconvolution of the XRF spectra,
but also errors that are invoked by differences in the measurement conditions, such as sample geometry,
sample preparation and matrix effects. The matrix effect is an important issue in X-ray based analyses.
The matrix effect is the combined effect of the sample matrix on the absorption, penetration and
fluorescence of X-rays that occurs when travelling through the sample (Beckhoff, 2006). Because of the
importance of the matrix effect on XRF measurements, it is difficult to determine the right measurement
conditions for any sample. This is why, in any study, quality tests for different measurement conditions
should be conducted specifically for the material studied.
This study explores a new method of determining minimum requirements for a reliable XRF
measurement based on total accuracy (i.e. the agreement of measured value with certified value) and
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reproducibility (i.e. the closeness of agreement between independent results obtained with the same
method, IUPAC, 1997) errors rather than solely on errors of deconvolution. Therefore, the effect of actual
measurement time and experimental set-up using both µXRF and pXRF on calcium carbonate and
dolomite materials is investigated. Certified powdered calcium carbonate and dolomite standards were
repeatedly measured under laboratory conditions with a state-of-the-art μXRF device using different setups and different measurement times. The same standards were repeatedly measured under laboratory
conditions with the pXRF for different measurement times. The reproducibility and accuracy for both the
μXRF and pXRF were compared with each other and with High Resolution Inductively Coupled Plasma
Mass Spectrometry (HR-ICPMS) measurements. In doing so, we propose two new criteria (the Time of
Stable Reproducibility (TSR) and the Time of Stable Accuracy (TSA)) to determine which measurement
strategy is optimal in terms of achieved reproducibility and accuracy for both commercially available
instruments and for a range of elements. These two proposed ways of evaluation can be applied to other
XRF systems, other materials and even other measurement techniques where measurement time plays
an important role as well. Finally, as an example, a recommendation of a minimal measurement time for
each element of interest in the samples of this study analyzed under laboratory conditions using various
µXRF and pXRF based sampling strategies is provided.
Materials and methods
Standards and instrumentation
All measurements were executed on ISO-certified CRM393 (ECRM 752-1), CRM512 and ECRM 7821 powder graded (D < 75 µm, 200 mesh) standards (Bureau of Analyzed Samples Ltd., UK). The CRM393
is a standard for limestone, while CRM512 and ECRM782 are dolomite standards. Mass fractions of ten
different elements (K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn and Sr) were determined using the Bruker Tracer IV
Hand Held portable XRF device (HHpXRF, hereafter: pXRF). The pXRF is equipped with a 2 W Rh anode
X-ray tube and a 10 mm2 Silicon Drift Detector (SDD) with a resolution of 145 eV (Mn-Kα). The X-ray beam
was focused on a 6 mm by 8 mm integrated area using a Pd collimator. X-ray spectra from the pXRF were
deconvoluted and quantified using the standard factory “Soil Fundamental Parameters” method. The
fundamental parameters (FP) method makes use of the theoretical relationship between X-ray
Fluorescence and material composition as determined by Sherman (1956). The factory-calibrated
quantification method of the pXRF uses this fundamental principle with a correction based on a soil
standard.
Mass fractions of 21 elements (Cl, Br, Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Ba
and Pb) were determined using the Bruker M4 Tornado micro XRF (hereafter: µXRF) under near-vacuum
conditions (20 mbar). The µXRF used a 30 W Rh anode metal-ceramic X-ray tube and a 30 mm2 SSD with
a resolution of 145 eV (Mn-Kα). The X-ray beam was focused by a poly-capillary lens on a spot with a
diameter of 25 µm (Mo-Kα). X-ray spectra of the µXRF were deconvoluted and quantified with Bruker
Esprit software using FP quantification calibrated with a one-standard calibration based on the CRM393
limestone standard. Calibration of the quantification procedure was done by determining the offset of
measured values using long (1800 s) integration time and certified values of the standard and adjusting
the weighing factors in the Esprit software accordingly (see S1.1 and S1.2).
Mass fractions of 19 elements (Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Ba and
Pb) in all three standards were independently determined by High Resolution Inductively Coupled Plasma
Mass Spectrometry (HR-ICPMS ELEMENT2, Thermo Finnigan, Bremen, Germany). Duplicate samples of
~10 mg were digested in 2 mL 16 M ultrapure nitric acid (HNO 3) on a 80 °C hotplate until completely
dissolved, after which the solution was left to evaporate. The residue was again dissolved in 100 mL 2 %
HNO3, resulting in a total dilution factor of 10000, which was necessary for mass fractions of the elements
of interest to be detectable (ng g-1 range) by the HR-ICPMS. Each sample was measured twice and HR53
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ICPMS results were corrected using a linear regression with 5 in-house standard solutions. Drift of the
machine was corrected by spiking each sample with 100 µg g -1 indium-solution. For all elements, except
Na and Cu, the difference in result between duplicate measurements (reproducibility) was found to be on
average 3.5 % relative to the measured value.
Measurement strategies
To test the effect of integration time on the reproducibility of the XRF results, measurements were
carried out on a flattened surface of all standard powders using a range of integration times. A fixed amount
of powder was placed in cylindrical plastic sample holders with a diameter of 13.7 mm and a depth of 7
mm (~1 cm3). The powder was manually pressed to ensure homogeneous packing. Examination of the
spatial variation in the size of the Rh Compton peaks was used to ensure that packing was homogeneous
(Haschke, 2013). Means and standard deviations of reproducibility were calculated based on 30 repeated
measurements for each integration time. To facilitate direct comparison between different measurement
𝜎𝜎
strategies and elements, the Relative Standard Deviation (RSD, or coefficient of Variation; RSD = in
µ

which σ represent the SD and µ the average value of the measurement) was calculated. The RSD is a
unit-less measure for the variation within repeated measurements and can therefore be used to compare
the precision of measurements whose results are not in the same order of magnitude. It is used in this
study to directly compare results from pXRF and µXRF and between different elements. The ARTAX
spectral analysis software (Bruker, Germany) was used to extract signal-to-noise ratios and RSDs of the
spectral deconvolution method (RSD of deconvolution) from each spectrum measured by pXRF and µXRF.
The effect of different strategies of measuring powdered samples in the µXRF was tested by comparing
the result of these strategies amongst themselves and with pXRF measurements. Samples were not
prepared as pressed powder pellets (as is common for XRF measurements) to allow sample retrieval after
measurement without contamination by pellet binders or change of matrix, retaining the non-destructive
aspect of the technique. pXRF measurements were repeated on the same area with integration times of
3 s, 10 s, 30 s, 60 s, 90 s and 120 s. The following four measurement strategies for µXRF measurements
were compared:
1. Mapping strategy: An 8.5 mm x 8.5 mm (72.25 mm 2) area of the flattened surface of CRM393
standard powder was mapped at 25 µm (spotsize) spatial resolution (340 x 340 points), and the XRF sum
spectra of maps were quantified. This procedure was repeated for total integration times of 300 s, 600 s
and 1800 s. Shorter integration times were not possible for the given surface due to limitations of the
movement speed of the µXRF’s XYZ stage.
2. Single spot strategy: A single 25 µm spot on the CRM 393 powder surface was measured with
varying integration times of 3 s, 10 s, 30 s, 60 s, 120 s, 300 s, 600 s, and 1800 s.
3. Multiple spot strategy: To measure the effect of sample surface heterogeneity, measurements were
executed on 30 different 25 µm spots on the powder surface of all three standards. This procedure was
repeated for a range of integration times (3 s, 10 s, 30 s, 60 s, 120 s, 300 s, 600 s, and 1800 s). The
locations of the multiple spots were kept constant between different integration times.
4. Average spot strategy: To simulate the strategy of measuring 10 different spots on a powdered
surface and averaging the results, the measurements obtained from 10 spots, which were sub-sampled
randomly from the multiple spot strategy described above, were averaged for each integration time.
For the comparison of the results of the different set-ups the elements Ca, Fe, Sr and Mn were chosen,
because they are elements that are often used, cover a wide range of mass fractions in the standards,
and are therefore fit to illustrate the limitations of the different measurement strategies.
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Results
Elemental mass fractions of the standards
Figure 1 illustrates the changes in the quantified mass fractions of Sr, Mn, Fe and Ca with increasing
integration times, measured by µXRF using the single spot strategy on the CRM393 standard. Results for
all elements and all measurement strategies are given in S1.2. The mass fractions determined by HRICPMS are shown as well and fall within one SD of the certified values of the CRM393 standard, showing
that HR-ICPMS measurement successfully reproduce certified values of the standards (see also S1.3).
Mass fractions measured by µXRF describe an asymptotic evolution towards a stable value (close to the
standard certified mass fraction) with increasing measurement time. Variation within 30 repeated
measurements decreases with longer integration times (> 60 s) for all four elements. The spread reached
in the µXRF measurements after 60 seconds is lower than the error on the certified values and the error
on the HR-ICPMS measurements.
The average mass fractions measured using short integration times vary significantly from those
obtained using long integration time. For example, Ca mass fractions of all 30 measurements with a 3
second integration time are significantly higher than all 30 samples measured with a 300s integration time
or longer. The µXRF measurements taken with short integration times (< 60 s) also often result in values
outside the statistical range of the certified value. For Sr and Fe, the average value calculated from 30
measurements with less than 60 s integration-times is more than one SD off the certified value. Mass
fractions of elements measured using long integration time (> 60 s) are closer to certified mass fractions
of the standard. The integration time for which a statistically acceptable value (within the error of the
certified values) is reached differs between different elements.

55

NIels_de_Winter_def.indd 65

13/02/19 10:30

Figure 1: Change in the measured mass fraction of Ca, Fe, Sr and Mn with increasing integration time using the same spot method on µXRF.
Horizontal lines are certified values, narrow error bars are certified errors (1σ) on the standard. Shaded regions indicate the spread of the µXRF
measurements. Diamonds and error bars on the right side of the graph show the results of HR-ICPMS measurements.

Deconvolution and reproducibility error
An overview of the evolution of RSDs of deconvolution and RSDs of reproducibility through increasing
integration time for measurements using the multiple spot strategy on the CRM393 standard is shown for
all elements in Figure 2. The multiple spot strategy was applied here because the precisions include errors
caused by heterogeneity of the pressed powder surface. Therefore, the multiple spot strategy simulates a
more realistic approximation of the precisions reached by measuring a single, random spot on the sample
surface using the µXRF. It is evident that RSD values of reproducibility vary largely between different
elements, with a difference of 4 orders of magnitude between the most reproducible element (Ca, RSD of
0.03) and the least reproducible element (Cl, RSD > 600). Figure 2 also shows that for most elements,
the RSDs for both deconvolution and reproducibility decrease asymptotically with increasing integration
time. Elements not following this asymptotic trend include Cl, K, Ca, Ti, Cr, Ni and Rb. Except for Ca, all
these elements have very high reproducibility RSD values (>2) and their deconvolution RSDs are generally
higher than those of reproducibility. For Cl, Ti, Cr and Rb, RSDs of deconvolution increase with longer
integration times, showing an opposite trend compared to other elements. Elements with asymptotically
decreasing RSD values have reproducibility RSDs that are higher than the deconvolution RSDs. For Na,
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Si, S, Ni and Ba reproducibility RSDs are always above 1. Other elements, such as Mg, Cu and Pb have
RSDs greater than 1 for short integration times but RSDs decrease to values smaller than 1 over longer
integration times. Br, Al, P, Mn, Fe, Zn and Sr on the other hand, have RSDs that never exceed 1 even for
short integration times. For some elements (e.g. Mg, P and Sr), the difference between deconvolution RSD
and reproducibility RSD is very small, while other elements (e.g. Si, Ca and Fe) show relatively large
differences between their RSD of deconvolution and their actual reproducibility errors.

Figure 2: Overview of the changes in RSD with increasing integration time for all elements using the different spot measurement strategy on
µXRF. Solid lines are RSDs of reproducibility of the mass fractions and dashed lines are RSDs of deconvolution errors. Errors of deconvolution
are generally lower than errors of reproducibility and decrease with longer integration times. Note that the errors of deconvolution are higher than
the reproducibility errors and increase with measurement time for elements with high RDSs, such as Cl, Ti and Cr.

Comparison of measurement strategies
Figure 3 shows the evolution of RSDs of reproducibility for Ca, Fe, Sr and Mn in the CRM393 standard
for each of the four different measurement strategies on the µXRF and for the measurements on the pXRF.
The highest RSD, and therefore the lowest precision, is found for the multiple spot and pXRF
measurements. Even for long integration times (>60 s), the pXRF retains a low reproducibility, while the
RSDs of the µXRF average spot, single spot and map measurements decrease to lower values with longer
integration time. µXRF measurements taken with the multiple spot strategy also have high RSD values
even for long integration times (see also Fig. 2). As mentioned before, the single spot strategy has lower
RSD’s of reproducibility than the multiple spot strategy but is less a realistic approximation of measuring
one random spot on a sample surface because it does not take into account changes in surface properties
across the sample. The average spot strategy performs better (lower RSD’s) for Ca, Fe and Mn and yields
one of the lowest RSD values for Sr. For all elements, the highest precisions are reached with the single
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spot strategy and map strategies. Figure 3 further demonstrates that, while all strategies yield lower RSDs
with increasing integration times, the shape of the logarithmic curve describing this evolution is different
for different strategies. The pXRF measurements are described by flatter curves, starting out with high
RSD values and reaching stable precisions at shorter integration times than the µXRF measurements.
Repeated measurements on the same spot of the sample powder show the best increase in precision after
long integration times. In most of the other strategies, the increase in precision of the measurements
occurs rather quickly and increases at longer integration times (>60 s) are small or absent. Figure 3 shows
clearly that results with the single spot strategy are much more repeatable than those using the multiple
spot strategy as a result of the effect of sample surface heterogeneity on reproducibility of multiple spot
measurements. The average spot strategy also yields more repeatable results than the multiple spot
strategy. For some strategies (e.g. pXRF method and multiple spot strategy) the difference in precision
between elements is less than for other strategies (e.g. single spot and map strategies), although most of
the variation seems to be caused by the very low RSDs for Ca in these single spot and map strategies.
Relative errors are variable for different elements. Of the selected elements in Fig. 2, Mn and Fe have
the highest RSD values in most strategies, while Ca and Sr are measured with more precision. There is a
difference between the examined elements in terms of the minimum integration time that is needed for the
RSD value to stabilize. Some elements, like Fe and Ca, show RSDs that decrease steeply and reach their
asymptotic value at low integration times, while Sr and Mn RSD values only stabilize with higher integration
times.

Figure 3: Overview of the evolution of RSDs with increasing integration time for all four µXRF measurement strategies and the pXRF
measurements. The elements Mn (purple), Fe (orange), Sr (blue) and Ca (green) are shown in different colors and the measurement strategies
are represented by different symbols. Note that the integration time axis is shorter for pXRF measurements, which were not done for times longer
than 2 minutes. The vertical scale is the same for each graph.
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Accuracy of XRF methods
To illustrate the accuracy of µXRF measurements, the values obtained for five elements (Ca, Fe, Sr,
Mn and Mg) with different measurement time on all three standards using the multiple spot strategy are
plotted against the certified values for these elements (Fig. 4). Mg is added to show how the factory onepoint calibration FP quantification method of the Bruker M4 Tornado performs over large mass fraction
differences (i.e. between the dolomite and limestone standards). Figure 4 shows that the CRM393
standard used for the one-point calibration falls on or near the 1:1 line, showing that the FP quantification
gives accurate results for samples with mass fractions close to the calibration standard. The measured
mass fractions are generally less accurate when the elemental mass fractions in the measured samples
(CRM512 and ECRM782) deviate further from the mass fractions of the same elements in the calibration
standard (CRM393). Figure 4 also illustrates that the mass fraction curves generally approach the 1:1 line
with increasing integration time, resulting in better accuracies for measurements with longer integration
times. Variations between lines of different integration times become progressively smaller, illustrating the
asymptotic character displayed by most XRF results with increasing integration time (see Fig. 2). Elements
with low mass fractions (e.g. Sr in ECRM782) measured by µXRF plot relatively far away from the 1:1 line,
while higher mass fractions (e.g. Ca and Mg) are generally measured more accurately, except when mass
fractions deviate far from the mass fraction in the calibration standard (CRM393).

Figure 4: Overview of the change in accuracy (represented by the distance to the 1:1 line) of different spot measurements on the µXRF with
changing integration time and for different elements. Note that CRM393 values are always closest to the 1:1 line because the Fundamental
Parameters method was calibrated using this standard. Note also that measurements generally approach the 1:1 line (become more accurate)
with increasing integration time, and that elements with a low mass fraction (e.g. Sr in ECRM782) are less accurate.
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Discussion
Measurement strategies
Figures 2-4 illustrate that the reproducibility and accuracy of XRF measurements varies with the
applied measurement strategy, the integration time, the element that is measured and its mass fraction in
the sample. While some elements (e.g. Cl, Ti and Cr) never reach satisfactory (RSD < 0.33) values, the
reproducibility of other elements can be greatly improved by choosing the appropriate measurement
strategy and integration time.
Figure 2 demonstrates that the error of deconvolution always underestimates the (real) error of
reproducibility for repeatable element mass fractions. The reason for this difference is that the error of
deconvolution measures the error in the calculation of mass fractions from XRF spectra (Sherman, 1955;
Rousseau, 1984), without taking into account errors associated with the measurement conditions and
sample properties. Errors of deconvolution will therefore not include variation caused by differences in
sample preparation and measurement strategy, and are solely dependent on the total amount of XRF
counts in the entire spectrum, and therefore on the integration time. This difference is clearly illustrated in
Fig. 3, where the difference in RSD between single spot measurements and multiple spot measurements
is shown. Changes in the properties of the surface of the material that is being measured (in this case
CRM393 limestone powder) cause this offset. The multiple spot strategy is a better approximation of the
reproducibility error that has to be taken into account when measuring a random spot on the sample
surface. Surface effects are of greater relative importance for some elements (e.g. Ca) than for others
(e.g. Sr), and therefore need to be taken into account in the measurement of individual trace element
records as well as in the calculation of trace element ratios.
The pXRF clearly performs worse than all μXRF sampling strategies, except for the multiple point
strategy, in terms of reproducibility (Figure 3). The shallow RSD curve of the pXRF shows that not much
improvement can be made by extending measurement time beyond ~60 seconds. A similar conclusion
was reached by Ross et al. (2014) while measuring a fine-grained marine sediment standard with a pXRF
with similar varying integration times as used in this study. However, reproducibility values for Fe, Ca and
Sr do reach satisfactory values (<0.1) already after 10 seconds of measurements, showing that the pXRF
is a fast and robust means of measuring the mass fractions of common trace and major elements in
carbonate powders. The high RSD of Mn shows that the reproducibility of the pXRF quickly diminishes for
elements with lower mass fractions (<30 ppm).
Because the single spot strategy is not a realistic approximation of choosing one measurement spot on
a sample surface, three sampling strategies for the µXRF remain to be discussed. Based on the data
presented in Fig. 3, the strategy of choosing one spot on the sample surface (represented by multiple spot
measurements) yields repeatable values (RSD < 0.33) though with relatively high errors of reproducibility
for Mn and Fe and higher RSDs than other strategies for Ca and Sr. Much better results are reached with
the strategy of averaging 10 point measurements. Nevertheless, mapping a part of the surface and
averaging out over this area yields the best result in terms of reproducibility (Fig. 3). The success of these
strategies lies in their ability to reduce the influence of heterogeneities in the sample surface and matrix,
which is crucial for a small-spot, surface-based method such as µXRF (e.g. Haschke, 2013). For the same
reason, the larger spot size of the pXRF (6-8 mm) allows it to compete with the multiple spot strategy in
terms of reproducibility for the aforementioned selection of elements.
Accuracy
The data presented in Fig. 4 illustrates another issue that needs to be addressed carefully in XRF
measurements: the sample matrix. The effects of the different matrices between the calcium carbonate
and dolomite standards result in an offset of measured values from the certified values. Although an
increase in integration time seems to reduce this offset, using longer integration times does not entirely
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cancel matrix-related differences (Fig. 4). This illustrates that XRF measurements must always be
calibrated using standards with the same matrix as the samples (matrix-matched). High accuracies can
be reached using the µXRF method, as shown by the results of the CRM393 standard, which was
calibrated using different measurements on sub-samples of the same standard. Trace and major elemental
mass fractions of the other standards, which are close to those of CRM393 have higher accuracies (Fig.
4). Therefore, the calibration standard for XRF measurements should be as close as possible to the
measured sample in matrix and composition (Beckhoff, 2006; Haschke, 2014). This limitation poses
problems for XRF analysis of samples with a heterogeneous matrix, such as sedimentary archives with
alternations of different lithologies using the fundamental parameters quantification supported by only one
standard.
Integration time
As shown in Fig. 1, accuracy and reproducibility of XRF measurements generally tend to increase with
integration time. This behavior is also observed in Figs. 2-4, showing a decrease of the RSD and a shift
of the results towards certified values with increasing integration time (see also Ross et al., 2014: Yuan et
al., 2014; Quye-Sawyer et al., 2015). Elements not following this evolution through integration time in µXRF
measurements (e.g. in this case Cl, K, Ti, Cr, Ni and Rb) generally do not reach repeatable results (i.e.
RSD > 1, Fig. 2). The error of deconvolution for these elements increases with integration time, showing
that their peaks in the XRF spectrum diminish with higher integration times. These peaks are not likely to
represent fluorescence of the element in the sample, and may instead be noise in the spectrum or
secondary peaks induced by other elements or the Rh source (e.g. the peak of Cl-Kα overlaps with that of
Rh-L series, Table 1) Other phenomena that can cause these peaks to appear in regions of the spectra
associated with the aforementioned elements are the occurrence of sum-peaks and escape-peaks
(Beckhoff, 2006; Haschke, 2014). These artefacts can originate due to interference of two X-Ray photons
(sum peaks) or of X-Ray photons with the detector material (escape peaks). While the Esprit software
corrects for the presence of such artefacts, complex interferences and artefacts of the correction itself can
still produce XRF peaks that do not represent the fluorescence of an element. The example in this study
shows that peak identification remains a user-guided process and that care must always be taken to only
identify peaks of elements that are really present to avoid false positive results. One straightforward way
to check whether an XRF peak represents an element is to identify a second fluorescence peak of this
element in the spectrum (e.g. the Ka and Kb peaks are both present; Beckhoff, 2006; Haschke, 2014). The
actual mass fractions of elements that are affected by these phenomena in the standards used in this
study is too low for a reliable measurement. The evolution of the RSD of Ca is an exception to this
asymptotic pattern. Both the values of RSD for Ca and the changes in RSD for Ca are very low on account
of the high mass fraction of Ca in the standards used in this study. Furthermore, the fundamental
parameters quantification procedure of the Esprit software uses Ca to calculate the mass fractions of the
elements C and O by stoichiometric proportions as well as to complete the sum of mass to 100%, assuming
a carbonate matrix. This so-called quantify-per-difference methodology yields more accurate mass
fractions of trace elements in carbonate samples, but limits the variability of Ca mass fraction resulting in
the low variation in RSD of Ca. After calculating an initial mass fraction for Ca based on the Ca-peak in
the XRF spectrum, the method adjusts elemental mass fractions to sum the total mass to 100%. Because
Ca is identified as the main measurable matrix element, its mass fraction is used to complete the sum of
all mass fractions to 100%. This also explains why, contrary to Sr, Mn and Fe (see Figure 1), Ca mass
fractions do not converge to a value as close to the certified value. While Ca mass fractions of long
integration time measurements are still accurate within one standard deviation, the quantify-per-difference
method adds or removes Ca to complete the sum to 100% for each measurement, creating the slight offset
observed in Figure 1. The (soil) fundamental parameters quantification of the pXRF uses SiO 2 mass
fraction to sum the total weight to 100%. As a result, Si mass fractions from pXRF measurements will show
a similar lack of improvement in RSD and accuracy with increasing measurement time.
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Thresholds for reliable measurements
Several authors have proposed thresholds (for mass fractions and measurement times) for the reliable
detection and quantification of XRF spectra based on the error of deconvolution, such as LLD and LLQ
(Keith et al., 1984; Rousseau et al., 2001; Rowe et al., 2008; Bray et al., 2014). Figure 5 shows an example
of where these thresholds are found relative to the asymptotic shape of the RSD graph and how minimum
measurement times for the detection and quantification of elements by XRF can be derived based on
these thresholds. An overview of the integration times by which LLD and LLQ are reached using different
measurement strategies is found in Table 1. However, as discussed above, the error of deconvolution is
not a good predictor of the total error of measurement and thresholds of measurement based on errors of
real accuracy and reproducibility should be preferred.
One common way to calculate measurement error based on repeated analyses is to use one or more
SDs as confidence level (e.g. Kalnicky and Singhvi, 2001; Kylander et al., 2011; Hennekam and de Lange,
2012; Rowe et al., 2012). Figure 5 shows the point in the RSD graph where a 3 SD threshold is reached,
and illustrates that the associated integration time is not an acceptable threshold for minimum
measurement time, as much better precisions are reached by increasing the integration time. Instead, the
shape of the asymptotic RSD curve can be used to obtain a recommended minimum integration time. For
elements yielding repeatable measurements, this curve describes a negative power function of the form
𝒚𝒚 = 𝒙𝒙𝒂𝒂 ∗ 𝒃𝒃, in which y is the RSD, x is the integration time and a and b are constants. In this function, a is
negative for elements for which RSD decreases with increasing integration time (Fig. 5). To use this model,
a conservative threshold of 10-4 RSD s-1 is proposed to represent a negligible rate of improvement of RSD
with increasing measurement time. When this threshold is reached, an unrealistic measurement period of
10000 s (about 3 hours) would be needed to improve the RSD by one unit. The time by which this happens
is proposed as an adequate threshold for reliable measurement and will be referred to as the Time of
Stable Reproducibility (TSR). An overview of TSR values for all elements measured by various strategies
on the three standards is given in Table 1. Note that the decision of this threshold is arbitrary, as the power
function dictates that precision will keep increasing even for very long integration times and will never
become completely stable. Depending on the research question and the available time on the machine,
less conservative thresholds could be deemed sufficient as long as the reason for choosing these
thresholds is motivated.
Alternatively, a threshold may be proposed based on the accuracy of measurement rather than the
reproducibility. Such a threshold is reached for a particular measurement strategy and element when the
measured mass fraction falls within a confidence level of two SDs of reproducibility of the most accurate
measurement (the measurement using 1800 s integration time in the case of µXRF measurements, Fig.
1). After this threshold, an increase in measurement time does not imply a significant increase in the
accuracy of the measurement, and is therefore not necessary. The integration times by which this
threshold is reached is referred to as the Time of Stable Accuracy (TSA). As with the TSR, this
confidence level can be altered (e.g. to 3 SDs) in function of the needs of the study. Values for TSA for all
measurement strategies and elements were calculated by interpolation of the intersection of mass fraction
graphs (Fig. 1) with 2 SD confidence levels of the 1800 s measurements, and are shown in Table 1.
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Figure 5: Example of the change in RSD with integration time for Mg using the different spot method on µXRF. The solid black line shows
RSDs of reproducibility and the dashed line shows RSDs of deconvolution. In red is the power curve fitted through the data (equation and
coefficient of determination are reported in the legend) to calculate the Time of Stable Reproducibility (TSR). Horizontal red and green line show
positions of 3 and 10 standard deviation thresholds used to calculate the time of Lower Limit of Detection, Lower Limit of Quantification and 3
standard deviations confidence level. TSR is defined as the time by which the slope of the power curve reaches 10-4 RSD/s.

63

NIels_de_Winter_def.indd 73

13/02/19 10:30

Table 1: Table showing the calculated minimum integration times by which a reliable measurement is reached and after which no significant
improvement occurs with increasing measurement time for all measurement strategies and methods applied in this study. Red text and empty
positions indicate measurement for which the threshold could not be calculated because it is not reached within the measured time frame. Zero
values indicate the threshold for reliable measurement was reached at the shortest integration time (3s).

Minimum integration time
The integration time thresholds calculated using the four different strategies are shown in Table 1. From
this table, it is clear that thresholds based on error of deconvolution (LLD and LLQ) generally
underestimate the time needed to reach a stable reproducibility. As discussed above, a threshold for
minimum measurement time based on error of deconvolution cannot be used to recommend a
measurement strategy and integration time. Therefore, it is recommended that another threshold based
on total errors of measurement, defined by reproducibility (TSR) or accuracy (TSA), is used instead of LLD
or LLQ to determine the appropriate measurement strategy and integration time in carbonate XRF
analysis. While detection and quantification limits based on errors of deconvolution seem to provide a
method-independent indication of measurement quality, they fail to report the total error of the
measurement: They should therefore be avoided as indicators of measurement precision.
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The comparison between TSR and TSA is not straightforward, because the total error on the 1800 s
measurement is large for some measurement strategies, resulting in high TSR times but low TSA times.
Also, for some elements like Sr in CRM393 (see Figure 1), the mean mass fraction of the 30
measurements does not show much change with longer integration time, while the reproducibility of the
measurement increases significantly. Since for most measurements reproducibility shows more
improvement with increasing integration time than accuracy, the most conservative integration time
threshold for reliable measurement is the TSR.
Based on TSR, the minimum integration time recommended for most µXRF measurement strategies
discussed in this study is in the order of minutes (100 – 300 seconds for most elements). Table 1 shows
that for carbonate powders, the recommended strategy with the highest accuracy and reproducibility on
common trace elements is to either map the surface of the powder for 300 to 1800 s (mapping strategy)
or to combine 10 random spots on the surface using an integration time of 60 to 300 s per spot (average
point strategy). Measurements of one random spot (illustrated by the multiple spot strategy) either do not
reach significant reproducibility (RSD < 0.33) or require very long integration times to achieve accurate
results. This difference is a result of heterogeneity in sample surface and in the properties of the powder
and should also be taken into account for other surface based methods (i.e. X-ray diffraction, color analysis
and Fourier Transform Infrared Spectroscopy).
Results in Table 1 also demonstrate that the pXRF can be used for the detection and even quantitative
measurement of some elements (e.g. Ca, Fe and Sr) in calcium carbonate material using a ~120 s
integration time, but the precisions reached by the handheld instrument are not sufficient to quantify most
other elements with confidence within a realistic timeframe. However, the handheld technique can still be
used in a semi-quantitative way for elements that can be detected but not quantified (above the LLD but
below the LLQ; Table 1). This makes the pXRF a useful tool to detect and discuss relative variations of
elements, which can be very useful for initial survey studies in the field. However, attention should always
be given to the surface and weathering conditions of the measured samples in the field (e.g. Potts and
West, 2008; Yuan et al., 2014; Quye-Sawyer et al., 2015).
Applications and further research
This study focuses on XRF measurements on calcium carbonate and dolomite materials, commonly
investigated in paleoclimate studies. It must be emphasized that the intention of this work is not to provide
minimal measurement times for all elements for all types of carbonate materials. Calcium carbonates and
dolomites have specific matrix effects and ranges of mass fractions of elements. Because these matrix
effects have a large impact on XRF measurements, they need to be isolated specifically for the studied
material. Investigations of TSR and TSA using appropriate, matrix-matched, reference materials should
be set-up for different types of materials and should be the basis of every thorough XRF study. If such
standards are not available, ICPMS measurements on homogenous samples can be used to calibrate inhouse XRF standards to serve this purpose. In order to improve the accuracy of XRF measurements of a
specific material, a calibration curve for this material can be constructed. A more extended study using a
broader range of (certified) carbonate materials with this goal could certainly be a good addition to the
discussion of the reliability of XRF measurements on carbonate and other materials. In addition, since
different materials will have different matrix effects, single-point, multiple-point or surface integration
measurement strategies could be compared in other studies to further isolate the effect of sample matrix
on XRF measurement strategies.
Other applications of the methodological approach presented in this study could not just focus on
optimizing reproducibility or accuracy but rather on other research questions where integration time is a
critical parameter. Examples include the calculation of minimal or maximal acquisition times for methods
where long exposure can damage a sample or where long measurement times are expensive (e.g. SRXRF). Alternatively, the TSR and TSA approach can be applied to any type of transient signal acquisition
where acquisition time per point influences the reliability of the result (e.g. XRF line scanning, depth
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profiling, laser ablation etc.). In the example of LA-ICPMS or XRF line scanning, the TSR and TSA can be
applied to calculate scanning speeds and spatial resolution of reproducible measurements.
Conclusions
In this study we present a novel approach to assign appropriate measurement strategies for XRF
measurements on calcium carbonate and dolomite materials. We also demonstrate that conventional limits
of detection and quantification, which are solely based on the XRF spectrum properties, underestimate
appropriate measurement times as they do not take into account, for example, matrix and surface effects.
Our methodological approach is easily applicable to other types of measurements and materials as well.
Systematic testing of the effect of changing measurement strategy and integration time on XRF
measurement results shows the advantages and limitations of using handheld portable XRF and laboratory
scale µXRF methods to determine mass fractions of trace elements in calcium carbonate and dolomite
powders. These results show that accuracy and reproducibility can be improved significantly, though not
indefinitely, by increasing integration time of the XRF measurement. However, this improvement remains
limited and thresholds based on reproducibility and accuracy of the measurements can be established to
show after which length of time an increase in measurement time cannot improve the quality of the
measurement significantly. For the determination of such thresholds, two new techniques are proposed,
namely the Time of Stable Reproducibility (TSR) and the Time of Stable Accuracy (TSA). These thresholds
can be determined for a given measurement strategy, instrument setup, sample preparation and sample
matrix and used as guideline for measuring samples under these conditions. As surface properties and
matrix effects have a significant effect on the quality of XRF results, the abovementioned thresholds for
measurement time give a better estimation of the time needed to achieve reliable XRF results than the
conventional limits of detection and quantification, which are solely based on the XRF spectrum properties.
According to these thresholds for reliable measurement, it can be concluded that the most precise results
in terms of quantitative trace element analysis are reached by averaging results of multiple µXRF point
measurements or integrating a µXRF-mapped surface of the sample. Most common trace elements (e.g.
Sr, Mn and Fe) can be quantified using the Bruker M4 Tornado µXRF with an integration time of 60 s to
300s. The Bruker Tracer pXRF reaches satisfactory results for Ca, Fe and Sr, though less precise than
the µXRF, after 120 s of measurement, and is suitable for semi-quantitative analysis of other detectable
trace elements.
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2.2 Micro X-ray fluorescence line scanning on Cretaceous rudist bivalves: A new method for reproducible
trace element profiles in bivalve calcite

This chapter has been published in an international peer-reviewed journal:
de Winter, Niels J., and Philippe Claeys. 2017 Micro X‐ray fluorescence (μ XRF) line scanning on
Cretaceous rudist bivalves: A new method for reproducible trace element profiles in bivalve calcite.
Sedimentology 64.1: 231-251.
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Abstract
The reconstruction of paleoclimate on a sub-annual scale requires the measurement of chemical
proxies in fossil material on a high spatial-resolution. While various methods for trace element analysis on
the micrometer scale are available, they are usually destructive to the sample or not widely accessible.
This study evaluates the performance of a table-top micro X-Ray Fluorescence scanner in obtaining
reproducible trace element profiles on bivalve calcite. Standard calibration and repeatability tests
demonstrate the robustness of results obtained with this new generation micro X-Ray Fluorescence device
that uses a comparatively high excitation energy of 30 W. Results show that elemental abundances
measured using this fast, readily accessible and non-destructive analytical setup are reproducible on the
µg/g level and therefore suitable for the analysis of the abundance of commonly studied elements in bivalve
calcite (e.g. Sr, Mn and Fe). Spectra obtained in this study show considerable improvement in terms of
signal-to-noise ratio compared to earlier table-top µXRF studies. Reliability of the measurements is tested
using a conservative detection and quantification limit. Count rates of Ca are used to check for point
measurements disturbed by irregularities on the sample surface. Furthermore, the method allows semiquantitative 2D element mapping, which is a convenient tool for the detection of diagenetic alteration in
fossil samples. The method reveals records of Sr/Ca, Fe/Ca, and Mn/Ca ratios in a Late Campanian
Vaccinites vesiculosus shell, with Sr/Ca ratios showing a trend opposite to Mn/Ca and Fe/Ca. Resulting
trace element records are discussed in terms of seasonal cyclicity in the Late Cretaceous and diagenetic
alteration of the fossil shell.
Keywords: µXRF, Rudist, bivalve, trace element, seasonality, Cretaceous
Introduction
In this study, a new method is discussed for obtaining high-resolution elemental abundance records
from fossil bivalve shells using micro X-Ray Fluorescence (µXRF) scanning. Geochemical profiles through
calcium carbonate archives are often applied as a method of reconstructing environmental conditions in
geological history (e.g. Goreau, 1977; Chivas et al., 1993; Dutton et al., 2002; Dermott, 2004). A variety of
carbonate-producing recorders (e.g. brachiopods, bivalves, corals and speleothems) are available for this
purpose and studies span the entire Phanerozoic (Veizer et al., 1986; Hart and Cohen, 1996; Steuber,
1996; Verheyden et al., 2000). Besides more conventional stable oxygen and carbon isotope and Mg/Ca
ratios, a range of other geochemical proxies for carbonates have been developed (Gillikin et al., 2008;
Schöne et al., 2013; Füllenbach et al., 2015). A multi-proxy approach potentially allows the study of various
aspects of the formation history of one archive, and makes it possible to decouple the effects of different
variables on geochemical proxies (e.g. δ18O combined with Mg/Ca to isolate the effect of salinity in coral
archives; Wanatabe et al., 2001). The above advocates the use of multiple geochemical proxies on the
same carbonate samples, something which can be difficult to achieve with conventional methods focusing
on one geochemical approach (e.g. Isotope-Ratio Mass Spectroscopy) or destructive methods that can
only be repeated once (e.g. digestion-based ICPMS and ICP-OES techniques). Table-top µXRF has
yielded promising results in archaeological studies (e.g. Castro et al., 2007; Nakano and Tsuji, 2009) and
has even provided seasonally-resolved records on bivalve calcite (e.g. Kurunczi et al., 2001). However,
the spectra obtained for small spot laboratory-based measurements on carbonates only allowed semiquantitative (in XRF-counts/second) results (e.g. Ziegler et al., 2008; de Winter et al., 2014), because the
limited excitation energy of table-top and hand-held systems did not produce the well-resolved point
spectra needed to yield repeatable quantified (in mass percent) results. The µXRF method presented in
this study overcomes these problems and provides a non-destructive method for measuring quantifiable
elemental abundances on sample surfaces, which allows for repeating and re-sampling on the same
sample location.
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Shells of bivalve molluscs (Mollusca: Bivalvia, Linnaeus 1758) are valuable recorders of information on
(paleo)environmental variables, and as such have been widely used for (paleo)environmental
reconstruction (e.g. Schöne et al., 2004; Lazareth et al., 2003; Steuber et al., 2005). Bivalves grow by
extending their shells incrementally away from the umbones (e.g. Hall et al., 1974), hence recording during
their lifetime external environmental conditions at high temporal resolution (Jones 1980; Wiedman et al.,
1994). Growth rate in bivalves varies significantly on a seasonal scale (Fan et al., 2007). These seasonal
changes are reflected in the chemical properties of bivalve shells and are related to variations in
environmental variables and/or the biological response to these variables (Freitas et al., 2005; Gillikin et
al., 2005; 2006). Therefore, elemental abundances measured using µXRF scanning yield valuable
information about the seasonal cycle during the growth time of bivalves. This non-destructive method
provides a rapid way of obtaining high-resolution proxy records from bivalves and can easily be applied to
other recorders of paleoenvironmental variables, such as corals, stromatolites and speleothems.
The rudist bivalves (Mollusca: Hippuritida, Newell, 1965) constitute an important group commonly used
for the reconstruction of paleoenvironmental conditions at high resolution in the Cretaceous (e.g. Masse
and Philip, 1981; Gili et al., 1995; Steuber, 1995; Wilson and Opdyke, 1996; Steuber 1996; 1999). Being
the dominant carbonate-producing organisms on carbonate platforms during much of the Cretaceous, the
shells of rudists are abundantly found in the fossil record (Ross and Skelton, 1993; Steuber, 2002; Skelton
and Gili, 2012). Rudist shells have an outer shell layer of fibrous prismatic calcite while the inner shell layer
consists of less diagenetically-stable aragonite (Skelton, 1976; Steuber, 1995). In shells of the hippuritids,
in common with a few other rudist families, this outer calcite layer is particularly thick compared to other
rudist taxa (Skelton, 2013). The prismatic calcite layer in rudist shells is more suitable for paleoclimatic
studies than the inner shell layer, which can contain up to 5% organic matter (Taylor and Layman, 1972;
Al-Aasm and Veizer, 1986; Jacob et al., 2008).
The ratios of trace elements, such as Sr, Mg and Ba, with respect to Ca have yielded good results as
proxies for paleoenvironmental conditions (e.g. Weber, 1973; Izuka, 1988; Lazareth et al., 2003; Carré et
al., 2006). Culture experiments have shown that these elemental ratios indeed record changes in external
factors that influence the growth of bivalve shells on a seasonal scale (Klein et al., 1996a; Lorrain et al.,
2005; Gillikin et al., 2006; 2008; Wanamaker et al., 2008). Seasonal fluctuations of Sr/Ca and Mg/Ca ratios
in bivalves are related to calcification temperature according to some studies (Richardson et al., 2004;
Freitas et al., 2005; 2006; Wanamaker et al., 2008; Izumida et al., 2011; Yan et al., 2013). However, other
authors advocate that they rather reflect changes in metabolic rate and sea water salinity (Klein et al.,
1996a; Steuber, 1999; Lorrain et al., 2005). Bivalve growth and metabolic rates are in turn driven by
changes in external conditions, indicating that temperature and other seasonally varying external variables
may ultimately control Mg/Ca and Sr/Ca ratios in some species (Schöne et al., 2003; Gillikin et al., 2005;
Tang et al., 2008).
Since rudists have no close living relatives, there is no certainty as to the relationship between elemental
ratios in their shells and environmental conditions. However, several studies show that elemental ratios
measured at high-resolution through rudist shells appear to record seasonal changes in environmental
conditions (Steuber, 1999; Immenhauser et al., 2005). The novel µXRF method proposed here allows for
fast, high-resolution, non-destructive analysis of elemental ratios in rudist shells. It rapidly collects the large
quantities of data needed to shed light on the origin of elemental abundances in fossil bivalve shells and
their application for paleoenvironmental reconstruction. This study presents results of accuracy and
repeatability tests of the µXRF method as well as a high-resolution µXRF profile across a shell of Vaccinites
vesiculosus from the Late Campanian of Oman.
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Methodology
Methods for trace element analysis
The approach proposed here uses the new generation Bruker® M4 Tornado table-top energydispersive µXRF scanner (Bruker Nano GmbH, Berlin, Germany; Figure 1). X-Ray Fluorescence (XRF)
allows the characterization of the elemental abundances in a sample from the fluorescence spectrum
emitted after the sample is excited by an X-Ray source (Norrish and Chappell, 1967). The µXRF technique
combines the advantages of an automated microscope-guided high-precision movable stage system with
the spectral resolution of a high-energy X-Ray source to allow fast, non-destructive and high-resolution
(25 µm) elemental analysis (Beckhoff et al., 2006; Gauglitz et al., 2014). To achieve the small spot size
needed for high-resolution measurements, X-Rays from either the rhodium or tungsten source are focused
using a polycapillary lens (see Figure 1). This focuses the X-Ray beams with minimized energy loss,
enabling the instrument to yield well-resolved XRF spectra of small surfaces on the sample without the
use of a synchrotron radiation source. The poly-capillary focusing and XYZ moving stage of the table-top
µXRF device enables the formation of line scans and 2D maps on the sample surface. The dimensions of
the vacuum chamber of the µXRF device make it possible to measure sample surfaces of up to 200 mm
x 160 mm. No sample coating is necessary and the method is fully non-destructive allowing, for example,
the measurement of rare and unique samples from museum collections. An excitation energy (30 W),
which is 20 times higher than that of devices used in earlier studies (e.g. Kurunczi et al., 2001) and a
vacuum-chamber enable the generation of better resolved point-spectra and results in more accurate
measurements in the lower energy part of the spectrum (< 5 keV). Different source filters are included in
the system to increase the spectral resolution for elements in the central energy range (5 – 15 keV) of the
XRF spectrum. Source filters are thin (µm scale) films of metal placed in front of the X-Ray source to block
X-Rays of certain energy-ranges in order to reduce noise (and increase signal-to-noise ratio) in other
regions of the spectrum (e.g. 5 keV – 15 keV) where fluorescence peaks of elements of interest appear
(Lee et al., 2001; Beckhoff et al., 2006). These improvements allow quantitative trace elemental analysis
to be rapidly carried out in a non-destructive manner for all elements heavier than sodium.
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Figure 1: Schematic overview of the Bruker M4 Tornado µXRF set-up showing the Rh X-Ray source (1), the poly-capillary optics (2), the
Silicon Drift Detectors (3), the sample (4), the focused incident X-Ray beam (5), the XYZ computer-guided sample stage (6), the vacuum pump
(7), the outgoing fluorescence hitting the detector (8) and the vacuum chamber (9). Note that the source (1) and optics (2) are positioned behind
the field of view such that the incident beam (5) is aimed at an angle of 39° to the field of view. Besides their lateral angle shown in the picture,
the detectors (3) are positioned to the front such that the outgoing fluorescence (8) hitting the detector forms a 51° with the field of view. As a
result, the angle between incident (5) and outgoing (8) radiation is exactly 90°.

Acquisition of Late Cretaceous rudist
A fossil hippuritid rudist bivalve shell (Vaccinites vesiculosus; Woodward, 1855), originating from the
Late Campanian of Saiwan area, Huqf Desert in east-central Oman (7-8m stratigraphic height above
Schumann’s (1995) Unit 1, see also Kennedy et al., 2000; Platel et al., 1994), was obtained from the
Oertijdmuseum in Boxtel (NL). Rudists in this formation are encountered in upright position in large (km
scale, Schumann et al., 1995) biostromes. The elongated right valve of the shell was cut longitudinally into
a slab of ~5 mm thickness using a diamond coated rock saw and polished using progressively highergrade silicon carbide polishing disks (up to P2400).
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µXRF scanning
A Bruker® M4 µXRF scanner equipped with a Rh source and two XFlash 430 Silicon Drift detectors
was used for obtaining the µXRF measurements (Figure 1). The polished surface of the shell was mapped
using short acquisition times per point (20 ms) for a qualitative assessment of the nature of the material.
Line scan measurements were taken in growth direction (away from the umbo) on the prismatic outer layer
of the shell. This part of the shell was least influenced by diagenesis, recognized by an absence of Mn and
Fe intensity indicating calcite with minimal recrystallization (Brand and Veizer, 1980; Al-Aasm and Veizer,
1986; Ullmann and Korte, 2015; Figure 2B). All line scan measurements were executed under vacuum
conditions (20 mbar), with a 25 µm spot size and with a 3 second dwell time per point. Multiple line scans
were combined into segmented lines to accommodate the curve in the shell’s growth axis (see Figure 2A).
After being automatically set up, the scan of the total shell length took ~6 hours of measurement time.
Every line scan was measured in duplicate: once without source filter and with maximized source energy
settings (600µA, 50kV), and once with maximized source current (800 µA, 35kV) using the Al-Ti-Cu source
filter (100 µm Al, 50 µm Ti and 25 µm Cu). Filter settings were selected after comparing XRF spectra
generated using various filter settings. The filter was applied to obtain better peaks in the 5 – 15 keV
domain of the XRF spectrum.

Figure 2: Panel showing a high resolution color scan of the polished surface of the V. vesiculosus sample (A) with in yellow the position of
the line scan, and in red the positions of the cathodoluminescence images. (B) shows an XRF map of the elements Ca, Sr, Mn, Si and Fe (see
legend) of the sample surface with in black the locations of the cathodoluminescence images. Images (C) I through VI show the six
cathodoluminescence images taken of representative locations on the outer rim of the sample. The cathodoluminescence images (C) show that
post-mortem burrows (IV and VI) as well as recrystallization (V) are recognized in the µXRF map (B) by enrichments in either Mn, Fe and Si
(purple spots: detrital infill of burrows) or just Mn (yellow spots: recrystallization). The blue areas on the µXRF map (B) are indicative of pristine
calcite of which the growth layers are well preserved (see (C) I and III).
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Data analysis and repeatability
Standard deviations of deconvolution (deconvolution errors) of XRF spectra were calculated using
Bruker’s ARTAX software on the sum-spectrum of each line scan. Results of individual points were
accepted or rejected based on a detection limit of three standard deviations of deconvolution calculated
by ARTAX (α ≈ 0.003; as in Rousseau, 2001). A quantification limit of 10 standard deviations of
deconvolution (as proposed in Keith et al., 1983) was calculated for each element. Line scans were
quantified by Bruker Esprit spectral processing software customized for the Bruker M4 using fundamental
parameters quantification (Beckhoff et al., 2006). The attenuation length, a measure of penetration depth
of X-Rays into a material, is dependent on the mass absorption coefficient, density of the material and the
energy of the X-ray photons (Bouguer, 1729). This means that different elements will have different
attenuation lengths, and that in general measurements of heavier elements will average concentration
over a larger volume in the sample (Sunjic and Sokcevic, 1974; Potts et al., 1997). Using the Beer-Lambert
law (Bouguer, 1729) it can be determined that the attenuation depth for carbonate samples in the energy
range of XRF peaks used in this study (1 – 20 keV) does not exceed 2 mm (see S2.2). The sample
thickness of 5 mm is therefore sufficient for the assumption of total X-Ray attenuation (“infinitely thick
samples”) made in the Fundamental Parameters quantification procedure used by the Esprit software.
Abundances of light elements, such as carbon and oxygen, could not be measured but were instead
calculated in the deconvolution process from known stoichiometric ratios in carbonates. The deconvolution
method was calibrated for calcium carbonate using the BAS CRM 393 ISO certified carbonate standard
from the Bureau of Analyzed Samples Ltd. (BAS, Middlesbrough, UK). Calibration factors were chosen for
each element based on repeated measurements of the standard to allow conversion of “raw”, semiquantitative elemental abundance data into repeatable, quantitative data. Accuracy of the µXRF
measurements was defined by the difference between calibrated values obtained through µXRF scanning
on three ISO certified standards (BAS CRM393 limestone, BAS CRM512 dolomite and BAS ECRM782-1
dolomite) and certified values of the standards. Instrument repeatability was tested by repeated point
measurements on spots on the rudist shell as well as on homogenized calcium carbonate powder and on
the three standards. The standard deviations between 30 repeated measurements (reported as
repeatability errors in Table 1) were used as a measure of the precision.
Line scan records were analyzed for significant periodic behavior using a Fast Fourier Transform (FFT)
procedure with Monte Carlo noise estimation (Muller and McDonald, 2000; Bice at al., 2011, see S2.3)
with a 95% confidence level to test spectral peak significance. This method is frequently applied in
cyclostratigraphy to test whether visually observed periodic signals are present in a paleoclimate dataset
with statistical significance (e.g. Batenburg et al., 2012; de Winter et al., 2014; Zeeden et al., 2014). Here
it is applied on µXRF data in an attempt to detect seasonal cyclicity in the records.
Cathodoluminescence
The thick section of abovementioned rudist specimen was examined under a Zeiss Universal-R
microscope adapted for cathodoluminescence (CL) with a CITL Mk5 cold cathodoluminescence unit,
available at the Department of fundamental and applied geology at Université de Mons, Belgium. All CL
images were taken at 50x magnification using an excitation energy of 15kV and 500 µA and an exposure
time of 48 ms.
Results
µXRF spectra
Figure 3 displays examples of µXRF sum spectra of line scans used for quantification. The figure shows
that the spectra obtained by the µXRF line scans display distinct peaks for all indicated elements. Except
for Na, the heights of all peaks are bigger than the noise observed on the background of the spectrum. All
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elements shown in Figure 3 are detected by the Esprit software. Signal-to-noise ratios of peaks in the
lower energy range, such as Na, Mg and Al, are lower (<2.0, see Figure 4), causing quantified
concentrations of these elements to be less repeatable, as is evident from the relatively high measurement
errors reported for these elements (Table 1). Figure 3 also shows the difference between spectra created
with and without source filter. In the energy range of ~5 - 15 keV, element peaks are better resolved (higher
signal to noise ratio) in the spectrum made using the source filter. The count rate (counts/sec) is lower in
the filtered spectrum compared to the unfiltered spectrum. At the same time, peaks in the low energy range
(such as Na and Mg) have a better (higher) signal-to-noise ratio in spectra obtained without source filter.
This demonstrates the benefit of combining measurements with and without filters. Based on these results,
all line scans are taken in duplicate and elements in the 5 – 15 keV range are measured using the AlTiCu
filter in this study. Deconvolution errors, detection limits and quantification limits calculated from XRF
spectra are reported in Table 1.

Figure 3: Graph showing sum spectra of the middle segment of the composite line scan taken without (A) and with (B) the Al-Ti-Cu filter. The
grey area marks the difference between the spectra. Note that the vertical scale is in counts per second per energy increment and does not
represent area underneath elemental peaks.

Repeatability of µXRF results
Table 1 gives an overview of the repeatability errors calculated from variation between successive
measurements on the same spot on the rudist bivalve and on homogenized calcium carbonate powder.
Repeatability errors of measurements on different spots of varied location on the surface of the
homogenized carbonate powder are also reported. Repeatability is highly variable between different
elements and ranges from 0.1% to 10%. Repeatability errors are similar for a spot on the bivalve shell and
a spot on powdered carbonate. The repeatability standard deviations of different spots on the
homogenized carbonate powder ranges from 0.1% to 15% for most elements and is slightly higher than
the single-spot repeatability error. This indicates that surface effects caused by slight changes in X-Ray
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scattering due to varying surface roughness introduce error in µXRF measurements, even on wellhomogenized standards. The repeatability error calculated from multiple points on the standards is always
higher than the deconvolution error calculated from the spectrum, indicating that this spectral
deconvolution error underestimates the total error of µXRF measurements, and that repeatability tests are
always needed to assess the full analytical error of these measurements.
Results in Table 1 show that all standard deviations are higher for lighter elements (Na and Mg) and
for elements situated in the energy range for which a filter is used (5 – 15 keV: elements Ti through Cu).
Repeatability for these elements (especially Na and Mg) decreases along with the error of deconvolution.
Both deconvolution and repeatability errors are higher for elements that are present in lower concentration
(e.g. P, S and Cu, see Table 1). There is no straightforward relationship between mean concentration and
standard deviation, as some elements with a relatively low concentration (e.g. Ti and Sr) have
comparatively low errors. This shows that elements in certain energy ranges (e.g. in the middle of the
spectrum) are more easily detected and quantified by Rh-source µXRF scanning than other elements. A
feature that is reflected in the variation of signal-to-noise ratios of element peaks within a µXRF spectra
(see Figure 4).

Table 1: Overview of mean values, detection limits and relative repeatability and accuracy errors obtained by µXRF for all detected elements.
Red cells indicate errors that exceed 10% of the measured value. Grey cells indicate measurements in which the mentioned elements were either
not detected or no certified concentration was available for the element. Elements which names are colored are not measured with confidence
either because their values are not repeatable (red) or because they were not detected in most of the standards (grey).
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Figure 4: Graph showing the signal-to-noise ratios (in counts/counts) of detected peaks in spectra of point measurements on the sample
using different filter settings (see legend). Note that signal-to-noise ratios may vary with different materials and that this graph shows an example
of a carbonate spectrum.

Accuracy of µXRF measurements
After calibration with the BAS CRM 393 standard, the resulting elemental abundances of a point
measurements on the standard are within 1.5% (~5 µg/g for Sr) of the given value for all certified elements
except for P for the CRM393 standard (Table 1). For the dolomite standards, accuracies are in the same
order of magnitude and P concentrations are also less accurate. Additionally, offsets in CRM782 are also
high (>5%) for Ca, Cr and Zn. The offset between measured values and certified values is lower than the
repeatability error for all other elements. The concentration of P in the standards (14, 53 and 67 µg/g for
CRM393, CRM512 and ECRM782 respectively) is lower than the mean concentration in the line scan (273
µg/g). It is therefore likely that the P concentration in the standard is too low to quantify using µXRF.
Indeed, Table 1 shows that the repeatability errors of P are already relatively high (>10%) for the higher
P-concentrations in the V. vesiculosus shell and the concentration of P in the standards approaches or
even exceeds the quantification limit (47 µg/g). High offsets in more common elements that otherwise
show good reproducibility (e.g. Ca and Zn) are most likely a result of the difference in matrix between the
dolomite (CRM512 and ECRM782) and calcite (CRM393) standards.
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Mapping and facies characterization
Results from µXRF mapping of the entire polished shell surface (Figure 2B) reflect the internal structure
of the rudist shell. The short acquisition time for map pixels (20 ms) causes the detection and quantification
limit for trace elements to be much higher than in point measurements or line scans. Map results as shown
in Figure 2B are therefore only suitable for qualitative assessment of the nature of the sample material.
Traces of Mn, Si and Fe that show up on the map in Figure 2B are present in relatively high abundance
and are most likely signs of diagenetic alteration of the shell rather than primary traces incorporated during
shell growth. The inside of the shell consists of porous calcite with local enrichments in Mn, Si and Fe,
while the outer shell layer shows lower concentrations of these elements and higher Ca and Sr values
indicative of more pristine calcite. This shows that the outer shell layer is more suitable for analysis of
biogenic trace element profiles and successive paleoenvironmental reconstruction. Within the outer shell
layer, spots of two types of enrichments are visible: more common enrichments with Mn, Fe and Si
(magenta) and less frequent enrichments of Mn alone (yellow). The Mn-Fe-Si enrichments are observed
in spots throughout the outer shell layer with a relatively high density in the lower and upper part of the
shell (near the beginning and end of the line scan). The Mn enrichments are observed in the inner part of
the shell, but a few bright yellow Mn-spots occur in the outer shell layer. CL pictures of some parts of the
outer shell layer calcite show that the Mn-Fe-Si enrichments have a dull luminescence and are rounded in
shape with a detrital inner texture (Figure 2C-II, -IV and -VI). Some have centers of more crystalline
content that shows bright luminescence (Figure 2C-II, top). These enrichments have a brown color in the
color scan shown in Figure 2A. The Mn-enrichments are larger and filled with a crystalline texture which
has very bright luminescence (Figure 2C-V). These enrichments are white in Figure 2A. The microscope
images reveal that both enrichments cut through the surrounding calcite, which luminesces weakly and
shows well-preserved internal laminations (Figure 2C-I, -II and -V). Internal laminations of the wellpreserved calcite facies in the outer shell layer sometimes exhibit bands of brighter luminescence (Figure
2C-III). These bands follow the original internal lamination of the calcite and appear to be primary in nature.
Elemental abundances in V. vesiculosus
Combined µXRF line scans on the V. vesiculosus shell yielded an 86.9 mm long record of the
abundance of 18 elements, consisting of 3.503 point measurements with an average spatial resolution of
24.82 µm (see Figure 5, data of all individual points is reported in S2.1). While average elemental
abundances from line scan measurements on the V. vesiculosus shell exceed the detection limits (Table
1), individual points on the line yield concentrations below this limit, especially for Na, Mg and some of the
elements with peaks in the 5 – 15 keV domain (see Figure 3). Quantification limits are highly variable
between elements, and high detection limits cause most of the values found for some elements (e.g. Na
and Mg) to be rejected, leading to gaps in the record (see Figure 7A and S2.1). Therefore, no profiles of
Na and Mg can be quantitatively measured in bivalve calcite using this study’s set-up and measurement
strategy.
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Figure 5: Graph showing line scan records of Sr/Ca, Mn/Ca, Fe/Ca and Si/Ca through the length of the shell. The top graph shows the amount
of Ca counts received during the measurements. Pink areas show places where detrital matter is incorporated into the shell, marked by peaks in
Mn/Ca, Fe/Ca and/or Si/Ca coinciding with decreases in Sr/Ca and Ca counts. The bold dashed line shows an interpretation of the ~20 mm
periodicity in Sr/Ca observed in the pristine part of the record.
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The count rate in the Ca peak shows sharp downward excursions in some parts of the record (Figure
5). These drops in XRF counts are associated with fluctuations in (otherwise rather constant) Ca
concentrations. Both are indicative of irregularities in the sample surface or changes in Ca content in the
sample. These parts are highlighted in Figure 5.
Based on their concentrations given in Table 1, elements in the record can be divided into major
elements (Ca, O and C) with average concentrations above 1% and trace elements with average
concentrations in the per mille (mg/g) to ppm (µg/g) range (all other elements). Concentrations below 1
µg/g were generally below the detection limit, demonstrating the lower limits of detection and quantification
of the µXRF method and setup used in this study (Table 1). Table 1 shows that Ca concentrations are
around 38% by weight (~380 000 µg/g), as expected for calcite samples. Most point measurements on the
line scan were representative of bivalve calcite, but in some points trace element concentrations (e.g. Si,
Mn and Fe) are higher and Ca and Sr concentrations lower, suggesting detrital inclusions (Figure 5,
indicated in red). The presence of such inclusions and recrystallisation is also visible on XRF mapping and
cathodoluminescence images shown in Figure 2C. Many other elements have ranges that include very
low values, indicating point measurements in which the element was not detected or the concentration of
the element was below the detection limit of 3σ (Table 1). Some elements (e.g. Cl, Mg, Zn and Cr) have
a high range of variability compared to their mean concentration, indicating either that many measurements
of these element’s concentrations fall below the confidence level or that the elements are highly variable
in the bivalve archive. Except for Mg, repeatability errors for these elements (Table 1) are relatively low,
favoring the latter explanation.
Intra-shell trace element records
To give a quick overview of the relative variation in quantified elemental abundances along the line of
measurement in the shell’s growth direction, a normalized Heatmap is made using R statistics package
(Figure 6A). A Heatmap is a qualitative representation of the extensive data matrix obtained by µXRF
scanning, and is obtained by normalizing every elemental record and plotting the normalized variation in
the records against distance along the shell by means of a color scale (see Wilkinson & Friendly, 2009
and appendix R2). The Heatmap (Figure 6A) shows the variation in all measured elements in one glance
and allows direct qualitative comparison between the records of different elements while avoiding the
cumbersome plotting of all 18 elemental abundance records in one figure.
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Figure 6: Heatmap showing the normalized variation
in all elemental records measured in the line scan (A)
and in records of all elements divided by Ca (B). Red
colors represent higher values and blue colors
represent lower values. Vertical scale represents the
distance from the umbo of the V. vesiculosus shell.
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A significant portion of the variation in multiproxy record is explained by variation in Ca content, which
is indicative of the success of the measurement and the purity of the calcium carbonate sample. To
illustrate changes in trace element records regardless of this Ca variation, Figure 6B shows a Heatmap
of elemental abundances relative to Ca. This Heatmap of elemental ratios shows that Mg/Ca and Si/Ca
seem to covary in the V. vesiculosus record. Figure 6B also shows a strong covariation of Mn/Ca, Fe/Ca
and Sr/Ca records. A detailed plot of these records against shell length (Figure 5) shows that records of
Si/Ca, Mn/Ca and Fe/Ca have a lower range of values (<5000 µg/g, <400 µg/g and <3000 µg/g
respectively). Sharp excursions toward higher values protrude from this range of low values. Some of the
larger peaks in Mn/Ca and Fe/Ca (exceeding 1200 µg/g and 10000 µg/g respectively) coincide with
maxima of Si/Ca (exceeding 10000 µg/g), sharp drops in Sr/Ca (<600 µg/g) and minima in count rate.
These shifts occur roughly every 8 mm in the upper and lower part of the record, and are less common in
the interval between 30 and 70 mm from the umbo. The Sr/Ca record varies between 800 and 1500 µg/g
in parts of the records unaffected by the abovementioned aberrations. In parts of the linescan not marked
by peaks in Fe/Ca, Mn/Ca and Si/Ca, the Sr/Ca record seems to follow a periodic pattern with a period of
~20 mm. Error bars in Figure 5 based on 2 standard deviations of reproducibility tests on the CRM393
standard (see Table 1) show that the observed amplitude in all plotted records is statistically significant.
The covariation of Fe/Ca, Mn/Ca and Si/Ca records suggests a similar forcing of variations in all four
records with an opposite effect on Sr/Ca compared to the other three records, which seems to be related
to the detrital inclusions observed in Figure 2.
Spectral analysis
A third normalized Heatmap illustrates the FFT periodograms for all elemental records (Figure 7) and
shows at one glance which records exhibit cyclical variation and whether the same periodicity is found in
different records. The Heatmap highlights hotspots of significant periodicity in the abovementioned Mn,
Fe, Si and Sr records at 8-9 mm as well as around 20 mm in Sr and Ca records. Plots of corresponding
FFT powerspectra for these elemental records (Figure 8) illustrate the statistical confidence (“power”) of
cyclic variation in these records and where these exceed the 95% confidence level (red line). Figure 8
shows that peaks around 8-9 mm and 20 mm are indeed significant above a 95% confidence level in the
records in which these periodicities were observed. Other periods seem to exceed the confidence level
according to Figure 8, but these are not observed in the µXRF data (Figure 5). Figure 5 shows that
variations in Si, Mn and Fe in the record are spaced more or less 8 mm apart and explain the periodicity.
The larger 20 mm periodicity is visible in the Sr/Ca record in places on the records where peaks in Mn, Fe
and Si are absent.
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Figure 7: Heatmap of the spectral power obtained using the Bice routine for different periodicities in the elemental records. Red colors
represent higher values,blue colors represent lower values and white colors indicate an absence of statistically significant periodicity. The red
boxes show areas with higher power associated with periodicities observed in the records. Note that the vertical axis is in a base-2 logarithmic
scale.
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Figure 8: Graph showing the powerspectra of Sr/Ca, Fe/Ca and Mn/Ca record obtained using the Bice routine. Red boxes show areas with
higher power associated with periodicities observed in the records.

Discussion
Method comparison
Results show that the repeatability of the µXRF used in this study (1% for Sr/Ca, see Table 1) competes
with that of other techniques. In comparison, Inductively Coupled Plasma Mass Spectrometry (ICPMS)
that requires more sample preparation, yields accuracies within 3% and a repeatability of ±3% for
elemental ratios in bivalve calcite (Lorrain et al., 2005), while destructive sampling is required for this
method. In situ Laser Ablation ICPMS (LA-ICPMS, e.g. Lazareth et al., 2003; Gillikin et al., 2005; 2008,
Carré et al., 2006; Yan et al., 2013) achieves high spatial resolution (up to 50µm), is faster and less
destructive (though not entirely non-destructive), but it is more expensive than conventional ICPMS and
less easily accessible. This method yields accuracies within 10% (up to 4%) and repeatabilities of ≤5% on
bivalve material (Vander Putten et al., 2000; Gillikin et al., 2005). Other methods are Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES, Yan et al., 2013; Sørensen et al., 2015) and Atomic
Emission Spectroscopy (ICP-AES,Klein et al., 1996a; 1996b; Steuber, 1999). Both yield analytical
precisions between 5% (Freitas et al., 2009) and 2% (Klein et al., 1996b; Yan et al., 2013; Ullmann et al.,
2013). These methods, like conventional ICPMS, require sample drilling and digestion of 0.5-1 mg of
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carbonate and are therefore destructive and rather time-consuming, a disadvantage in paleoenvironmental
studies that often require large data sets to yield comprehensive results.
Conventional XRF measurements require destructive sampling and the production of pellets to
overcome the matrix effect on XRF measurements (Rowe et al., 2012). Real non-destructive and highresolution (down to 1 µm) XRF measurements can be achieved by synchrotron micro-X-Ray Fluorescence
(Thorn et al., 1995; Frisia et al., 2005; Jones et al., 2009; Lerouge et al., 2010). The X-Ray beam is focused
on a small spot on the sample to allow XRF measurements to be executed on a small (micro) spatial scale.
While this method yields high precision (<5%) and accuracy (better than ±2 µg/g for Sr, Thorn et al., 1995),
it requires access to a very complex and costly synchrotron setup where access and beam–time have to
be requested, often through competitive proposal writing. At this moment, only 47 Synchrotron Light
Sources are available worldwide (www.lightsources.org ) and they are under heavy demand by the
scientific community in a large variety of domains (e.g. Yoshimura et al., 2013; 2014; Nguyen et al., 2014).
Results of µXRF line scanning on a fossil V. vesiculosus shell show that the Bruker M4 Tornado µXRF
scanner is capable of producing well-resolved XRF spectra with a ~25 µm spot size resolution (Figure 3).
Compared to earlier studies with previous table-top capillary-source µXRF analyzers (e.g. Kurunczi et al.,
2001), the spectra obtained in this study better resolve element peaks while spot size has decreased from
100 µm to 25 µm. Spectral resolution (signal-to-noise ratio) of the µXRF results are comparable to that of
quantifiable spectra generated by synchrotron µXRF (e.g. Frisia et al., 2005; Jones et al., 2009; Lerouge
et al., 2010). Spectrum deconvolution software used in this study shows low detection limits (13 µg/g for
Sr), reduced standard deviations and a better resolved spectrum compared to Kurunczi et al. (2001). The
selective use of the Al-Ti-Cu filter further increases the signal to noise ratio of peaks in the range of 5 - 15
keV (see Figure 4)
The accuracy error of of 1.1% (one standard deviation) relative to the measured value (~5 µg/g for Sr
concentration, see Table 1) is only slightly higher than that obtained by synchrotron analysis (±2 µg/g Sr;
Thorn et al., 1995) and slightly better than that obtained by ICPMS (3% of the standard value; Lorrain et
al., 2005). The measurement error (1 standard deviation) found in this study is 5% for Sr and better for
most other quantifiable trace elements (Table 1), indicating that repeatability of µXRF in this study is similar
or better than the precisions reported for other methods (Thorn et al., 1995; Klein et al., 1996b; Lorrain et
al., 2005; Yan et al., 2013). Conservative detection (3σ) and quantification (10σ) limits calculated from
deconvolution errors show that the Bruker M4 µXRF is capable of reliably quantifying concentrations of
most commonly studied elements down to the (tens of) µg/g level, although quantification limits quickly
increase for lighter elements.
The large spread in measured concentration observed for some elements indicates that the
concentrations of elements like P, Cr, Cu, Zn and Pb in bivalve calcite are close to the µXRF’s limit of
detection (Table 1). This causes a decrease in the accuracy of the measurement and causes more
measurements to be rejected for being below the 3σ detection limit. The records of Si, Mn, Fe and Sr have
comparatively low errors and concentrations that are well above their quantification limits (see Table 1).
This indicates that measurements of these elements are more repeatable and have the best potential for
recording changes in the composition of the rudist shell calcite. Records of elements in which many points
are rejected are less suitable for this purpose.
Surface effects on repeatability
Differences between the repeatability error of reiterated measurements on the same spot and on
different spots on the surface of powdered samples and variations in count rates of Ca in carbonate
measurements indicate that the precision error of the µXRF technique varies with location on the sample
surface. Surface-specific errors can be caused by so-called sample matrix effects that influence the
backscattering of X-Rays (Rousseau and Boivin, 1998; Beckhoff, 2006). Such matrix effects cause
accuracies on the dolomite standards (CRM512 and ECRM782) to be different from these on the limestone
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standard (CRM393). Variations in sample matrix should be fairly low within a homogenized carbonate
sample, but small differences on the micrometer scale can still produce small measurement errors. A large
part of this uncertainty is reduced by calibrating the peak deconvolution procedure using a standard with
a matrix as similar to that of the sample as possible (Rousseau, 2001), as done in this study. For this
reason, changes in the sample matrix, such as the incorporation of detrital inclusions or recrystallized parts
of the rudist shell, can offset measurement results because the measured spot does not match the matrix
of the standard used to calibrate the method. For optimal results, µXRF line scans and maps must be done
on samples with the same (or similar) matrix.
Another source for errors on the spot measurements is the roughness of the surface. Rough surfaces
and local features such as cracks and depressions scatter X-Rays and cause the beam to be out of focus
when hitting the sample surface (Beckhoff, 2006). This effect explains a drop in count rate and unrealistic
Ca values around 52 mm from the umbo of the rudist shell. From Figure 2 it is clear that this drop in count
rate is caused by a large crack in the sample where two parts of the rudist shell were re-attached after
sawing. This shows that polishing of sample surfaces to avoid effects of surface roughness will yield better
results for line scans or maps. Rough surfaces can still be measured but will yield less repeatable results.
Count rates of Ca in carbonate samples should be consistently high, and lower count rates in the Ca
energy band are indicative of scatting of X-Rays due to irregularities on the sample surface or changes in
sample matrix and should therefore be treated with caution. The comparison between same-spot
measurement errors (equivalent to polished surfaces) and different-spot measurement errors (equivalent
to unpolished surfaces Table 1) shows that measurements on a rough surface could be quantified and
interpreted if the additional error of surface roughness is taken into account. This enables the
measurements of unpolished surfaces of precious samples and shows that the µXRF method remains
essentially non-destructive.
Detection of diagenesis
High concentrations of Mn and Fe in fossil bivalve shells have been proposed to reflect diagenetic
alteration (Brand and Veizer, 1980; Veizer, 1983; Al-Aasm and Veizer, 1986; Ullmann and Korte, 2015).
Previous studies have therefore tested against high concentrations of Mn and Fe in rudist calcite and
rejected samples in which concentrations were deemed too high to be pristine (>20 µg/g and >200 µg/g
for Mn and Fe respectively; Steuber et al., 2002). The highest values in the Mn/Ca and Fe/Ca records
surpass these conservative thresholds suggesting that diagenetic alteration is present in this rudist shell.
However, results of studies recommending these threshold values fail to show with confidence that
samples with higher Mn and Fe concentrations are necessarily diagenetically altered, and some studies
have even shown that pristine Mn/Ca ratios can exceed thresholds used to assess whether diagenesis
has occurred (Veizer, 1983; Steuber, 1999; Steuber et al., 2002; Ullmann and Korte, 2015 and references
therein), rendering the distinction of diagenetic trace element enrichment from primary incorporation
difficult based on trace element profiles alone. CL microscopy together with XRF mapping (Figure 2B and
2C) shows that the majority of the outer shell layer consists of pristine calcite characterized by wellpreserved growth structures. Concentrations of elements in parts of the line scan from these pristine areas
are in agreement with values reported in other studies of fossil bivalve calcite (Steuber, 1999; Steuber et
al., 2002) and modern bivalve calcite (Lorrain et al., 2005; Gillikin et al., 2005; Jacob et al., 2008). The
high mean concentration of Ca (38.3%, see Table 1) in the line scan shows that the majority of the line
scan points are from pristine calcite (Figure 5). The high abundance of Si, Mn and Fe in parts of record
indicates that some parts of the shell contain siliciclastic particles. The presence of Si in bivalves indicates
either contamination with siliciclastic material into the shell structure or alteration of the shell after burial
(Hendry et al., 1995; Klein & Walter, 1995; Elorza & García-Garmilla, 1996). Calcite formation in bivalves
typically occurs inside the extrapallial space of the animal, separated from direct seawater influence (Carré
et al., 2006; Jacob et al., 2008). The incorporation of detrital matter into the shell structure of rudists can
nonetheless occur due to rupture of the periostracal rim (Skelton et al., 1990) and/or boring of epifaunal
organisms (Lazo, 2004). The Heatmaps show that high values in Si/Ca ratio sometimes coincide with
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those in Fe/Ca and Mn/Ca (Figure 6B). The CL images in Figure 2C show that these enrichments in Si
are linked to the rounded features that exhibit dull luminescence. These features are also observed in the
XRF mapping of the shell surface and more common near the lower part of the shell. Spikes in Si, Mn and
Fe ratios in the records (Figure 5) are caused by the scan line passing over one of the detrital inclusions.
The round shape of most of the detrital inclusions observed in CL suggests that they are caused by borings
of molluscs or other epifaunal organisms (Figure 2; Sanders and Pons, 1999). The fact that most of the
inclusions occur on the outside of the calcite layer (see Figure 2C-IV) supports this assumption. CL images
in Figure 2C show that these borings are easily observed in the XRF mapping image (Figure 2B) as their
dimensions surpass the spot size of the µXRF. This shows that XRF mapping can be a valuable tool in
recognizing and localizing diagenetic altering in rudist shells.
Recrystallisation in the shell is associated with an increase in Mn while Fe and Si remain low. Some
peaks in Mn in the record, which are not coinciding with peaks in Fe and Si could therefore be interpreted
as recrystallization. This recrystallized calcite is most likely a result of sparite filling in pores that form when
inclusions into the shell dissolve, as recrystallization of the original low-Mg calcite of the outer shell is
unlikely to have happened only locally (Al-Aasm and Veizer, 1986; Ullman and Korte, 2015). An example
of this is shown in Figure 2B-II where part of the detrital cavity is later filled in with brightly luminescing
sparite. However, cathodoluminescence images (e.g. Figure 2C-III and -V) also show that bright
luminescence can occur in certain growth layers in the rudist shell, indicating that some increases in Mn
can have a primary origin. The bright luminescence on the inside of the outer shell layer shows that the
inner shell layers, which are aragonitic in Hippuritidae (Al-Aasm and Veizer, 1986; Skelton, 1976), have
completely recrystallized. The difference between recrystallized parts of the shell and the enrichments of
Mn in the growth layers of pristine calcite is easily spotted in the XRF map of Figure 2B. The large
difference in Mn concentration between the recrystallized parts and the primary Mn incorporation results
in a large difference in brightness of the Mn mapped by the µXRF scanner.
Sr/Ca record and seasonality
In parts of the record that are unaffected by detrital inclusions, variations in the Sr/Ca record are of the
same order of magnitude as those reported in other studies of seasonal Sr/Ca fluctuations (e.g. Richardson
et al., 2004; Freitas et al., 2006; Yan et al., 2013). Absolute Sr/Ca values resemble those found in other
rudist studies (e.g. Steuber 1999). The general trend in the Sr/Ca record seems sinusoidal with a 20 mm
cycle and may exhibit annual forcing. The 8 mm cycle is most likely a result of the spacing of the detrital
inclusions. If these inclusions are indeed borings, no primary paleoenvironmental interpretation can be
attributed to this 8 mm cycle. The 20 mm cycle observed in Sr/Ca ratios may be a result of annual retreats
of the periostracal rim allowing more trace elements to enter the shell structure and creating bands of
calcite enriched in trace elements (Skelton et al., 1990). If a growth rate of ~20 mm per year is assumed,
four to five years of growth may be present in this rudist shell. Records with periodicity on a similar spatial
scale have been interpreted as seasonal cyclicity in studies of rudist bivalves, and the resulting growth
rate of 20 mm/yr is not unusual for rudist bivalves (Steuber, 1999; Steuber et al., 2005).
Though used as paleothermometer in many bivalve studies, the temperature dependence of Sr/Ca in
rudists is controversial, due to changing Sr/Ca ratios of sea water and the lack of a well-established
correlation of Sr/Ca with δ18O records (Opdyke et al., 1995; Steuber & Veizer, 2002; Dutton et al., 2007).
Due to this lack of correlation and the possibility that detrital inclusions caused Sr concentrations to
decrease, no attempt is made here to use variations in Sr/Ca of V. vesiculosus to quantify seasonal
changes in temperature.
Besides temperature, metabolic and calcification rate have also been proposed as drivers for seasonal
variations in Sr/Ca in bivalve calcite, due to their effect on the equilibrium between Sr/Ca values of
seawater and Sr/Ca values in the extrapallial fluid from which bivalves crystallize their calcite (Klein et al.,
1996b; Lorrain et al., 2005; Gillikin et al., 2005). If these factors drive the Sr/Ca variations observed in this
study, minima in Sr/Ca that are not caused by detrital contamination may correspond to increases in
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metabolism and decreases in skeletal growth rate (Klein et al., 1996b), which in turn may reflect the
seasonal reproductive cycle as observed in modern bivalves (Pichaud et al., 2009). It has been suggested
that metabolic rates in bivalves are directly related to food availability and temperature, which are highly
seasonal variables (Blicher et al., 2010). All these elements points towards a seasonal forcing of Sr/Ca
ratios in bivalve calcite. Following this rationale, Steuber (1999) proposed that shifts in Mg and Sr observed
in Vaccinites rudist shells might be controlled by metabolic rate. Increasing metabolic rate and decreasing
shell growth rate are expected in spring, when food availability is high and metabolic rate increases (Blicher
et al., 2010). This pattern also matches the reproduction cycle with spawning of offspring in spring
(Steuber, 1999; Pichaud et al., 2009). Such a fast metabolic rate in spring together with a spawning event
might create the conditions in which a deep withdrawal of mantle lobes and/or a tearing of the periostracal
rim facilitates the incorporation of external trace elements into the shell structure, explaining the observed
increases in brightness in CL of some growth layers observed in Figure 2C-I and -III (Skelton et al., 1990;
Lawfield, 2014). This can in part explain the correlation on the 20 mm scale that is observed between
Sr/Ca on the one hand and Mn/Ca, Fe/Ca and Si/Ca on the other hand.
Other trace element records
Small Mn/Ca variations that are not associated with detrital inclusions observed in the record of V.
vesiculosus express cyclic variations similar to those observed in modern bivalves, where these
fluctuations are associated with seasonal variations in primary productivity (Freitas et al., 2006). The
increases of Mn/Ca observed in V. vesiculosus that are not complemented by similar increases in Fe/Ca
and Si/Ca (see Figure 5) are paced to the abovementioned fluctuations observed in Sr/Ca and are always
in opposite direction. Smaller fluctuations in Fe/Ca (<1000 µg/g) in bivalve calcite have been related to an
increase in riverine discharge and changing redox conditions (Bruland et al., 2001; Gao et al., 2009). The
formation of spring blooms in the Late Campanian Tethys Ocean could provide such changing redox
conditions and could explain small peaks in Mn/Ca and Fe/Ca observed in V. vesiculosus wherever these
are not matched in the Si/Ca record and where Fe/Ca peaks do not exceed levels that are considered
likely in primary calcite (<1000 µg/g; Steuber, 1999; Brand et al., 2003). Spring bloom formation is
postulated to be a significant driver of changes in trace element concentrations in bivalves (Lazareth et
al., 2003). Therefore, non-diagenetic peaks in Mn and Fe ratios coinciding with minima in Sr/Ca may be
signs of increased paleoproductivity during spring blooms in the Late Campanian. Such a relationship
would imply that shell Sr/Ca ratios were low in the relatively cool spring season, which would be in
agreement with a positive relationship between Sr/Ca and temperature found in modern bivalves (e.g.
Richardson et al., 2004). It is therefore possible that changes in temperature and metabolic rate also
influence the Sr/Ca ratio in this rudist bivalve on a seasonal scale. However, temperature seasonality in
the Late Campanian low-latitude Tethys Ocean may not have been large enough to cause a significant
effect on the Sr/Ca ratios in bivalve calcite. Because detrital incorporation is interfering with the Mn and
Fe records in this rudist, other rudist specimens need to be examined to study the relationship of these
trace elements and their value in paleoenvironmental reconstruction. Comparison with other proxies, such
as stable isotope ratios, may shed more light on the exact origins of seasonal cycles observed in rudists.
Conclusions
New developments in the technology of table-top tube excitation µXRF scanners enable the rapid and
precise detection and quantification of concentrations of elements in fossil rudist bivalves with errors of
accuracy and precision that compete with other more expensive, destructive and time consuming methods.
This non-destructive method makes it possible to analyze precious or rare material such as museum
specimens. Advanced peak deconvolution software together with high measurement energies (30 W) and
application of source filters in the Bruker M4 µXRF device creates well-resolved XRF spectra with high
signal-to-noise ratios using relatively short (3 sec) measurement times per point. This makes quantifiable
high-resolution line-scanning of sample surfaces possible within a realistic timeframe and allows variations
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in major as well as trace elements to be measured with confidence. However, the detection limit is highly
variable between elements, causing the error on quantified values of some elements (e.g. Na and Mg)
measured in this study to be too high for intra-shell comparison. A conservative quantification limit must
be taken into account when deciding which elements can be quantified reliably.
µXRF trace element mapping combined with cathodoluminescence microscopy is an efficient way to
detect diagenesis in fossil bivalve shells and to interpret trace element profiles measured with µXRF. This
combination shows that µXRF mapping can be used to detect recrystallization as well as detrital input into
the calcitic outer shell layer of the rudist bivalve. Application of a Fast Fourier Transform spectral analysis
routine with noise simulation allows assessment of the significance of cyclicity in elemental records of this
rudist bivalve. It is here successfully applied to detect seasonal changes in these records. After detection
and removal of the parts of the record that were altered by diagenesis, records of Mn and Fe in V.
vesiculosus show increases that may reflect seasonal augmentation of paleoproductivity recorded in the
calcite of rudist bivalves. The changes in these records are in antiphase with periodic changes in Sr/Ca,
indicating that Sr/Ca in V. vesiculosus is lowest in the high-productivity season, which points towards a
relationship of Sr/Ca either with temperature or growth rate in this shell. Detrital inclusions in the outer
shell layer hamper the full interpretation of trace element records and more specimens need to be studied
to examine the expression of these trace element records in rudist calcite.
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2.3 ShellTrace – A new approach for modelling growth and trace element uptake in marine bivalve shells:
Model verification on pacific oyster shells (Crassostrea gigas)
This chapter has been prepared for submission to an international peer-reviewed journal:
de Winter, N. J. 2018 ShellTrace v1.0 – A new approach for modelling growth and trace element uptake
in marine bivalve shells: Model verification on pacific oyster shells (Crassostrea gigas)
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Abstract
Bivalve shells record changes in their environment in the chemical composition of their shells and are
frequently used as paleoclimate archives. However, many studies have shown that physiological effects
may overprint these chemical tracers. Here, a new approach is presented which models changes in shell
dimensions during growth of bivalve shells without a priori knowledge of the growth of the species. The
model uses digitized growth lines in a cross section of the shell together with basic assumptions about
bivalve shell shape and season of growth based on microscopic observations. From this, changes in shell
height, thickness, volume, mass and growth rate are modelled at a daily resolution through the lifetime of
the bivalve. Therefore, growth history of bivalves can be reconstructed without the need for a culture
experiment, paving the way for growth rate estimations based on fossil bivalve shells. Combination of the
growth model with 2D X-Ray Fluorescence trace element mapping allows the incorporation of trace
elements into the shell during growth to be modelled in 3D. Resulting are records of trace element
concentrations of carbonate added to the shell at any point in time (total-shell concentrations) and
accumulation rates. These results shed light on the rates and mechanisms by which these trace elements
are incorporated into bivalve shells. Application of growth and trace element modelling on a set of modern
pacific oyster (Crassostrea gigas) shells of well-known origin, and comparing model results with trace
element profiles, XRF trace element maps and sclerochronological observations, highlights the importance
of heterogeneity in mineralogy, mineralization rates and chemical composition in bivalve shells. These
insights lead to a better understanding of the incorporation of trace element concentrations into bivalve
shells. Ultimately, this modelling exercise aids in the development of proxies for the reconstruction of subannual changes in paleoenvironmental conditions over geological timescales.
Introduction
Bivalve shells as archives for paleoenvironmental reconstruction
The study of climate and environmental change over geological timescales has yielded various
important insights into the dynamics of climate systems on Earth (e.g. Huber et al., 1995; Hesselbo et al.,
2000; Zachos et al., 2001; Wang et al., 2001; Sluijs et al., 2006). This knowledge about the sensitivity of
Earth’s climate and environment is indispensable for the prediction of future changes in Earth’s climate.
Environmental changes can be studied by proxy-based paleoenvironmental reconstructions (e.g.
McDermott, 2004; Leng and Marshall, 2004; Zachos et al., 2006; Affek et al., 2008) and climate and
environmental modelling based on, and tested against, these reconstructions (e.g. Barron et al., 1984;
Kutzbach et al., 1989; Claussen et al., 2002; Andrews et al., 2012). Important archives for proxy-based
reconstructions of paleoenvironment on a high temporal resolution are incrementally growing carbonate
archives such as speleothems and the fossil skeletal remains of calcifying organisms such as corals,
brachiopods and molluscs (Goreau, 1977; Jones, 1980; Veizer et al., 1986; Jones et al., 1989; Klein et al.,
1996; Witbaard et al., 1997; 2003; Fairchild et al., 2006; Swart et al., 2010; Vansteenberge et al., 2016;
de Winter and Claeys, 2017; Ullmann et al., 2017; de Winter et al., 2017a). Mollusc shells have gained
much attention, because of their potential to secrete calcite which is comparatively resistant to diagenetic
alteration (Al-Aasm and Veizer, 1986a; 1986b). Furthermore, bivalves are abundant in the fossil record
and chemical proxies in these shells are shown to record changes in their environment (e.g. Jones, 1983;
Klein et al., 1997; Schöne et al., 2003; Lazareth et al., 2003; Gillikin et al., 2008). Stable oxygen isotope
ratios (δ18O) in the calcite shells of marine bivalves are almost exclusively precipitated in equilibrium with
the surrounding seawater and can thus be used to trace changes in temperature and salinity on a subannual scale (KIein et al., 1996; Kirby et al., 1998; Goodwin et al., 2001; Ullmann et al., 2010). However,
both calcification temperature and seawater δ18O influence the δ18O of shell carbonate (Urey, 1948), and
the incorporation of stable carbon isotope ratios (δ13C) in bivalve shells is poorly understood (Klein et al.,
1996b; Gillikin et al., 2006). Therefore, additional proxies are required to disentangle the effects of these
variables and to properly understand changes in the local environment (e.g. Klein et al., 1996a; Takesue
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and van Geen, 2004; Ullmann et al., 2013; de Winter et al., 2017a). Therefore, bivalve sclerochronology
studies have tried to link trace element concentrations in bivalve calcite to environmental conditions
(Lorrain et al., 2005; Wanamaker et al., 2008; Freitas et al., 2009; Schöne et al., 2011). As a result, a
range of trace element ratios (e.g. Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca and Li/Mg) have been proposed as proxies
for environmental variables (Klein et al., 1996a; Lazareth et al., 2003; Carré et al., 2006; Gillikin et al.,
2008; Füllenbach et al., 2015; Vihtakari et al., 2017).
Shell structures
Since ostreid (Bivalvia: Ostreioida) shells are abundant in the fossil record, their potential of to record
paleoenvironmental change has been subject to previous investigation (e.g. Palmer and Carriker, 1979;
Carriker et al., 1980; Lee et al., 2008; Surge and Lohmann, 2008; Ullmann et al., 2010; 2013). Oyster
shells are predominantly composed of calcite occurring in three distinct microstructures: foliated calcite
layers, prismatic calcite and chalky calcite (Palmer and Carriker, 1979). In addition, the myostracum and
hinge ligament are made of aragonite (Stenzel, 1963). There is some discussion about the role of these
calcite microstructures, whether their precipitation is controlled by environmental conditions and whether
changes in the precipitated microstructure are associated with regular (solar or lunar) cycles (Carriker et
al., 1980; Kirby et al., 1998; Surge et al., 2001; Ullmann et al., 2010). It has even been proposed that the
mineralization of the chalky calcite phase in oyster shells is mediated by microbial activity (Vermeij, 2014).
However, it has been demonstrated in some taxa that the type of microstructure deposited during shell
growth is not controlled by growth seasonality or age (Surge et al., 2001; Titschack et al., 2008).
Furthermore, earlier work on Crassostrea gigas oysters has shown that different microstructures in the
shell can mineralize simultaneously (e.g. Higuera-Ruiz and Elorza, 2009). While stable isotope ratios seem
to be similar in simultaneously deposited shell portions with a different microstructure (Surge et al., 2001;
Ullmann et al., 2010), trace element concentrations are shown to differ significantly between
microstructures (Markwitz et al., 1999; Higuera-Ruiz and Elorza, 2009; Ullmann et al., 2013). Beside
mineralogy and chemistry of the shell, shell growth rate and dimensions vary widely between individuals
in response to several environmental factors such as growth space, substrate, food availability and amount
of predation (Galtsoff, 1964; Palmer and Carriker, 1979; Surge and Lohmann, 2008). These factors
complicate trace element-based paleoenvironment reconstructions from structurally heterogeneous
bivalve shells (Boyden and Phillips, 1981; Klein et al., 1996b; Gillikin et al., 2005; Immenhauser et al.,
2005; Freitas et al., 2006). Furthermore, studies have shown that rates of incorporation, and the
environmental response of, trace elements in bivalve shells vary between different species and specimens
(Reinfelder et al., 1997; Steuber, 1999; Richardson et al., 2004; Gillikin et al., 2005; Carré et al., 2006).
Species-specific culture experiments can be used to isolate relationships between environmental variables
and shell chemistry (e.g. Wang and Fisher, 1996; Freitas et al., 2006; Gillikin et al., 2006), but these
experiments can only be executed on extant bivalves, which severely limits the potential to apply the
acquired proxy transfer functions to reconstruct climate and environment in pre-Cenozoic times (e.g. de
Winter et al., 2017a).
Limitations on sub-annual time constraint
Growth increments in bivalve shells are often used to constrain variations in shell mineralization rates
(e.g. Goodwin et al., 2001; Schöne et al., 2004). However, the aforementioned heterogeneity in some
bivalve shells often precludes the complete reconstruction of the growth of bivalve shells from increment
thickness. Furthermore, sub-annual growth bands are not clearly visible in all bivalve taxa and their
interpretation is prone to human error (Judd et al., 2017). Earlier attempts to recognize (sub-)annual growth
lines in oyster shells (e.g. Crassostrea gigas, Crassostrea virginica and Ostrea edulis) were problematic
and independent studies on the same taxa often lead to different results (Kirby et al., 1998; Surge et al.,
2001; Langlet, 2002; Ullmann et al., 2010; Lartaud et al., 2010). While chemical labelling can be used to
establish chronologies in oysters during culture experiments, sclerochronology on naturally grown shells
remains problematic (Barbin et al., 2008; Mouchi et al., 2013). The key to overcome these problems and
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construct reliable shell chronology is to develop a better understanding of the mechanisms of growth and
trace element uptake in bivalve shells. Therefore, many attempts have been made to resolve the interannual timescale of geochemical profiles from bivalve shells (e.g. Goodwin et al., 2009; Müller et al., 2015;
Judd et al., 2017), but neither of these studies has focused on reconstructing growth of the entire shell.
Growth modelling
In this study, a model is introduced which reconstructs the development of size and shape of a bivalve
shell through ontogenetic age. The model is based solely on the morphology of growth lines in a
dorsoventral cross section through the shell and relative age of deposition of these growth lines. In
addition, a sinusoidal function including thresholds for growth is implemented to simulate the occurrence
of seasonal variations in shell growth rate and growth cessations which occur in most bivalves (e.g.
Goodwin et al., 2001; 2003; Schöne et al., 2003; Lorrain et al., 2004; Hallman et al., 2009; Judd et al.,
2017). The aim of this model is to enable the reconstruction of the growth of the entire bivalve shell,
including the development of shell height, shell thickness, shell volume and shell mass, throughout the
bivalve’s lifetime. The potential advantage of this method is that it takes into account the growth of the
entire shell, as opposed to the extension of the shell in one direction (as measured by the thickness in
growth increments in one part of the shell). It also takes into account the deposition of every part of the
shell, allowing the heterogeneity in shell structure and morphology to be taken into account. This difference
is especially important in shells with multiple microstructures and asymmetric shell shapes, such as ostreid
shells.
Trace element uptake modelling
An additional advantage of the proposed model is that modelled shell volume and mass development
can be superimposed on an XRF trace element map of the shell cross section, allowing spatial variations
in trace element concentrations and shell density to be integrated into the growth model. This way,
heterogeneities in shell trace element composition can be taken into account. Chemical compositions
modelled using this approach yield so-called “total shell concentrations”, which reflect the concentration of
the entire volume of shell carbonate added during a given time interval. Such total-shell concentrations
are expected to be more closely linked to trace element uptake at that time interval than trace element
measurements limited to one part of the shell (i.e. the shell hinge). While this is especially useful in the
study of bivalve shells with multiple microstructures (e.g. ostreid shells), shells of other taxa (e.g. Pecten
maximus and Mytilus edulis; Freitas et al., 2009; Arctica islandica; Shirai et al., 2014) are also shown to
be chemically heterogeneous. This shows that the presented total shell approach may yield a more
complete understanding of trace element uptake in a wider array of bivalve taxa.
Model validation
The goal of this work is to demonstrate how the proposed model can be used to reconstruct growth and
trace element uptake rates in bivalve shells without the need for culture experiments. Therefore, the model
is demonstrated on shells of the modern pacific oyster (Crassostrea gigas) with well-known origins and
dimensions. Growth modelling results are compared with results from previous bivalve growth studies and
with measurements of the dimensions of Crassostrea gigas shells to assess the reliability of the growth
modelling approach. Trace element modelling results are compared with trace element analyses in line
scans through the hinge of the shells measured using multiple sampling approaches applied in
conventional sclerochronology studies. This comparison demonstrates the difference between
conventional trace element analysis using line scans and the proposed modelling approach using XRF
maps. Furthermore, a more detailed investigation of the morphology and chemistry in three dimensions of
one of the C. gigas shells is carried out to test the validity of the assumptions of the proposed model.
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Materials and Methods
Specimen acquisition and preparation
Eight modern pacific oyster (Crassostrea gigas, Thünberg, 1973, previously Crassostrea gigas, see
Salvi et al., 2014) shells were obtained from restaurant Jardin van Gogh in Brussels, Belgium
(http://www.jardinvangogh.be). The shells were left untreated by the restaurant. Specimens originate from
a cultivation area in coastal Normandy (France, 49°4.0’ N latitude and 1°35.47’ W longitude) where they
were cultivated at an average water depth of 5-10 meters. The bivalves were harvested on February 14th
2017. Concave left valves of the shells were superficially cleaned from algae and other contaminants and
disinfected using acetone (C3H5OH), distilled water, a soft brush and an ultrasonic bath and oven dried
overnight at 50°C. Left valves were chosen in this study because they are larger, contain relatively low
amounts of aragonite and have a better developed shell hinge (see Kennedy et al., 1996; Surge et al.,
2001). This provides more surface area for measurement and allows growth lines to be more readily
recognized. Dried shell valves were weighed on a digital scales (σ = 0.01 g), their dimensions (shell height
in dorsoventral direction, maximum shell length in anterior-posterior direction, maximum shell thickness,
see Figure 1) were measured using digital callipers (σ = 0.01 mm) and their volume was determined by
water displacement measurement using a graded cylinder (Table 1). The measured shell valves were
embedded in Araldite® 2020 epoxy resin (Huntsman, Basel, Switzerland), sectioned dorsoventrally along
their axis of maximum growth (following Surge et al., 2001 and Ullmann et al., 2010; see Figure 1) using
a slow rotating saw with a diamond coated blade (Ø = 1 mm) and both sides of the cut were polished using
silicon carbide polishing disks (up to P4000 grit size). The polished dorsoventral cross sections from one
side (measurement side) were imaged by means of colour scanning (RGB) using an Epson® 1850 flatbed
scanner (Seiko Epson Corp., Nagano, Japan) at a pixel resolution of 6400 dpi (± 4 µm pixel size). Thin
sections needed for microscopy were made from shell hinges from the opposite side (archive side) by TS
Labs (TS Lab & Geoservices snc, Cascina (Pisa), Italy). In order to test assumptions about the shape of
the shell and the distribution of shell phases within the shell on which the model is based, one of the shells
(named “Crassostrea gigas #1” and used as an example for the remained of this study) was further
sectioned in three places in anterio-posterior direction (in both directions perpendicular to the dorsoventral
cut, see Figure 2B). Anterio-posterior sections were subject to the same treatment as the dorsoventral
cross sections.
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Figure 1: Schematic illustration of morphology of a typical bivalve shell including an indication of all parameters used in the growth and trace
element models. A) Dorsoventral cross section along the shell’s major growth axis (XY plane), which is the plane along which the shells were
sectioned. This cross section illustrates the parameters used to define shell increments and how interpolation between them is done (see section
3.1, model step 2). B) Overview of the shell and a definition of the axes (X, Y and Z) as well as the parameters defined in the base ellipse of the
shell (see section 3.1, model step 3). C) Anterio-posterior cross section through the shell (YZ plane), which illustrates the parameters used in the
determination of shell volume (see section 3.1, model step 4). D) Overview of the shell and a definition of the terms used to describe the
morphology of the shell.
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Table 1: Table containing the dimensions of XRF
maps made of dorsoventral cross sections through the
shells 930 (A), the measured dimensions of the oyster
shells used to validate the model (B) and the results
of the growth 931 model in terms of model dimensions
of the shells at the end of the modelling run (C).
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Figure 2: Colour scans (top), µXRF phase maps (middle), digitized growth lines (lower middel) and plots comparing areas between modelled
growth lines and digitized growth lines in the anterio-posterior cross sections (bottom) of Crassostrea gigas shell #1. Phase maps show the
distribution of foliated calcite (green), chalky calcite (blue), detrital material (yellow) and Araldite® 2020 resin (red) in the shell cross sections. A)
Anterio-posterior cross sections through the anterior side of the shell. B) Dorsoventral cross sections through the shell C) Anterio-posterior cross
sections through the posterior side of the shell.

Microscopy
Thin sections from the archive half of the hinge of C. gigas shells were studied using a Nikon Optiphot
2 POL light microscope (Nikon Corp., Tokyo, JP) equipped with a Leika DMC2900 digital camera (Leika
Microsystems AG Heerbrugg, CH). In order to identify potential growth structures in the hinge of the shell,
a composite image of the entire hinge of the shell was made at 25x magnification (Figure 3A). Smaller
areas of the shell were pictured at 40x magnification (Figure 3B) and close up images of growth features
were made at 200x magnification (Figure 3C-D). Wherever possible, annual and sub-annual growth lines
were indicated in the microscope composite. These growth features were used to determine the length of
the growing season and the time of mineralisation of different shell portions relative to the annual growth
cycle.
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Figure 3: Collection of microscopic images taken from thin sections of a dorsoventral cross section through the hinge of Crassostrea gigas
shell #1. A) Composite of entire hinge area taken at 25x magnification. Blue lines indicate recognized annual growth lines. Red arrows indicate
the direction of growth B) Composite of higher (40x) magnification images from the outer edge of the hinge showing sub-annual growth lines in
green. C) High magnification (200x) image of a close-up of one of the growth cessations observed in the shell hinge. D) High magnification (200x)
image of a close-up of a second growth cessation observed in the shell hinge.

X-Ray Fluorescence measurements
Trace element concentrations were measured in situ on the polished cross sections using a Bruker®
M4 Tornado micro-X-ray Fluorescence scanner (Bruker GmbH, Berlin, Germany) equipped with a Rh XRay source using maximum energy settings (50 kV, 600 µA) with a spot size of 25 µm (Mo Kα) and two
Silicon Drift detectors. The XRF setup is described in detail in de Winter and Claeys (2017). Firstly, the
entire shell surface was analysed in two dimensions semi-quantitatively in mapping mode using 1 ms
integration time per pixel (as described in de Winter and Claeys, 2017). Spacing between pixels was
chosen in such a way that the total amount of pixels in each dorsoventral cross section XRF map remained
relatively constant (±4.0*106) for all shells while choosing the minimum rectangular area that contained the
entire cross section area. This caused pixel spacing in maps to vary between 25 µm (interlocking X-Ray
spots) and 30 µm. Quantitative XRF trace element profiles were carried out on all dorsoventral shell cross
sections using two measurement strategies: 1) A profile was measured in direction of maximum growth
through the hinge of the shell in cross section, perpendicular to the growth bands and crossing foliated
and chalky calcite layers (as in Surge et al., 2001; Ullmann et al., 2010; 2013; see Figure 4). 2) A profile
was measured perpendicular to the growth lines exclusively sampling the dense foliated calcite layers in
the hinge of the shell (as in Surge and Lohmann, 2008; Durham et al., 2017). All trace element profiles
were measured using the point-by-point line scanning method outlined in de Winter et al. (2017b) with an
integration time of 60 seconds per point and a sampling resolution of 25 µm. This integration time allowed
enough count statistics for the instrument to reach the Time of Stable Reproducibility (TSR) and provide
reproducible trace element concentrations for the elements of interest (de Winter et al., 2017b). All XRF
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line scans were quantified using the Bruker Esprit® fundamental parameters (FP) quantification relative to
the BAS CRM 393 limestone standard. Errors of reproducibility of µXRF measurements are generally
higher than the instrumental error and depend on the integration time and the excitation energy of the
element (see de Winter and Claeys, 2017; de Winter et al., 2017b). Typical reproducibility errors of µXRF
point measurements for a range of elements that were measured using this method are reported in Table
2. XRF trace element concentration results were quantified relative to the BAS CRM393 certified reference
material (Bureau of Analyzed Samples, Middlesbrough, UK; BAS) and calibrated using a range of certified
carbonate reference materials: CCH-1 (Université de Liège, Belgium), COQ-1 (US Geological Survey,
Denver, CO, USA), CRM393 (BAS), CRM512 (BAS), CRM513 (BAS), ECRM782 (BAS) and SRM-1d
(National Institute of Standards and Technology, Gaithersburg, MD, USA). µXRF analysis has the potential
to yield concentrations for a range of major and trace elements (e.g. Mg, Si, Ca, Fe, Mn, Zn, Sr; see de
Winter et al., 2017a). However, for the purpose of this study, the discussion of trace element profiles and
trace element modelling was limited to the concentrations of silica (Si), calcium (Ca), magnesium (Mg) and
strontium (Sr).

Figure 4: Overview of the results of quantitative XRF line scanning on a C. gigas shell (#1 in Table 1) with positions of measurement and
digitized line scans. A) Image of the shell hinge with the positions of measurement of the two linescans (red arrows), identified growth cessations
(white arrows) and boundaries between microstructures (thin black lines). B) Concentrations of Mg, Sr, Ca and Si measured in a line scan through
the foliated calcite of the shell hinge. C) Concentrations of Mg, Sr, Ca and Si measured in a line scan in the direction of maximum growth of the
shell, crossing both chalky and foliated microstructures. Grey bars and thin black lines correspond to the occurrence of different microstructures
along the line scans and show which parts of the line scans represent the same time. Grey colours represent foliated calcite while white areas
represent chalky calcite. Bold black arrows indicate the positions of growth cessations with respect to the line scans. The axis on top of the figure
shows the timing of to each part of the line scans with black arrows indicating the timing of deposition of digitized growth increments shown in
Figure 4D. D) Image of the shell hinge with the positions of digitized growth increments that were used to model growth in the shell.
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Table 2: Table listing trace element concentrations quantified for the combined XRF spectra of all pixels 934 assigned to phases in the XRF
maps of the shells. Reproducibility standard deviations of XRF measurements 935 listed at the top of the table are determined by repeated
measurements on a flat surface of a certified 936 carbonate reference material (CRM393, see de Winter and Claeys, 2017; de Winter et al.,
2017b). Percentages 937 of map cover are calculated from the counts of pixels assigned to phases in the XRF maps. Bold values 938 represent
averages for all maps on dorsoventral and anterio-posterior cross sections respectively.

Data preparation
Concentrations (in µg/g) of Mg and Sr in line scan profiles were plotted using GrapherTM 8 (Golden
Software Inc., Golden, CO, USA) graphing software. Growth lines (lines of simultaneous deposition in the
shell) were digitized on high-resolution colour scans of polished shell cross sections of the shells by tracing
them using the pen tool in Adobe Illustrator® CC 17.1.0 (Adobe Systems Inc., San Jose, USA). Line
coordinates were saved in SVG-files, which allowed X-and Y-coordinates of the lines relative to the edges
of the cross section to be extracted and ordered into a comma separated (CSV; Coordinates CSV) file to
be imported into the modelling script (Step 1 in Figure 5). An example of a shell cross section with traced
growth lines is shown in Figure 4D. Ages of deposition of the digitized growth lines (in days, relative to the
deposition of the first part of the shell; ti) were determined by microscopic observation of growth lines in
the thin sections of the shell (see Figure 3 and discussion hereafter). Timing of shell deposition was
confirmed by annual cyclicity in trace element profiles (see Figure 4, see discussion). The age of the
youngest part of the shell relative to the annual growth cycle (tdeath) was determined from the position of
observed growth cessations (corresponding to the start and end of the growth season, see S3.1) in thin
sections as well as by the seasonality in trace element profiles (see Figure 3 and Figure 4). Age data is
parsed into the input file (Coordinates CSV). SVG- and CSV files containing the coordinates of growth
lines digitized in all shells as well as all input files used in this study are found in S3.2.
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Figure 5: Schematic overview of the growth model and trace element module described in this paper. Yellow boxes indicate the modelling
steps (Step 1-6) described in chapter 3, diamond-shaped elements represent data packages, ellipses represent model input parameters and
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boxes represent functions in the model. Elements are connected by arrows if they interact (i.e. if data packages and/or model parameters serve
as input or output of model functions). Coloured data packages are the output of the model. The blue shaded area on top represents the growth
model while the pink area below represents the trace element model.

Semi-quantitative XRF maps were processed using Bruker Esprit® software. Maps were subject to a
PCA-assisted maximum likelihood phase analysis using a selection of elements (Ca, Mg, Sr, P, S and
Mn). Minimum phase area was fixed to 0.05% of the total map area. Phase analysis results were matched
with interpreted growth lines and high-resolution colour scans and associated phases were merged. XRF
spectra of all pixels belonging to the same phase were added together (sum spectrum) and quantified in
the same way as spectra in the XRF line scans. The minimum area covered by each phase was such that
the total integration time contained in all the pixels of the phases was large enough to allow Time of Stable
Reproducibility to be reached for the quantification of the sum spectrum (de Winter et al., 2017; see Table
2). Phase maps were exported as BMP or TIF files and oriented in the same way as colour scans with the
shell hinge facing left and the inside of the shell facing down. This caused growth lines digitized on the
colour scans to match the same locations on the XRF map (see Figure 2).
Modelling approach
A modelling routine was written in the open source computational software package R (R Core Team,
2013) using Microsoft® Visual Studio Code Version 1.17.2. A full overview of the model structure detailing
all variables, functions and data packages and their relationship to each other is shown in Figure 5.
Variables used in the modelling process and their relationship to shell morphology are also indicated in
Figure 1. Furthermore, S3.3 lists all functions and their variables in order of use in the model. As shown
in Figure 5, shell growth and trace element uptake rates were modelled in six steps, of which Step 1
represents the data preparation (see above), Step 2-4 make up the volume model and Step 5-6 contain
the shell mass and trace element uptake model. All the shell growth modelling steps are brought under
Step 2-4 with the exception of the conversion from shell volume to shell mass. This final part of the growth
model is brought under Step 6, where differences in shell densities between different microstructures can
be taken into account. During volume modelling, seasonality in growth rates is approximated by means of
a sinusoidal model (see S3.1 and S3.4). The complete R-script used for the model is provided in S3.5 and
a step-by-step explanation of the model is given in S3.4.
Results and discussion
Shell dimension measurements
Shells of C. gigas are highly irregular with considerable differences in shape between individuals, as is
evident from measurements of the shell dimensions (Table 1) and the colour scans of cross sections
through the shells (Figure 2 and S3.8). Shell height, length, thickness, volume and mass vary considerably
between C. gigas specimens and age is not a good predictor of shell size. Furthermore, height-to-length
ratios are highly variable between shells, making size development in C. gigas hard to predict. Average
densities of C. gigas shells are relatively low (ρ = 2.10 g*cm-1) compared to the density of calcite (ρ = 2.71
g*cm-1) which makes up the majority of the shell. This difference is most likely caused by the presence of
porosity in the shell structure, which should be around 23% to account for the difference in shell density.
The density of oyster shells depends on the proportions of different microstructures in the shell, which
have different densities. Densities of chalky microstructures generally range between 1.1 and 1.3 g*cm -3
while foliated microstructures have densities of 2.2-2.5 g*cm-3 (Chinzei, 1995; Harzhauser et al., 2017).
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Microscopy and shell growth
A composite of thin section micrographs of a dorsoventral cross section through the hinge area of one
of the C. gigas shells (“Crassostrea gigas #1”) is shown in Figure 3. Micrographs show that foliated calcite
layers exhibit a dense plate-like structure while chalky calcite layers show a more vibrous, open structure,
reflecting observations in other studies of ostreid bivalves (e.g. Carriker et al., 1979; Higuera-Ruiz and
Elorza, 2009; Ullmann et al., 2010). Chalky layers are organized in lenses between layers of foliated calcite
and are more common away from the hinge of the shell near the umbo (left in Figure 3A; see also e.g.
Kirby et al., 1998; Ullmann et al., 2010; Lartoud et al., 2010; Mouchi et al., 2013). Individual tablets of
foliated calcite can be up to 500 µm long in cross section, are oriented perpendicular to the growth direction
and have sharp boundaries (see also Figure 3B). These properties complicate the identification of growth
lines in the shell. However, some growth lines were recognized which follow the direction of growth similar
to those observed in hinges of oyster shells in other studies (e.g. Kirby et al., 1998; Higuera-Ruiz and
Elorza, 2009). A close up of some of these growth lines (Figure 3C-D) show that they represent sharp
boundaries that cut through the existing shell structures and resemble annual growth cessations identified
in other bivalve studies (e.g. Richardson et al., 1980; Jones and Quitmyer, 1996; Schöne et al., 2005). A
detailed composite of the area between two of these growth cessations shows that a total of 22 smaller
growth lines can be recognized between the two annual growth cessations (Figure 3B). The regular
spacing of these sub-annual growth lines suggests that they may be caused by semi-lunar month periods
of 14.8 days (synodic) and 13.8 days (anomalistic) which control the spring-neap tide cycle. This
observation is in agreement with chronobiological field studies of C. gigas which show that the activity of
these oysters (measured as valve movement) is strongly paced to these semi-lunar cycles (Tran et al.,
2011). Thorough microscopic observation of the shells under high magnification failed to reveal growth
structures deposited on shorter time intervals (e.g. daily growth lines). Indeed, a review of pre-existing
literature shows that such sub-annual growth increments have not been reported in other Magallana and
Crassostrea shells (e.g. Kirby et al., 1998; Surge et al., 2001; Langlet, 2002; Harding and Mann, 2006;
Ullmann et al., 2010; Lartaud et al., 2010; Fan et al., 2011). Following the tentative interpretation of 22
semi-lunar growth lines per year, the length of the growing season is interpreted to be between 304 days
(22 * 13.8d) and 326 days (22 * 14.8d). This would mean that the growth of these oysters stopped for 1.5
to 2 months per year. The length of this growth cessation is confirmed by other studies of oyster growth in
similar latitudes (Askew, 1972; Brown and Hartwick, 1988; Lartaud et al., 2010). Furthermore, several
independent studies have concluded that oysters experience growth stress and stop mineralizing their
shell at temperatures below ~10°C (Askew, 1972; Brown and Hartwick, 1988; Kirby et al., 1998).
Measurements of nearby (Saint-Malo, France; World Sea Temperatures 2017) sea water temperatures
indicate that mean temperatures below this threshold are reached only in the months January and
February, pointing towards a growth cessation of 2 months. Shell growth cessations in oyster shells have
been demonstrated to occur during extreme elevated temperatures, with water temperatures higher than
27°C causing growth cessations in Crassostrea virginica (Kirby et al., 1998). However, since such water
temperatures are not reached even in the hottest months in the sample location (September maximum:
19.3°C, World Sea Temperatures 2017), it is unlikely that the bivalves described in this study suffered from
intolerably high sea water temperatures. Such summer growth halts were also not observed in previous
studies of oyster shells at similar latitudes (e.g. Lartaud et al., 2010). For the remainder of this study, C.
gigas shells are assumed to have grown for 310 days with a growth cessation in winter.
Trace element analysis
Two types of X-Ray fluorescence trace element analyses were carried out: Semi-quantitative trace
element mapping and quantitative trace element line scanning. Results of trace element mapping and
phase analysis on one of the C. gigas shells are found in Figure 2B and S3.8 and 6. In the same figure,
mapping and phase analysis results of cross sections in anterio-posterior direction are also shown (Figure
2A, 2C). Phase analysis results of other oyster shells are found in Supplementary material 8. Results of
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XRF line scans on the same shell are visualized in Figure 4 and quantitative XRF line scan data from all
shells used in this study are found in S3.10.
XRF mapping
Figure 2 shows that phase analysis on the XRF map of oyster shells results in the separation of four
chemically distinct phases in the cross section. Comparison with the colour scan shows that these phases
represent dark foliated calcite layers in the shell (green), light chalky calcite layers in the shell (blue),
detrital inclusions in the edge of the shell (yellow) and the surrounding resin (red). Mean values of trace
element concentrations of the foliated and chalky calcite microstructures in each shell and all cross
sections, measured by quantification of the total spectrum of all pixels assigned to the respective phase,
are found in Table 2. Mapping and phase analysis in all shells resulted in a statistically significant
distinction between foliated calcite and chalky calcite microstructures in terms of chemical composition
(see Figure 2 and compare chemical compositions in Table 2). The phase map in Figure 2 also shows
that the hinge of the shell consists of foliated calcite. Note that while the concentrations of trace elements
between different microstructures in the same mapped surface are statistically distinct, concentrations of
the same microstructure in different shells are not always similar (Table 2).
Traces of growth lines on the dorsoventral cross sections through oyster shell show that growth patterns
in C. gigas are highly irregular (Figure 2). While shell growth always happens by addition of material on
the inside of the shell valve (through the extrapallial spaces, facing down in Figure 2), shell thickness
varies strongly throughout the shell and shell extension rates vary both with age and with location in the
shell. Furthermore, oyster shells extend away from the shell hinge as well as towards the inside of the
shell (through the inner extrapallial space), making the hinge thicker with age (downward and to the left in
Figure 2B). A similar degree of irregularity is observed in the anterio-posterior cross sections through
Crasostrea gigas #1 (Figure 2A,C). This observation puts limits on the way growth in anterio-posterior
direction in the shells is approximated in the model. Figure 2A and 2C illustrate how actual dimensions of
the shell in anterio-posterior direction compare to modelled dimensions for each growth line (see S3.4).
These irregular shell characteristics complicate the modelling of shell growth, and render C. gigas an ideal
species for rigorous testing of the model presented in this study.
XRF line scans
Results of line scanning through the hinge of Crassostrea gigas #1 are shown in Figure 4. The two
XRF profiles that were measured on a cross section through the hinge area illustrate the effect of
incorporating different shell microstructures in trace element analysis. Traces of growth lines (Figure 4D)
as well as microscopic observations of the thin sections of the hinge area (see Figure 3) were used to line
up parts of the XRF profiles which were deposited simultaneously. Comparison of Figure 4A and 4D show
that while chalky calcite is deposited on one side of the shell, contemporary foliated layers are found
elsewhere. This confirms that multiple types of shell microstructures can be precipitated simultaneously
(as shown in Surge et al., 2001; Markwitz et al., 1999; Higuera-Ruiz and Elorza, 2009; Ullmann et al.,
2013). Large shifts in concentrations of Mg and Sr in the profile measured along the line of maximum
growth at the umbo (Figure 4C) occur on boundaries between microstructures. At the same time,
concentrations of Ca drop at the expense of higher Si concentrations on these boundaries. This is a result
of the change in the sample matrix, which affects XRF measurements (Beckhoff, 2006) and the increased
porosite of chalky microstructures. A line scan passing only through the foliated calcite does not show
these shifts (Figure 4B). The dependence of trace element concentrations on microstructure warrants the
consideration of the growth of both shell phases in an analysis of trace element uptake by oyster shells,
showing that analysing only foliated calcite in the hinge of the shell may not yield a complete understanding
of the incorporation of trace elements into the shell.
The profile along the outer edge of the hinge, which only measures the foliated calcite microstructure,
shows more gradual variations in Mg and Sr and less severe decreases in Ca (Figure 4B). Mg and Sr
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profiles through the foliated calcite in the hinge of Crassostrea gigas #1 show variations with a period of
about 5 mm, with the Mg record lagging behind the Sr record. This phase lag changes somewhat
throughout the record because of variations in growth rates in measurement direction (i.e. the same
distance along the profile does not always record the same amount of time). This cannot be avoided,
because a profile through the axis of maximum growth (sampling approximately constant growth rates)
cannot be measured without crossing multiple microstructures (see Figure 3 and Figure 4A). The Mg
record exhibits a sawtooth pattern with gradual increases and rapid drops. Such a seasonal pattern in Mg
(e.g. Richardson et al., 2004; Ullmann et al., 2013) or other proxy records in bivalve shells (e.g. Goodwin
et al., 2003; Peharda et al., 2017) is not uncommon in bivalve records, and truncated minima in Mg
concentration are consistent with the proposed growth cessation during the winter season (Askew, 1972;
Brown and Hartwick, 1988; Kirby et al., 1998; see section 4.1). Indeed, growth cessations observed in
micrographs coincide with areas of low Mg concentrations (Figure 4A and 4B), confirming that the
periodicity in Mg and Sr records is paced to the seasonal cycle. The position of the final growth cessation
shows that the shell started growing just before the harvest date (February 14th, 2017), in agreement with
a short (2 month) growth cessation and a comparatively long (310 days) growing season for these oysters
(see also Lartaud et al., 2010). Successful recognition of annual growth lines allows the determination of
the age of deposition of each part of the shell, allowing ages of the digitized growth lines (Figure 4D) to
be entered as input of the growth model and seasonal changes in growth rate to be modelled (see S3.4).
Interpreted ages of shell deposition for all shells used in this study are found in S3.10.
Reproducibility and measurement error
Lab-based µXRF is a relatively new method for measuring quantitative trace element concentrations in
carbonates. However, in recent years some work has been carried out to demonstrate the reproducibility
of these lab-based XRF systems and to study sources of error of XRF measurements (e.g. Kurunczi et al.,
2001; de Winter and Claeys, 2017; de Winter et al., 2017b; see section 2.3). These studies have shown
that both measurement time and surface properties are important variables controlling the reliability of
XRF measurement results. In de Winter et al. (2017b) it was demonstrated that, as a rule of thumb,
quantitative measurements of common trace elements (concentrations >10 µg/g) require a measurement
time (TSR, see section 2.3) of 60 seconds or more on a system with the properties of the Bruker M4
Tornado (source energy of 30 W). This implies that, while line scanning in this study yields quantitative
results, individual pixels in XRF maps (measurement time of 1 ms) cannot be quantified. However, maps
contain enough pixels (> 3*106; see Table 1) to allow the semi-quantitative phase analysis on which the
model is based to be carried out (see section 2.4). Furthermore, each phase created by this phase analysis
technique contains enough pixels for TSR to be reached, allowing quantification of sum spectra of the
phases (see Table 2). In order to correct for the effect of changing surface conditions during XRF line
scanning, reproducibility errors shown in Table 2 are calculated based on repeated measurements on
different locations on the smoothed surface of a homogeneous carbonate standard using the same
measurement conditions as those applied in the line scanning carried out in this study (see de Winter and
Claeys, 2017; de Winter et al., 2017b). Therefore, errors in the XRF measurements due to surface
heterogeneity and measurement time are taken into account in all quantitative trace element analyses
reported in this study.
Model assumptions
Before the results of the growth and trace element uptake model can be discussed, some assumptions
and approximations made in the model process need to be tested. The model presented in this study
attempts to perform a three dimensional reconstruction of shell size and chemistry based on a two
dimensional cross section through the shell (in dorsoventral direction; see S3.4). Therefore, the most
important assumptions of the model concern the composition and size of the shell in anterio-posterior
direction (see Figure 1D). These assumptions were tested by measuring anterio-posterior cross sections
using XRF mapping and digitizing growth lines in these cross sections.
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Figure 2 shows the result of a comparison between the growth lines in modelled anterio-posterior cross
sections and actual cross sections digitized from scans of the shell. This comparison shows that, in some
cases, the modelled growth line positions match the digitized growth lines relatively well (Figure 2C). In
other occasions, the model may overestimate the length of the shell in anterio-posterior direction (Figure
2A, cross section II, anterior side) or underestimate the extend of the shell in downward direction (in
direction of the opposite valve, see Figure 2A, cross section I and III, anterior side). The latter can happen
when the sides of the shell extend downward past the base line that connects the hinge with the top of the
shell in dorsoventral cross section (see Figure 2 and Figure 3). Imprecise estimation of the length of the
shell in anterio-posterior direction results from the simplified way in which the model estimates the extent
of the shell outward from the cross section (in Z-direction, see Figure 1C and S3.4). Figure 2 shows that
the assumption of a constant height-to-length ratio of the shell applied in the model is not ideal for irregular
shells such as those of Magallana oysters. However, morphological study (e.g. Savazzi, 1987) of other
bivalve taxa show that this assumption approximates the natural situation much better in more regularly
shaped shells (e.g. pectinidae or veneridae). Cross plots of areas calculated between the top of the shell
and growth lines in anterio-posterior cross sections (Figure 2A and 2C) show how areas between
modelled growth lines compare to areas between the same growth lines digitized on the cross section
(data in S3.11). While modelled growth lines do not exactly match the actual growth lines, calculated areas
between modelled growth lines are in relatively good agreement with those of actual growth lines. Slopes
of linear regressions (R2 >0.90) show that modelled areas often underestimate the actual area of the
anterio-posterior cross section. However, in some cases (e.g. Figure 2A, cross section II and III) the area
is overestimated. Closer examination shows that overestimation of the area occurs in places where the
shell is thick in dorsoventral cross section relative to shell portions in anterior or posterior direction (e.g.
Figure 2A, section III, anterior side) or wherever the extent of the shell in anterio-posterior direction is
further than modelled (the shell is longer; e.g. Figure 2A, section II, anterior side). Shell area in anterioposterior direction is slightly underestimated in places where the modelled growth lines are more similar
to the digitized growth lines (e.g. Figure 2C, cross sections I-III). XRF results of anterio-posterior cross
sections (Figure 2A and 2C) show that the different microstructures in these cross sections are correctly
identified by phase analysis on XRF maps. Relative abundances (in number of pixels relative to the total
map area) of chalky and foliated calcite in anterio-posterior cross sections (60.3% vs. 39.7%; Table 2) are
in good agreement with those in dorsoventral cross sections (64.4% vs. 35.6% respectively). Therefore,
relative amounts of microstructures identified in the dorsoventral cross section are representative for the
abundance of microstructures in anterior and posterior direction in the shell, and extrapolation shell
chemistry in anterior and posterior direction in the model is in agreement with observations and should
yield a close approximation of the chemistry of the shell in this direction.
Growth model
Records of shell height, average thickness, volume, mass and growth rates through shell age were
modelled in all C. gigas shells (Figure 6). The growth model was run with a time step of 1 day, a resolution
of 0.1 mm in X-direction (see Figure 1) and the length of the growing season was set at 310 days (see
section 4.2 and Figure 5). Tables containing the complete records of all modelled variables are given in
S3.7, and modelled shell dimensions at the end of the modelling run are given in Table 1. Modelling results
(Figure 6) show that, though there is ample variation in size development between individuals, the
development of shell size variables follow similar patterns in all the examined shells. Because seasonality
in growth rates complicate the observation of general growth patterns, curves are fitted through full growth
records (including one point for every modelled growth day) through the records of digitized growth lines
(including one point for every growth line, eliminating the seasonal component) and through a composite
of growth model results of all shells (dashed lines in Figure 6). Fitted cure parameters are similar for
records both with and without seasonal component (S3.12). Goodness of fit for all growth curves was
tested by coefficient of determination (R2) and Spearman’s rank correlation coefficient (ρ). The latter is
more suitable for testing the goodness of fit of non-linear monotonic functions and is less sensitive to
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outliers. Both coefficients approach a value of 1 for perfect fits and their values are given in in S3.12 (all
individual shells) and Figure 6 (composite records).
Figure
6:
Graphs
showing
modelled
evolution of shell length
(in mm, A), shell volume
(in cm3, B), average
shell thickness (in mm,
C), shell mass (in g, D)
and shell growth rates
(in mg/d, E) with shell
age (in days). Solid
green and blue lines in
different
shadings
indicate records from
individual
C.
gigas
shells. The legend in the
bottom right corner of
the figure shows which
colours correspond to
which shells. Dashed
black curves indicate
curves fitted through a
composite of the growth
curves of C. gigas
shells.
Regression
formulae and statistics
are shown next to the
fitted curves and given
in S3.9 (R2 = Coëfficient
of determination, ρ =
Spearman coëfficient).
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Shell height
Development of shell height in all modelled shells follows the asymptotic Von Bertalanffy growth model
(𝐿𝐿 = 𝐿𝐿∞ ∗ 𝑒𝑒 −𝑘𝑘𝑘𝑘 ; Von Bertalanffy, 1957; Figure 6A). Bertalanffy curves fit the shell height development
reasonably well (R2 > 0.90 for most records, though with lower ρ values for complete shell records). Fits
through growth line records almost always perform better than fits through complete records, because the
seasonality in the model adds scatter relative to the super-annual growth pattern. Parameters of Von
Bertalanffy models (k and 𝐿𝐿∞ ; S3.12) vary strongly between shells. This result is unsurprising for oyster
shells, which are known to show large variations in growth rate and morphology in response to local
environmental constraints on their growth (Galtsoff, 1964; Palmer and Carriker, 1979). Curve fitting
through a composite of all C. gigas shells yields an maximum shell height of ±88 mm and a growth curve
constant (Bertalanffy’s K) of ±0.03 d-1 (Figure 6). The values for maximum shell height are significantly
lower than the value found for sister-taxa C. virginica (150 mm; Rothschild et al., 1994), but this may be a
result of the use of relatively young individuals in this study (age of oldest specimen = 1321 d, or 3 years
and 226 days). The fact that the obtained results seem to fit the Von Bertalanffy model well (R2 = 0.78 and
ρ = 0.81 for the composite record, see Table 1 and Figure 6) shows that the shell development curves
produced by the model resemble natural growth curves, which are often described by the Von Bertalanffy
growth model. The values for Bertalanffy’s K fitting the model results are quite high compared to most
bivalve growth studies (e.g. Bachelet, 1980; MacDonald and Thompson, 1985; Hart and Chute, 2009), but
yearly K-values (yr-1) greater than 1 are not unheard of in bivalve species that show steep growth curves
early in life (e.g. Urban, 2000; Richardson et al., 2004). Modelled shell heights closely resemble those
measured on the shell, with an average offset of 2.61 mm (2.71% relative to the average shell height of
96.2 mm, see Table 1) and are in good agreement with shell height measurements of living specimens of
C. gigas (Diederich, 2006).
Shell thickness
Average shell thickness of oyster shells follows a similar pattern between individuals and is best
described by a linear increase in thickness with age (Figure 6C). Individual results show that the increase
in thickness (slope of the average shell thickness curve; a in mm/d) is quite similar between shells, and
coefficients of determination are high (R2 > 0.90 for all shells except #5), demonstrating the reproducibility
of model results. Average shell thickness at the end of life is similar between different individuals of C.
gigas with a standard deviation of 0.86 mm (Table 1). The convergence of the shell thickness curves at
later age suggests that results in this study might be biased by the use of relatively young individuals.
Differences in the development of shell thickness in oyster shells are likely to be a result of spatial
constraints on shell growth (Bartol et al., 1999). The agreement between the final thicknesses of individuals
is quite remarkable given their irregular shell shape and vastly different proportions of shell height and
length (Table 1). Maximum thickness (in the thickest part of the shell) is not modelled and therefore cannot
be compared with measured values in Table 1, but modelled average thicknesses are in agreement with
observations in the cross section, and are proportional to measured maximum thickness of the shells.
Shell mass and volume
Modelled shell mass and volume development with shell age are best approximated by a polynomial
curve (Figure 6B and 7D). Parameters for these polynomial functions are highly variable between shells,
illustrating the irregularity of C. gigas shells and the sensitivity of these polynomial fits to small changes in
shell size, such as those induced by seasonality in the model. Note that records of shell mass and shell
volume are not equal, since shell density depends on relative contributions of microstructures and these
differences in density are taken into account in the model (Step 6, see S3.4). Exponents of polynomial
curves are lower than 1, indicating a decrease in growth rate with time. This is to be expected since shell
mass and volume can be seen as a combination of the shell height, length and thickness. Since shell
thickness increases linearly and shell height and length increase asymptotically (Von Bertalanffy curve), a
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combination of these effects should yield an increasing function with a decreasing slope. A decrease in
growth rate with age is often found in ontogenetic studies of bivalves (e.g. Ivany et al., 2003; Schöne et
al., 2005). The decrease in growth rate is not observed in every shell (Figure 6B-D and S3.12), illustrating
that the use of young specimens may have biased the shape of the growth curves. The use of commercial
oyster shells meant that some specimens were harvested before reaching the age by which growth rates
were significantly reduced. Modelled shell mass and volume generally underestimate the measured mass
and volume of the same shells by ±6.3 cm3 and ±13.0 g respectively (about 31%). This offset may be
caused by an underestimation of the density of shell microstructures. Relatively light values of 2.35 g*cm 3
and 1.20 g*cm-3 were used in this study (based on Chinzei, 1995; Harzhauser et al., 2017; section 4.1),
while the density of pure calcite is 2.71 g*cm-3. However, this does not explain why modelled mass and
volume of some of the shells (e.g. #3) are higher than the measured values. Another explanation for the
underestimation of volume and mass is that thicker parts of the shell result in higher volume estimates.
This is illustrated in Figure 2 where areas in anterio-posterior cross sections are compared with modelled
areas of these cross sections. The comparison shows that in places where the dorsoventral cross section
through the shell is thicker, the area in anterio-posterior direction is often overestimated (Figure 2, cross
section II and III in anterior direction). Thinner parts of the shell (e.g. posterior cross section II in Figure 2)
result in an underestimation of the shell volume in anterio-posterior direction, even though the shell length
in anterio-posterior direction is large (see section 4.4). While these findings show limitations of the model
for growth modelling of irregular shells, such as those of Magallana and Crassostrea species, Figure 2
shows that overestimation of shell area in anterior direction is often compensated by underestimation in
posterior direction and vice versa. Moreover, the offset caused by this asymmetry will be less severe in
more regular-shaped shells, such as pectinidae or veneridae.
Growth rates
An overview of modelled shell growth rates is given in Figure 6E. Modelled growth rates exhibit a
sinusoidal character due to the introduction of seasonality in the interpolation of growth increments
between digitized growth lines in the model. When records of all shells are lined up based on date of
deposition (as opposed to shell age, as in Figure 6A-D) the periodicities in growth rates of all studies
shells are paced to the seasonal cycle of the years in which they grew. This is true despite the fact that
ages of deposition of the shells were obtained independently from each another based on microscopic
observations and trace element records, showing that the method of dating shell portions based on
sclerochronological observation and records of Mg and Sr applied in this study yields consistent results.
This confirms findings in earlier studies showing that Mg concentrations can be used to age bivalves
(Durham et al., 2017). Growth stops in of all specimens coincide in the winter season, supporting the
assumption that growth cessations in these oysters are short lived and caused by low temperature stress
(see section 4.2 and Lartaud et al., 2010). While seasonality in growth rates between the studied C. gigas
shells is in phase, rates of growth are highly variable within and between records of shells. The same
variation in growth can be observed in the records of shell height and thickness. Periods of faster growth
rates can be associated with either contemporary increases in shell height or in shell thickness, but rarely
both at the same time. This strongly suggests a control of available growth space on the shape and size
development of C. gigas shells in competition with other individuals (e.g. Palmer and Carriker, 1979; Bartol
et al., 1999). On the other hand, food availability is known to significantly affect growth rates in bivalve
shells (Kerswill, 1949; Côté et al., 1994; Surge and Lohmann, 2008). Peaks in growth rate found by the
model results in this study may therefore be attributed to short-lived increases in food availability commonly
associated with algal blooms in spring and autumn in the region of study (Edwards et al., 2001; Wiltshire
et al., 2008). Other studies show that short-lived changes in sea water temperature can have a similar
effect on shell growth (Ansell, 1968). This reliance of shell growth on environmental factors illustrates the
potential of these model results to aid in the reconstruction of environmental conditions.
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Trace element model
Records of modelled accumulation rates and total shell concentrations of Mg and Sr for C. gigas #1
shell are plotted together with concentrations in the hinge of the shell measured using XRF line scanning
(Figure 7). As expected, absolute accumulation rates of trace elements into the shell is strongly linked to
the growth rate of the shell as a whole. However, total shell concentrations added at any given point in
time clearly vary with shell age and show patterns distinctly different from concentrations measured in XRF
line scans. Since the type of microstructure deposited during shell growth is not controlled by growth
seasonality or age (Surge et al., 2001; Titschack et al., 2008; see Figure 4), differences in the ratio of
vesicular to foliated calcite incorporated over time will result in different total shell concentrations.
Comparison of line scans through different parts of the shell hinge and modelled total shell concentrations
show that such differences between microstructures cannot be neglected (Figure 4 and Figure 7). These
differences show that concentrations measured in one microstructure, or even concentrations in line scans
through several microstructures, do not reflect the total concentration of a trace element incorporated into
the shell at any given moment. By comparison, modelled total shell concentrations will more closely
represent concentrations of trace elements taken up into the shell at any given time than measurements
limited to one of the microstructures in the shell. Therefore, differences in total shell concentrations and
concentrations in the shell hinge illustrate the value of the proposed trace element modelling approach.
Furthermore, in combining the results of trace element modelling with measurements on the shell hinge of
bivalves allows the reconstruction of relative amounts of microstructures built into the shell at any given
time. Such information can help isolate of the factors that control these changes, which is an important
question in the study of oyster growth (e.g. Currey and Taylor, 2000; Surge et al., 2001; Titschack et al.,
2008; Beniash et al., 2010). The records of total shell trace element incorporation displayed in Figure 7
form a good basis for the comparison of environmental changes with trace element uptake rates and may
be used to establish total shell based trace element proxies which enable paleoenvironmental
reconstruction.
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Figure 7: Results of Mg (A) and Sr (B) modelling and
line scanning in one of the C. gigas shells (#1 in Table
1). Solid and dashed curves at the bottom of the figure
show measured values of these elements in the
foliated calcite line scan (solid curves) and the line
scan along the axis of maximum growth (dashed
curves, see also Figure 4). Shaded areas in the
centre of the figure indicate the evolution of modelled
accumulation rates of total shell material (in mg/d,
grey areas) and modelled accumulation rates of trace
elements (in µg/d, coloured areas) against shell age.
Solid coloured lines on top indicate the change in
modelled total shell concentrations with shell age.
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Conclusions and outlook
This study proposes a new method of modelling the growth, shape development and trace element
incorporation in bivalve shell based on the location of growth lines in a dorsoventral cross section of the
shell. The advent of a model that can independently constrain growth and trace element uptake rates
would greatly benefit the field of bivalve sclerochronology and paleobiology by providing independent
control on shell growth rates, which influence the expression of geochemical proxies in the shell. This
development is especially interesting for studies dealing with extinct (fossil) bivalve species for which there
are no modern analogues. The basic assumptions of the model render it applicable on all bivalve species
with the same general shape and growth direction. Growth modelling following this numerical approach
yields curves of shell development with age that resemble growth curves established via in vivo
measurements and allows the discussion of differences in growth and development within and between
bivalve species. The present modelling approach allows the comparison of growth and development of
bivalve shells on a sub-annual scale without a priori knowledge about growth rates in the species, opening
up the comparison of proxy records in fossil bivalves with records of growth rate derived by applying this
model. This allows the discussion of the applicability of trace element concentrations as tracers of
environmental change as opposed to being controlled by physiological processes related to shell growth.
The combination of growth modelling with 2D trace element XRF mapping allows the projection of trace
element distribution to a 3D model of shell volume. This way, the average concentration of shell material
added at any given point in time (total shell concentrations) and the rate of accumulation of trace elements
into the bivalve shell can be modelled. Comparison between modelled total shell trace element content
and concentrations measured along the growth axis in the shell hinge following conventional methods
reveals different patterns in trace element concentrations. This shows that conventional trace element
profiles through the shell hinge, which only represent a part of the shell, are not always representative for
total shell concentrations. Further research should therefore consist of applying this modelling approach
in other bivalve studies to compare modelled and measured trace element concentrations. According to
the results presented here, studies focusing on establishing trace element proxy transfer functions could
benefit from basing their regressions on total shell trace element concentrations in addition to
measurements in the shell hinge in their attempts to isolate environmental controls on trace element
concentrations in bivalve calcite.
Code availability
The R script of the ShellTrace model used in this paper was published in the open source research
data repository Zenodo (10.5281/zenodo.1045191). The complete script used for the ShellTrace model in
this publication will be made available R package named “shelltrace” in the CRAN repository (https://cran.rproject.org/web/packages/shelltrace/index.html)
as
well
as
on
GitHub
(https://github.com/nielsjdewinter/ShellTrace) and the script is given in S3.5.
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2.4 Tropical seasonality in the late Campanian (late Cretaceous): Comparison between multiproxy records
from three bivalve taxa from Oman

This chapter has been published in an international peer-reviewed journal:
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Vanhaecke, F., Claeys, P. 2017. Tropical seasonality in the late Campanian (late Cretaceous):
Comparison between multiproxy records from three bivalve taxa from Oman. Palaeogeography,
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Abstract
Geochemical proxy records from calcite shells of bivalves constitute an important archive for the
reconstruction of paleoenvironmental conditions on sub-annual timescales. However, the incorporation of
these trace element and stable isotope proxies into the shell is influenced by a multitude of physiological
and environmental factors that need to be disentangled to enable reliable reconstruction of paleoclimate
and paleoenvironment. In this study, records of multiple proxies in three bivalve taxa from the same late
Campanian locality in Oman are used to study the expression of various geochemical proxies in relation
to each other and to the paleoenvironment. Micro-X-Ray Fluorescence mapping allows the localization,
discussion and evasion of diagenetically altered parts of the fossil shells. X-Ray Fluorescence line
scanning calibrated with Laser Ablation Inductively Coupled Plasma Mass Spectrometry is used to
measure trace element profiles through well-preserved calcitic parts of the shells. Records of stable carbon
and oxygen isotope ratios of shell calcite are combined with these high-resolution trace element
concentration profiles to study sub-annual variations in shell chemistry and reconstruct changes in the
paleoenvironment of the bivalves on a seasonal scale. Spectral analysis routines are used to detect
cyclicity in stable isotope (δ18O and δ13C) and trace element (Mg/Ca, Sr/Ca, S/Ca and Zn/Ca) records.
Differences in seasonal expression between these chemical proxies and between individual shells are
discussed in terms of the relative influence of paleoenvironment and potential species-specific
physiological effects. Stable oxygen isotope ratios between shells suggest a local paleotemperature
seasonality of 8°C around an annual mean of 28°C, with the shell of the rudistid Torreites sanchezi
milovanovici yielding slightly higher average temperatures. The discussion of the application of various
Mg/Ca paleotemperature calibrations on Mg/Ca records in these bivalve species emphasizes the
complexity of using trace element proxies in extinct bivalve species. It shows that long-term changes in
Mg/Ca ratios in ocean water need to be taken into account and that Mg/Ca ratios in bivalves might be
influenced by vital effects. Sr/Ca and S/Ca ratios in these fossil taxa are likely controlled by growth and
metabolic rates of the shell, although an influence of local salinity on strontium-to-calcium ratios cannot be
excluded. Sub-annual variations in zinc concentrations in shell calcite may reflect seasonal variations in
paleoproductivity and redox conditions in the water column.
Introduction
Late Cretaceous climate reconstruction
The Late Cretaceous is a well-studied interval of geological time, in part due to its hothouse climate
punctuated by episodes of rapid climatic and environmental change (Jenkyns, 1980; Huber et al., 1995; Li
and Keller, 1999; Jenkyns et al., 2004). During the Late Cretaceous, atmospheric pCO 2 levels are
estimated to have been two to four times higher (i.e. ~400 to ~1000 ppmV) compared to the pre-industrial
level (280 ppmV; e.g., Berner, 1990; Andrews et al., 1995; Ekart et al., 1999; Quan et al., 2009). The
values projected by the Intergovernmental Panel on Climate Change (IPCC, 2013) indicate that such high
values may be reached within the 21st century – the current global mean pCO2 value is already >400 ppmV
and rises at a rate of 2-3 ppmV/year (Dlugokencky, 2017). This makes the Late Cretaceous an important
geological time period to study the effects of increased pCO2 on Earth’s climate. As such, long-term
changes in climate and environment during this time period have received much attention (e.g., Eshet and
Almogi-Labin, 1996; Clarke and Jenkyns, 1999; Huber et al., 2002; Faul et al., 2003; Friedrich et al., 2012).
However, climatic and environmental changes in the Cretaceous greenhouse world should also be
understood on a much shorter timescale to put long term climate models and reconstructions in their proper
context. Therefore, there is a need to supplement widely available, long-term paleoclimate records, such
as those obtained through deep-sea drilling expeditions and continuous sedimentary archives (e.g. Li and
Keller, 1999; Huber et al., 2002), with more rare data sets that record sub-annual variations.
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Bivalve shells as climate archives
Fossil bivalve shells are well-studied archives that track these sub-annual climate fluctuations. Marine
bivalves record changes in their environment, and thus local climate, as a result of environment-dependent
chemical and isotopic fractionation that takes place during the incremental growth of their carbonate
(aragonitic/calcitic) shell (Epstein et al., 1953; Grossman and Ku, 1986; Jones, 1980; 1983; Klein et al.,
1996a; Lazareth et al., 2003). Chemical variations of pristinely preserved shell material can record changes
in the animal’s environment and local climate down to daily resolution, much higher than can be retrieved
through conventional long timescale climate archives. Thick-shelled rudistid (Mollusca: Hippuritida, see
Newell, 1965) and ostreid bivalves (Mollusca: Ostreoida, see Bouchet et al., 2010) are suitable taxa for
this type of research because their thick calcitic shells are more resistant to diagenesis than those of their
aragonitic relatives (Al-Aasm and Veizer, 1986a; b; Steuber, 1999; Ullman and Korte, 2015). The use of
such shells to reconstruct climate on a sub-seasonal scale has been amply demonstrated by earlier work
on both rudistid (Steuber, 1996; 1999; Steuber et al., 2005; Immenhauser et al., 2005; Hennhöfer et al.,
2012) and ostreid shells (Kirby et al., 1998; Brigaud et al., 2008; Ullman et al., 2010; Fan et al., 2011).
However, there are complications with the use of shells of extinct bivalve species to reconstruct climate
because of potential species-specific differences in physiological (“vital”) effects, such as the effects of
varying growth and metabolic rate on paleoclimate proxies (Fastovsky et al., 1993; Steuber, 1999; Lorrain
et al., 2005; Gillikin et al., 2005; Immenhauser et al., 2005; Schöne et al., 2011). This requires the
construction of species-specific transfer functions for the relationship between climatic and environmental
variables and geochemical proxies in the shell, which requires culture experiments (e.g. Wanamaker et
al., 2007; Freitas et al., 2008). For extinct bivalve species, proxy data sets can be cross calibrated using
related extant species (e.g. Armendáriz et al., 2008). For species without close extant relatives, such as
rudistids, the use of modern bivalve transfer functions can, however, severely reduce the reliability of
reconstructions.
Multi-species approach
The reliability of proxy interpretation in these bivalves can be improved by comparing records from
multiple species and by using multiple proxies. This approach allows isolation of the effect of different
variables on the measured proxies when culture experiments cannot be carried out (Klein et al., 1996b;
Carroll et al., 2009). The present work discusses a multi-proxy analysis of a single ostreid shell and two
associated rudistid taxa from the Campanian Samhan Formation from the Saiwan area in the Sultanate of
Oman, which is characterized by long horizontally-continuous successions of reef-like deposits of bivalves,
stromatoporoids and corals. This shallow marine Tethys Ocean succession contains exceptionally wellpreserved rudistids and other bivalves in life position, allowing multi-species paleoenvironmental
reconstructions to be placed in a wider framework of Late Cretaceous reconstructions in the Tethys Ocean.
The use of three different species in a multi-proxy approach enables an assessment of potential speciesspecific differences in proxy relationships and offers a unique opportunity to isolate seasonal fluctuations
of climate variables recorded in extinct bivalve species. In addition to reconstructing past seasonality, the
use of multiple species and multiple proxies permits a more general discussion of the value of trace
element and stable isotope records from fossil bivalve shells.
Background
Paleoenvironmental proxies in calcite skeletons
A wide range of marine calcifying organisms has been the subject of studies aiming to reconstruct subannual climate. Detailed studies of stable isotope ratios and trace element concentrations in corals
(Goreau, 1977; Swart, 1983; Sinclair et al., 1998), coralline algae (Halfar et al., 2000; Hetzinger et al.,
2011), sclerosponges (Lazareth et al., 2000; Swart et al., 2002), molluscs (e.g. Jacob et al., 2008;
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McConnaughey and Gillikin, 2008; Elliot et al., 2009; Goodwin et al., 2013; Ullmann et al., 2010; 2013;
2015), brachiopods (Veizer et al., 1986; Grossman et al., 1996) and stromatolites (Chafetz et al., 1991;
Andrews and Brasier, 2005) have shown that many of these organisms and colonies record changes in
the chemistry of their carbonate skeleton in response to seasonal changes in their environment. It is
reported that most of these marine organisms precipitate their carbonate skeletons in equilibrium with
ambient seawater, allowing sub-annual reconstruction of paleotemperature from their stable isotope ratios.
However, several other environmental variables, such as salinity, nutrient availability and sea water
chemistry, complicate the reconstruction of paleoseasonality in shallow marine archives (Klein et al.,
1996b; Purton and Brasier, 1997; Surge and Lohmann, 2002). In response to these complications and in
an attempt to obtain a more complete picture of sub-annual variations in the local environment, several
trace element proxies for changes in sea water chemistry have been developed for calcifying organisms.
Magnesium-to-calcium (Mg/Ca) ratios in carbonates have been proposed as proxies for paleotemperature,
potentially allowing independent control on temperature reconstructions and the determination of salinity
changes in combination with stable oxygen isotope ratios (Mitsuguchi et al., 1996; Klein et al., 1996a;
Richardson et al., 2004; Wanamaker et al., 2008; Schöne et al., 2011). Additionally, strontium-to-calcium
(Sr/Ca) ratios have been shown to vary with calcification temperature and salinity in some bivalves and
corals (Dodd and Crisp, 1982; de Villiers et al., 1995; Richardson et al., 2004; Freitas et al., 2006). Several
trace element proxies have been suggested to record changes in paleoproductivity and redox conditions
in ambient sea water. Examples include redox sensitive elements such as manganese (Mn; Freitas et al.,
2006), elements that are enriched in the skeletons of primary producers such as barium (Ba, Gillikin et al.,
2008; Hatch et al., 2012; Marali and Schöne, 2015) and micronutrients such as zinc (Zn) and cadmium
(Cd) which are readily taken up into the shells of bivalves (Carriker et al., 1980; Calmano et al., 1993;
Jackson et al., 1993; Wang and Fisher, 1996; Guo et al., 1997). Other studies have demonstrated the
reproducibility of trace element profiles between specimens living in the same environment, showing that
these records are likely to be governed by environmental factors (Gillikin et al., 2008; Marali et al., 2017).
Vital effects
However, it is now recognized that trace elements are often not taken up in equilibrium with the
environment and that vital effects influence many of these proxies (see Weiner and Dove, 2003 and
references therein). Examples include studies that show relationships between trace element
concentrations and mineral growth in bivalves (Lorrain et al., 2005; Gillikin et al., 2005; Freitas et al., 2006;
Carré et al., 2006; Schöne et al., 2011), evidence of the breakdown of proxy relationships during periods
of growth stress (Lorens and Bender, 1980; Hendry et al., 2001; Takesue and van Geen, 2004) and the
effect of changing redox conditions in the sea water (Vander Putten et al., 2000; Hendry et al., 2001;
Freitas et al., 2006; Beck et al., 2017). Independent chronologies and proxies for the amount of organic
matrix in the shell (e.g. sulphur (S) concentrations) may be used to better constrain vital effects in biogenic
carbonate archives by reconstructing the physiological cycle of the organism (de Villiers et al., 1994;
Sinclair et al., 1998; Rosenberg et al., 2001; Dauphin et al., 2003; Marali and Schöne, 2015). An example
of how the integration of proxies for physiological changes enables the discussion of proxy interpretation,
is the observation of covarying magnesium (Mg) and sulphur (S) concentrations in bivalve archives as
evidence for physiological control on the incorporation of trace elements into bivalve shell calcite (Lorens
and Bender, 1980; Dauphin et al., 2003; England et al., 2007; Perrin et al., 2017). Recent studies have
therefore focused on the integration of multi-proxy records from multiple sub-annual climate archives in
order to isolate the effects of environmental variables (e.g. Black et al., 2009; Wanamaker et al., 2011;
Marali et al., 2017).
Geological setting
The three bivalve specimens described in this study originate from the upper Campanian middle
member of the Samhan Formation in the Saiwan area of the Huqf Desert in east-central Oman (Schumann,
1995). The two rudistid specimens were retrieved in life position from a 200 m wide Vaccinites-dominated
rudist biostrome that contains many large Torreites rudists (Unit V1 in profile 1 in Schumann 1995;
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biostrome unit 2 in Philip and Platel, 1996), while the thick-shelled oyster (Oscillopha figari) originated from
the top of the marly limestone unit directly below the rudistid horizon (top of Unit 1 in profile 1 in Schumann
1995). The Samhan Formation records the development of a shallow marine carbonate platform during a
gradual transgression (Platel et al., 1994). Previously established as early Campanian (Platel et al., 1994),
the middle and upper Samhan Formation were later dated as late Campanian using ammonite
biostratigraphy by Kennedy et al. (2000). This is in congruence with the dating of the Orbitoides tissoti
zone, in which the Samhan Formation is found (Philip and Platel, 1995), to the early late Campanian
(Korbar et al., 2010). Schumann (1995) described the Samhan Formation as a shelf setting far from the
coast, with no evidence of coastal sedimentation. The paleoenvironment was frequently disturbed by
strong currents and storm events and was characterized by high input of weathering products from Omani
ophiolites. The Vaccinites-dominated biostromes are presumably formed during periods of relatively lower
hydro-energy and were very short-lived (100s of years; Schumann, 1995). However, it is hypothesized
that the low diversity of these biostromes suggests an adaptation of Vaccinites and Torreites to a highly
turbulent environment. The O. figari specimen was found 1-2m below the biostrome and is therefore
assumed to have lived before the closely associated rudistid species.
Late Campanian paleoclimate
The late Campanian period is characterized by a climatic optimum with mean annual sea surface
temperatures in northern Europe rising to 19-20°C (Thibault et al., 2016). Modelling results indicate that
mean annual temperatures were approximately 10°C warmer compared to today (DeConto, 1996), but
meridional temperature gradients were probably lower, meaning that tropical temperatures were likely less
different from the present day situation, with tropical surface temperatures estimated at 30°C (Huber et al.,
1995; Brady et al., 1998; Alsenz et al., 2013). At the same time, a higher eustatic sea level caused
continental shelves to be submerged and continents were likely surrounded by extensive shallow seas
(Brady et al., 1998). The geographical setting of this study’s locality fits this description, with shallow marine
conditions above the storm wave base occurring without signs of deltaic sedimentation.
Paleoceanographic studies in the area have demonstrated that the Late Cretaceous Tethys Ocean was
prone to rapid changes in paleoproductivity and redox conditions as the basin became progressively more
confined (Dercourt et al., 1986; Almogi-Labin et al., 1993; Steuber and Löser, 2000; Jarvis et al., 2002;
Fleurance et al., 2013). Besides these local changes, long-term trends in global ocean water chemistry
also significantly influenced the environment in which the bivalves in this study precipitated their shells.
Marine magnesium-to-calcium (Mg/Ca) and strontium-to-calcium (Sr/Ca) ratios were much lower (1-2
mol/mol and 4-6 mmol/mol, respectively, compared to 5 mol/mol and 8-9 mmol/mol in modern oceans;
Stanley and Hardie, 1998; Coggon et al., 2010; Rausch et al., 2013), which is likely to have influenced the
trace element concentrations recorded in shell calcite (e.g. Lear et al., 2015).
Methods
Specimen acquisition and preparation
The shells of two rudistid bivalves (Torreites sanchezi milovanovici Douvillé, 1927; Natuurhistorisch
Museum Maastricht collections, NHMM 2014 052, hereafter TS and Vaccinites vesiculosus Woodward,
1855; Oertijdmuseum De Groene Poort collections, MAB D.R.81 5/19078, hereafter VV) and a thickshelled oyster (Oscillopha figari Fourtau, 1904, NHMM 2014 050a, hereafter OF; Malchus, 1990;
Aqrabawi, 1993) were acquired for the present study. The VV shell was subject of an earlier publication
by de Winter and Claeys (2016). All shells were collected in life position in the upper Campanian Samhan
Formation in the Saiwan area of the Huqf Desert in east-central Oman (Unit 1 of Schumann 1995, 30°39’
N, 57°31’ E, see also Platel et al., 1994; Philip and Platel, 1996; Kennedy et al., 2000 and section above).
Shells were cut longitudinally along their central growth axis and high-grade polished by increasingly finegrained silicon carbide polishing discs (up to P2400) at the Vrije Universiteit Brussel (VUB, Belgium). High125
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resolution (6400 dpi) colour scans were produced of the shell surfaces to track all sample locations in an
overview figure (Fig. 1).
µXRF element mapping
High-resolution elemental abundance maps of the polished surface of shells were created using a
Tornado M4 micro X-ray fluorescence (µXRF) scanner (Bruker nano GmbH, Berlin, Germany). µXRF
mapping was done along a 2D grid with 50 µm spacing, a spot size of 25 µm and an integration time of 1
ms per pixel. The X-ray source was operated under maximum energy settings (600 µA, 50 kV) and no
source filters were applied. Details of the setup of the Tornado M4 scanner for the mapping of bivalve
calcite can be found in de Winter and Claeys (2016). Higher resolution (25 µm spacing) maps were made
of smaller areas of the shells. Mapping by µXRF permitted qualitative element abundance distributions to
be visualized (see Fig. 1).
µXRF line scanning
To determine the best approach for µXRF scanning, trace element profiles were measured on the outer
calcite layer along the length of the VV shell using three methods: 1) conventional µXRF line scanning
according to de Winter and Claeys (2016), 2) a µXRF point-by-point line scanning method with longer
integration time (60s) after de Winter et al. (2017), and 3) two different transects quantified by Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICPMS). To optimize the results, XRF maps
were used to guide sampling of well-preserved parts of the shells in all transient line scanning methods.
The method for conventional XRF line scanning on bivalve calcite is detailed in de Winter and Claeys
(2016). For point-by-point line scanning, the X-ray beam is allowed to dwell on each point for 60 s at
maximized energy settings (50 kV, 600 µA, no source filter) with a sampling resolution of 100 µm for a
total of 978 and 1051 points respectively for VV and TS and a total of 431 points for the OF shell. This
allows more time for each XRF spectrum to be accumulated and results in more reproducible results (de
Winter et al. 2017). All XRF line scans were quantified according to the Fundamental Parameters method
of the Esprit software calibrated to BAS CRM393 limestone trace element reference material (Bureau of
Analyzed Samples Ltd, UK). XRF point-by-point scans were carried out on the outer calcite layer in the
growth direction of the rudistid shells (VV and TS) and through a polished section of the hinge of the OF
shell perpendicular to the growth layers (see Fig. 1).

126

NIels_de_Winter_def.indd 136

13/02/19 10:31

Figure 1: Overview of colour scans and XRF maps of Vaccinites vesiculosus (VV, 1A), Torreites sanchezi milovanovici (TS, 1B) and Oscillopha
figari (OF, 1C) sections. Images on the left show colour scans of the polished surface of the bivalves with locations of the lines of measurement
in yellow. Central images show XRF maps of relative intensities of Fe (red), Si (green) and Ca (blue). Images on the right-hand side show XRF
heatmaps of the relative intensity of Fe and Mn, with red colours indicating higher concentrations and blue colours indicating lower concentrations
(see scale bar in 1A). Figures 1B and 1C contain close-ups showing growth microstructure of the calcite in the outer shell layer and the hinge of
the TS and OF shells, respectively. Background of the VV maps (1A) shows glass beads used to stabilize the shell during measurement. This
was not necessary for the measurement of the heavier TS and OF shells (1B and 1C).

LA-ICPMS line scanning
LA-ICPMS measurements were carried out at the Atomic and Mass Spectrometry research unit of
Ghent University (Ghent, Belgium). A detailed account of LA-ICPMS methodology is found in S4.1. XRF
line scans were calibrated by using the bulk concentration of one of the LA-ICPMS transects as an
additional standard and establishing a calibration curve. The results of the application of these methods
and a schematic overview of the calibration of XRF results with LA-ICPMS results are shown in Figure 2.
127

NIels_de_Winter_def.indd 137

13/02/19 10:31

A detailed explanation of the calibration calculations is given in S4.1. After this correction, the average
offset of strontium (Sr) concentrations between corrected XRF measurements and results of the second
LA-ICPMS line scan (not used in the correction) was 9.1% for point-by-point analysis and 12% for
conventional line scan analysis. All trace element profiles discussed further in this study are measured by
point-by-point XRF line scanning and calibrated using the LA-ICPMS calibration. Reproducibility standard
deviations and instrument errors are reported in Table 1 and were calculated according to de Winter et al.
(2017). Data of all calibrated trace element and stable isotope measurements used in this study are
provided in S4.2-S4.5.

Figure 2: A) Plots of Sr concentrations measured along the growth axis of Vaccinites vesiculosus (VV) using LA-ICPMS (blue and green) and
two µXRF methods; conventional line scanning (linescan) in red and point-by-point (pt-by-pt) scanning in purple. XRF data in 2A are corrected
using conventional single-standard correction with CRM393. Dashed lines marked “A”, “B” and “C” correspond to marks on the sampling lines in
Figure 1A. B) Schematic representation of the correction of XRF data from single-standard calibration (solid gray line) to two-standard calibration
(solid black line). This re-correction allows any single-standard calibrated value [M]old to be corrected to a two-standard calibrated value ([M]new;
see formula and explanation in S4.1). C) Linear regression plots of Sr concentrations of the first LA-ICPMS line (blue line in 2A) against strontium
concentrations measured in the other three line scans, both before (left) and after the calibration with the second LA-ICPMS linescan.
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Table 1: Overview of measured average concentrations, measurement reproducibility (1 standard deviation, SD) and instrumental uncertainty
(1 SD) based on XRF deconvolution for major and trace element measurements on the Vaccinites vesiculosus (VV) shell using the two XRF
methods (conventional line scanning and point-by-point analysis) and LA-ICPMS. For LA-ICPMS, the coefficient of determination (R2) of the
calibration curve based on standard measurements is given.

Stable isotopic analysis
Pristine calcite in cross sections of all three bivalve shells was sampled for stable isotope analysis using
a microscope guided drill (Merchantek/Electro Scientific Industries Inc. (ESI), Portland (OR), USA, coupled
to Leica GZ6, Leica Microsystems GmbH, Wetzlar, Germany) equipped with a 300 µm wide tungsten
carbide drill bit. Samples for stable isotope analysis were taken at a resolution of 500 µm for TS (243
measurements) and 250 µm for VV and OF (328 and 92 measurements respectively). The spatial sampling
resolution was decided upon based on the presence of annual growth bands and recognized annual cycles
in trace element ratios measured by µXRF, and was chosen such that each interpreted year contained at
least four samples. Samples for stable isotope analysis were taken along the same transects as XRF and
LA-ICPMS measurements (see Fig. 1). In the OF shell, all samples for stable isotope analysis were taken
in the dense foliated calcite layers which are concentrated in the hinge of the left valve of the shell (Fig.
1). Sample aliquots with a typical weight of 30-50 µg were reacted with phosphoric acid (H3PO4.H2O) at
70°C in a Nu Carb carbon preparation device coupled via dual inlet to a Nu Perspective isotope ratio mass
spectrometer (Nu Instruments, UK) and the resulting CO 2 was analysed for stable carbon and oxygen
isotope ratios. Analytical uncertainty was determined by repeated measurement (N = 194) of the in-house
reference material MAR2 (Marbella marble, δ13C: 3.41 ± 0.10‰VPDB; δ18O: 0.13 ± 0.20‰ VPDB; 1
standard deviation, SD) and found to be 0.05‰ and 0.09‰ for δ13C and δ18O values (1 SD), respectively.
This MAR2 reference material was previously calibrated using the international NBS-19 stable isotope
standard (Friedman et al., 1982). All stable isotope values are reported in permille relative to the Vienna
Pee Dee Belemnite standard (‰VPDB).
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Statistical analyses
Statistical analyses were performed to assess the possible presence of seasonal cyclicity in the records.
To test for periodic behaviour in proxy records, periodograms were generated by R 3.1.2 software package
(R Development Core Team, 2008) using three methods of spectral analysis in a frequency range of 10 -5
and 10-3 µm-1: 1) A Lomb-Scargle Periodogram (LSP, see Lomb 1976; Scargle 1982) was calculated from
untreated datasets using the R “lomb” package by Ruf (1999) with an oversampling factor of 100 and a
confidence level of 90%. 2) A Multi Taper Method Spectral Analysis (MTM, see Thomson, 1982) was
carried out on uniformly resampled and linearly detrended datasets using the R “astrochron” package by
Meyers (2014). 3) A simple periodogram (SP, see Bloomfield, 2004) was calculated from uniformly
resampled and linearly detrended datasets using R core functions. Confidence levels for detected
frequencies were calculated via “red noise” estimation and harmonic F-test calculation (Thomson, 1982)
using functions in the R “astrochron” package by Meyers (2012) and significant periodicities were extracted
from the records by bandpass filtering (Hays et al., 1976) using the “bandpass” function in the R
“astrochron” package (Meyers, 2012) on untreated datasets using a Cosine-tapered window and a zeropadding factor of 5. The script used for these spectral analysis routines including the parameters that were
used and the resultant data of filters, powerspectra and confidence levels is given in S4.6-S4.9. In addition
to spectral analysis, p-values and Pearson’s correlation coefficients were calculated for correlations
between all paleoenvironmental records from the bivalve shells to provide a statistical basis for the visually
observed correlations between records.
Results
XRF mapping
An overview of all XRF maps is given in Figure 1. The element distribution maps render a qualitative
overview of the presence of elements in a sample and may therefore be used to detect heterogeneity
within the sample. Comparison of the manganese (Mn) and iron (Fe) heatmap with the colour scan of VV
indicates that brown spots visible on the polished surface of the shell are associated with increased
concentrations of Fe, Mn and Si. The Fe-Si-Ca map of the VV shell (Fig. 1A) illustrates how various
comparatively Fe- and Mn-rich spots are found within the more Ca-rich outer shell surface. It also shows
that the innermost area of the shell as well as the left valve are characterized by higher concentrations of
Fe and Mn. XRF maps of the second rudistid shell (TS) indicate that a larger part of this shell shows
enrichment in elements other than Ca compared to VV. The Fe-Si-Ca distribution map (Fig. 1B) indicates
that the nature of these enrichments is different in the sense that a major section of area is enriched in
silicon (Si) rather than Fe. A large area of the inside of the outer shell layer of TS has lower concentrations
of Si, Fe and Mn. Enrichments in Fe, Mn and Si only occur in the outer ±10 mm of the shell and a corona
of several millimetres around the more porous inner parts of the shell. The central part of the outer calcite
layer is characterized by the presence of fine growth layers, which are shown in the close-up of Fig. 1B.
The oyster shell (OF; fractured during sample preparation) contains the lowest concentrations of Fe, Mn
and Si (Fig. 1C). Thin coronas of carbonate enriched in Si, Fe and Mn surround the OF shell, while the
interior shows no signs of enrichment in these elements. A close-up of a cross section through the hinge
of the oyster (Fig. 1C) indicates a thin rim of Fe- and Mn-rich carbonate, while the inside of the shell is
characterized by low concentrations of these elements and well-preserved dark growth layers.
Trace element concentrations
Figure 3 provides an overview of the range in concentrations of major and trace elements measured in
all three shells by LA-ICPMS-calibrated XRF point-by-point line scans. Obtained concentrations of all
measured elements fall within the same order of magnitude between different shells, with the exception of
Fe. Even though an effort was made to avoid inclusions of Mn and Fe based on their location in Figure 1
(see above), the VV record contains higher values for Fe, Mn and Si. Concentration ranges of other
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elements are mostly similar between shells except for Mg, which is significantly lower in the OF record.
Concentrations of Mg, Sr, S and Zn (±1100, ±900, ±200 and ±100 µg/g, respectively) are similar to
concentrations of these elements found in other studies of well-preserved fossil and modern bivalve calcite
(Carriker et al., 1980; Al-Aasm and Veizer, 1986a; b; Steuber, 1999; Vander Putten et al., 2000; Holmden
and Hudson, 2003).
Figures 4, 5 and 6 present an overview of a selection of trace element and stable isotope records of
the three characterized shells. Running averages of 11 points of the trace element records illustrate mmscale variations in the records and are favoured over individual point measurements, which may be
influenced by the irregularities on the sample surface (see de Winter and Claeys, 2017; de Winter et al.,
2017). A comparison of Figure 4 with Figure 5 and 6 confirms that concentrations of Mn, Fe, and Si in VV
are overall higher than in the TS and OF shells. Further inspection of the records of these elements shows
that the measurements that yield high Mn, Fe, and Si abundances are highly localized and are often
associated with lower than average Ca concentrations. As evident from the XRF maps (Figure 1A), the
lower 22 mm of the VV shell is characterized by areas with high concentrations of Mn, Fe and Si. In
contrast, concentrations of Mn, Fe and Si in TS and OF are an order of magnitude lower (Mn < 150 µg/g,
Fe < 40 µg/g, Si < 200 µg/g) and Ca concentrations in these shells do not fall below 38 weight per cent
(wt%). Concentrations of other trace elements occur in the same order of magnitude in all shells, with the
exception of Mg, which shows consistently lower concentrations in OF than in the rudistid shells (see also
Fig. 3). Records of Mg/Ca, Sr/Ca, Zn/Ca and S/Ca show regular fluctuations with an amplitude of 50 to 75
per cent of the average value in all three shells. Regular fluctuations occur on a scale of 10 mm in VV (Fig.
4), 15-20 mm in TS (Fig. 5) and 2-3 mm in the oyster record (OF; Fig. 6). The expression of these
fluctuations in trace element records, especially those of Zn and S, is in general not sinusoidal but rather
shows a punctuated character with rapid shifts in concentration and longer episodes of relative stability.
Trace element records often co-vary (most notably Mg/Ca and Zn/Ca) or show anti-correlations (e.g. Zn/Ca
and S/Ca). The Sr/Ca record of OF is characterized by a pronounced ontogenetic increase and shows a
large drop at the end of the record. Fluctuations in the Sr record of OF are smaller than in the rudistid
shells. Another ontogenetic trend in OF is observed in the S/Ca record, which shows much less variation
in the initial ±6 mm of the record followed by an increase in fluctuation for the remainder of the record. A
similar, though less pronounced, intensification of the trace element fluctuations is observed in the records
of Mg/Ca and Zn/Ca.
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Figure 3: Average concentrations of all trace elements measured in the VV (purple), TS (blue) and OF (orange) shells using LA-ICPMS
calibrated point-by-point XRF measurements. Bars indicate ranges of concentrations measured in the shell calcite and black dots indicate the
averages of these ranges. Values below 1 ppm are dashed because these are below the detection limit of the method (de Winter and Claeys,
2016). Elements of interest for this study are highlighted.

Stable isotope ratios
Figures 4-6 show that stable carbon and oxygen isotope ratios (δ13C and δ18O) fluctuate periodically
around a stable background in all bivalve shells. An exception to this is the last part of the δ13C record in
OF (Fig. 6) where a decreasing trend is observed. While δ13C values are similar between shells (±0.5‰
to 2.5‰ with a mean value of ±1.5‰ in VV and TS and ±2‰ in OF), large inter-shell differences are
observed in δ18O values. Oxygen isotope ratios are highest in OF (roughly between -4‰ and -3‰ with a
mean value around -3.5‰) and significantly lower in TS (-6‰ to -5‰, mean value around -5‰) with
intermediate values for VV (between -5‰ and -3‰ with a mean value of -4‰). Fluctuations in stable
isotope values also vary between shells. Measured δ13C values fluctuate with an amplitude of
approximately 1‰ in VV and OF, while fluctuations in TS are about 1.5‰. Oxygen isotope values fluctuate
from 1 to 1.5‰ in TS and OF, but are closer to 2‰ in VV. Stable isotope fluctuations seem to follow the
same periodicity as the trace element records (10-20 mm in rudistid shells, 2-3 mm in OF) and relationships
between these records are described in paragraph 4.5. Fluctuations in the stable isotope records are more
regular and have a more constant amplitude compared to trace element records.
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Figure 4: Vaccinites vesiculosus (VV) shell. Overview of stable isotope (‰VPDB), elemental abundance (wt.% and µg/g) and relative
abundance records (mmol/mol, 11 point running average). Shaded vertical red bars indicate intervals with high concentrations of Si, Fe and Mn.
Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling lines in Figure 1A.
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Figure 5: Torreites sanchezi milovanovici (TS) shell. Overview of stable isotope (‰VPDB), elemental abundance (wt.% and µg/g) and relative
abundance records (mmol/mol, 11 point running average). Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling lines in
Figure 1B.

134

NIels_de_Winter_def.indd 144

13/02/19 10:31

Figure 6: Oscillopha figari (OF) shell. Overview of stable isotope (‰VPDB) and elemental abundance records (wt.% and µg/g) and relative
abundance records (mmol/mol, 11 point running average). Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling lines in
Figure 1C.
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Seasonal cyclicity
Relatively scaled powerspectra of three methods of spectral analysis (MTM, Lomb-Scargle and simple
periodogram) are plotted in Figure 7, 8 and 9. Confidence levels for detected frequencies show that
frequencies with high spectral power according to all spectral analysis methods (black rectangle in Figs.
7-9) are generally associated with high (>80%) estimated confidence levels. These are the frequency
ranges that are filtered from the records using bandpass filtering. Resulting bandpass filters in the
frequency domain of seasonality pick up fluctuations in the records that were identified in Figures 4-6.
Figures 7-9 show that the period best describing the data is ±8 mm long in VV, ±20 mm in TS and ±3 mm
in OF. Results of spectral analysis show that all records show periodicity in the seasonal range, but cyclicity
is, in general, best represented in Sr/Ca, Mg/Ca and stable isotope records, where bandpass filters most
successfully pick up the cyclicity in the records. Results from the three different methods of spectral
analysis are not similar in all cases but agree, in general, in the frequency domain where the seasonal
cycle is found. Bandpass filters of the proxy records reflect the periodic variation in stable isotope records,
but fail to explain the majority of the variation in trace element records, which have a less sinusoidal
character. Furthermore, interpretation of growth seasons in Figures 7-9 show that the amount of calcite
deposition in the shells is not equal between seasons, resulting in larger parts of the TS shell being
deposited under high-δ18O conditions and slightly larger parts of the VV shell deposited under low-δ18O
conditions. There is no observable difference in the length of seasons in the OF shell. Interpretation of
seasonal cyclicity in the three shells yields an age of 9 years for OF, 6 years for TS and 8-9 years for VV.
Age of VV is uncertain due to the poorly preserved lower ±20 mm which precluded isotope analysis, forcing
the growth period to be estimated to 2-3 years for this part of the shell (see Fig. 7).

Figure 7: Records of stable isotopes and four element-to-calcium ratios from Vaccinites vesiculosus (VV) are plotted together with cyclical
components filtered from the data using bandpass filtering. Spectrograms show powerspectra from the three methods of spectral analysis
(coloured lines) as well as confidence levels calculated using red noise estimation and harmonic F-tests (grey shaded areas) of every record. The
black rectangle on the powerspectra indicates the range of frequencies with significant periodicity used as the window for bandpass filtering.
Yellow and white bars represent interpreted seasons in the δ18O record. Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling
lines in Figure 1A.
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Phase relationships
As indicated in Figures 4-9, periodic fluctuations of stable isotope and trace element records can be
traced between different proxy records. An overview of visually observed and statistically significant
correlations between proxy records of the bivalves is given in Table 2. Figures 7-9 show that many proxies
only show clear phase relationships in parts of the record and correlations between total shell records are
generally low (see Table 2), as proxies shift in and out of phase. One example of this is found in the VV
shell, where periodicity in Zn/Ca, δ13C and Sr/Ca is most pronounced in the central part of the record (30
– 70 mm; Fig. 7). Another case is in the OF record where the last two millimetres are influenced by a
strong trend in δ13C and Sr/Ca, whereas the part of the record that immediately precedes this drop (i.e.,
14 – 22 mm) shows clear periodic variation. A close inspection of the phase relationships between proxies
(Figs 7-9) demonstrates that periodicities in δ18O records are generally in phase with Mg/Ca. However,
this relationship is only statistically significant in OF (Table 2). On the other hand, the positive relationships
between Mg/Ca and S/Ca that are visually observed in all shells do have a statistical basis. Positive
correlation of Sr/Ca with S/Ca is both visually observed and statistically significant in the rudistid shells,
but not in the oyster shell. Another difference between the rudistids and the oyster is a negative correlation
of δ13C with S/Ca and Sr/Ca in the rudistid shells, which in the OF shell is positive. The latter is presumably
caused in large by the sharp drop in Sr/Ca and δ13C near the end of the record. Sr/Ca ratios seem to be
in antiphase with Mg/Ca ratios in most shell records, but this correlation is only weakly significant in TS
and OF. In the TS shell, contrary to the other two shells, both stable isotope records are strongly correlated.
The relationship of Zn/Ca with other records is complicated, as not many correlations have statistically
significant p-values (p < 0.05). Pearson’s coefficients (r) indicate that Zn/Ca ratios often exhibit weak
positive correlations with Mg/Ca and negative correlations with Sr/Ca. However, these relationships are
not always supported by visual inspection, mostly because the phase relationship of these records tends
to change across the record (see Figs. 4-9). Interestingly, visual inspection suggests a negative
relationship between Zn/Ca and S/Ca, especially in the parts of VV and OF that show well-expressed
periodicity. However, this relationship is only significant in the bulk statistics of the TS record. This again
indicates that phase relationships between these proxies are complex, change throughout the records and
cannot easily by summarized by a statistical value.
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Figure 8: Records of stable isotopes and four element-to-calcium ratios from Torreites sanchezi milovanovici (TS) are plotted together with
cyclical components filtered from the data using bandpass filtering. Spectrograms show powerspectra from the three methods of spectral analysis
(coloured lines) as well as confidence levels calculated using red noise estimation and harmonic F-tests (grey shaded areas) of every record. The
black rectangle on the powerspectra indicates the range of frequencies with significant periodicity used as the window for bandpass filtering.
Yellow and white bars represent interpreted seasons in the δ18O record. Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling
lines in Figure 1B.
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Figure 9: Records of stable isotopes and four element-to-calcium ratios from Oscillopha figari (OF) are plotted together with cyclical
components filtered from the data using bandpass filtering. Spectrograms show powerspectra from the three methods of spectral analysis
(coloured lines) as well as confidence levels calculated using red noise estimation and harmonic F-tests (grey shaded areas) of every record. The
black rectangle on the powerspectra indicates the range of frequencies with significant periodicity used as the window for bandpass filtering.
Yellow and white bars represent interpreted seasons in the δ18O record. Dashed lines marked “I”, “II” and “III” correspond to marks on the sampling
lines in Figure 1C.

Discussion
Shell preservation
Spatial distribution
In the case of fossil bivalve taxa, a map of Fe, Si and calcium (Ca) concentrations highlights zones in
the sample, where the calcite underwent diagenetic overprinting. As such, Figure 1 provides an initial
survey of the state of preservation of the bivalve shells. In addition, a heatmap of the combined intensities
of Fe and Mn (elements both associated with diagenesis, see Al-Aasm and Veizer, 1986a; b; Steuber,
1999), highlights those spots where diagenetic carbonates, (re-)crystallized post-mortem, are most
common. XRF maps indicate that the best-preserved calcite is found in the outer shell layers of rudistid
shells. As discussed by de Winter and Claeys (2016), this layer is punctuated by zones of diagenetic
material that should be avoided during sampling. In the VV shell, the left part of the shell cross-section
contains a higher amount of these spots affected by diagenesis than the right part and spots are present
in greater concentration in the lower part of the shell (as oriented in Fig. 1). The concentrations of Ca, Si,
Fe and Mn in the sampled parts of shells (Figs. 3-6) indicate that the preservation state of the calcite
sampled in TS and OF is better than that of VV. Trace element records together with the XRF maps in
Figure 1 indicate that diagenesis, although present to some extent in all shells, is more localized and
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therefore easier to avoid during sampling of TS and OF. This explains why the VV record contains more
intervals with increased concentrations of Si, Fe and Mn (see also Fig. 3). Another difference between the
VV shell and TS and OF is the relative concentrations of Si, Fe and Mn in altered parts of the shell
(Compare Fig. 4 with Figs 5 and 6). This difference may be explained by two different types of diagenesis
that affected the fossils.
Boring
The first is represented by the highly Fe and Mn enriched spots in VV, which can be explained by boring
into the shell by predators (most likely sponges; Sanders and Baron-Szabo, 1997). Bore holes are later
filled in by detrital material rich in Fe, Mn and Si (see de Winter and Claeys, 2017). These bore holes
explain the drops (by several weight percent) in concentration of Ca observed in Figure 4, where calcite
is replaced by (Fe-, Mn- and Si-rich) inclusions of detrital material that filled up the bore holes. This boring
into the bivalve shells most likely took place during the life time of the bivalve or early post-mortem and
has most strongly affected the VV shell. The relatively thin outer shell layers of VV probably made it more
susceptible to boring predation than the significantly more thick-shelled TS and OF (Sanders and BaronSzabo, 1997), explaining more frequent bore holes in the VV shell and higher local Fe and Mn
concentrations (see also Fig. 3).
Silicification
The second type of diagenesis is silicification, which is evident from the corona of Si-rich material that
is present on the outside and in the cavity of the TS shell and to a lesser extent on the OF shell (Fig. 1).
This silicification took place after burial of the fossils, is strongly controlled by the local concentration of Si
in the pore fluid (Maliva and Siever, 1988) and has left large (mm- to cm-scale) euhedral quartz crystals in
the porous cavity of the TS shell (Fig. 1). The fact that VV was relatively unaffected by silicification seems
counter-intuitive, as VV and TS shells are stratigraphically more closely associated with each other than
with OF, which was found slightly lower in the stratigraphy. However, since the V1-member of the Samhan
Formation, from which VV and TS originate, is laterally continuous for 200m (Schumann, 1995), it cannot
be excluded that local differences in Si content of the pore fluid in this member were large enough to cause
the observed difference in the extent of silicification between the shells. While traces of silicification are
also visible in OF, it is hypothesized that the calcite shell of this bivalve was likely more resistant to
replacement by quartz than the partly aragonitic TS shell (see Schubert et al., 1997), preventing the
extensive (cm-deep) invasion of Si-rich pore fluid observed in the TS shell from affecting OF. The last 2
mm of the Sr/Ca record in the OF shell (Fig. 6) were probably affected by diagenesis as drops in Sr
concentration are much more severe than those observed in pristine modern bivalves. The sharp decrease
in Sr/Ca is matched by a decrease in δ13C, potentially indicating incorporation of 12C-enriched carbonate
during diagenesis. The statistically significant positive correlation between Sr/Ca and δ13C (Table 2) is
strongly controlled by this diagenetic drop at the end of the record.
Data filtering
In Figure 4 (VV), parts of the trace element record that show peaks in the concentrations of these
elements were removed from records of Mg/Ca, Zn/Ca, Sr/Ca and S/Ca to avoid interpretation of parts of
the record that were affected by diagenesis. This was not necessary in the records of TS and OF as the
Mn and Fe concentration in these shells mostly remained well below 200 µg/g, which has been proposed
as a threshold for pristine shell material (Brand and Veizer, 1980; Al-Aasm and Veizer, 1986; Steuber,
1999). However, as is evidenced by the presence of silicification in these shells, thresholds of Mn, Fe and
Sr concentrations as indicators for pristine carbonate preservation are highly simplistic and can only be
used to trace calcite recrystallization from reducing pore fluids (Aller, 1980; Brand and Veizer, 1980).
Furthermore, fossilization of the bivalves has probably limited the preservation of organic matter in the
shells, as indicated by the lower S concentrations found in the present study (100-200 µg/g) compared to
higher (~500 µg/g) S concentrations found in modern bivalve studies (Lorens and Bender, 1980; Dalbeck
et al., 2006). Microscope-guided drilling for stable isotope samples guided by XRF mapping allowed bore
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holes and silicified shell parts to be avoided, and the resulting filtered trace element and stable isotope
records (Figure 4-6) are indicative for well-preserved bivalve calcite.
Multi-proxy records
Comparison with modern shells
Element-to-Ca ratios of Mg, Zn and Sr of fossil shells in this study are in agreement with ratios found in
modern bivalves (e.g. Carriker et al., 1980; Al-Aasm and Veizer, 1986a; b; Steuber, 1999; Vander Putten
et al., 2000; Holmden and Hudson, 2003). Mg/Ca and Sr/Ca in OF are similar to those found in modern
oyster species (Carriker et al., 1980; Ullmann et al., 2013; Mouchi et al., 2013), though with lower Mg/Ca
than found in the estuarine oyster Crassostrea virginica (Surge and Lohmann, 2008). Concentrations of
Zn, Mn and Fe are also in close agreement with those found in modern oyster shells (Carriker et al., 1980;
Ullmann et al., 2013), and S concentrations are similar to those found in foliated calcite structures of
Crassostrea gigas by Dauphin et al. (2013), though slightly lower than those found in other marine bivalves
such as Mytilus edulis (Lorens and Bender, 1980; Dalbeck et al., 2006). Trace element concentrations are
generally higher in VV and TS, and are in closer agreement with those in calcite shells of modern marine
bivalves (Vander Putten et al., 2000; Gillikin et al., 2005; Freitas et al., 2009), with the exception of S,
which is lower than found in calcite of marine bivalves (Lorens and Bender, 1980; Dalbeck et al., 2006)
and low-Mg calcite shells of brachiopods (England et al., 2007), but in closer agreement with
concentrations in the aragonitic tridacnid bivalve Hippopus hippopus (Yoshimura et al., 2013). Higher
concentrations of trace elements in rudistid bivalves compared to the hinge of the oyster are in agreement
with similar offsets between prismatic and foliated calcite structures in modern oysters (Carriker et al.,
1980). The fact that Mg/Ca ratios are low compared to modern shells is likely a result of the lower Mg/Ca
ratios in Late Cretaceous ocean water, in which the bivalves grew (Stanley and Hardie, 1998). The fact
that Mg/Ca ratios in these bivalves approach modern values if the (3.3 times) lower Mg/Ca ratios of
seawater in which they grew where taken into account indicates that these bivalves lived in full marine
conditions and that they incorporated Mg into their shell proportional to ambient Mg/Ca ratios similar to
modern bivalves (Surge and Lohmann, 2008).
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Table 2: Overview matrix of correlations between proxy records in the three bivalves. Upper matrices show correlations made
antiphase correlations while green fills signify in-phase correlations. Matrices in the second row show p-values of correlations b
significant relationships (p < 0.05), while red fills indicate no significant relationship. The bottom row of matrices show P
Green fills indicate positive correlations between records (r > 0) and red and orange fills indicate negative correlations (r
between the records.
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Phase relationships
The complexity of phase relationships in this multi-proxy study is illustrated by the lack of significant,
strong (p<0.05; r>0.60) correlations between proxy records (Table 2). This lack of linear relationships is
caused by different variables acting on the proxies at different times and because the expression of
seasonality in the shells is not always equally strong (Figs. 7-9). A close examination of Figures 7-9 shows
that this is indeed the case, as filtered sinusoidal trends only explain a part of the variation. The amplitude
of seasonality observed in proxy records is also highly variable along the length of the shell records, and
on many occasions this seasonality (especially in trace element records) is overprinted by short-lived
variations, obscuring phase relationships between proxies. Finally, the amount of shell material deposited
in a year is variable, generally becoming shorter with shell age, an observation that is in agreement with
observations in modern bivalves (e.g. Richardson et al., 2004; Schöne et al., 2005; 2011).
Bivalve physiology
Ontogenetic trends

Despite the fact that bivalves in this study were relatively short-lived, some ontogenetic trends are
observed in the record. The gradually decreasing trend in Sr/Ca in the OF shell is similar to ontogenetic
trends in Sr/Ca found in modern oysters (Ullmann et al., 2013), suggesting an effect of growth rate on the
incorporation of Sr into OF. Discarding the final drop in δ13C, no significant ontogenetic trend in δ13C values
is observed in OF. On a seasonal scale, lows in Sr/Ca coincide with high δ13C (Figs. 7 and 9), indicating
that differences in metabolic rate may have controlled Sr/Ca ratios, as observed in culture studies on
modern bivalves (Lorrain et al., 2005; Freitas et al., 2006). Since Sr/Ca seasonality in OF is weak, its
correlation
is controlled
byfills
the
stronger ontogenetic trend. This illustrates that it remains important to
ow correlations made on the
basis of on visual
inspection. Red
indicate
visually
inspectGreen
andfills
compare
seasonal records to complement bulk statistical analysis of the proxy records.
alues of correlations between
these records.
indicate statistically
matrices show Pearson’sInterpretation
coefficients (r) of correlations
between
records.
of seasonal
cycles
in these figures further indicate that shell growth varies seasonally. The
correlations (r < 0). White fills indicate that there is no significant correlation
length of the interpreted warm/low-salinity season (lower δ18O) and cold/higher-salinity season (higher
δ18O) are not equal, showing differential growth rates between the seasons or even complete growth halts
during extreme conditions (Wanamaker et al., 2011). The difference in the amount of shell material
deposited during different seasons indicates either that the records of TS was more strongly affected by
extreme conditions in the warm/low-salinity season than the other shells, or that its growth conditions were
more extreme in terms of high temperatures and/or low salinities than those of VV and OF. The former
hypothesis might indicate that TS was more resistant to extreme conditions, but the latter hypothesis
cannot be excluded because the length of these short-lived bivalve records means that the probability of
these organisms living at the same moment in time is small. Thickness of annual deposits in the shells
decreases with age, suggesting ontogenetically decreasing growth rates, in agreement with other studies
of rudistids (Steuber, 1995; 1996) and oysters (Ullmann et al., 2010). Periodic fluctuations in the stable
isotope records of the OF shell are paced to the growth increments observed in Figure 1, showing that
these growth increments are likely annual in Oscillopha figari, contrary to those observed in modern
Crassostrea gigas (Ullmann et al., 2013).
Physiological control on trace element incorporation
The correlation between Mg/Ca and S/Ca found by Lorens and Bender (1980) is also observed in the
bivalve records in the present study (Table 2), and is especially clearly visible in the OF record. S is present
in the organic matrices of bivalve calcite in the form of ester sulphates and comprises approximately 10
per cent of the organic matter in the shell, meaning that S/Ca ratios of up to 10 mmol/mol can be explained
by the occurrence of S in organic matter in the shell (Crenshaw, 1972; Lorens and Bender, 1980).
However, more recent studies have concluded that a large fraction of S in bivalve shells is present in
inorganic form (Yoshimura et al., 2014). Annual fluctuations in S contents in extant aragonitic and calcitic
bivalves have been linked to growth rate and concentrations in the calcifying fluid, with lower S
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concentrations during more rapid growth (Yoshimura et al., 2013, 2014). These fluctuations become
progressively more pronounced with age in the OF shell, showing that perhaps these short episodes of
rapid growth become more common with age in the oyster shell. This increase in fluctuation of the S/Ca
record is mirrored in the Mg/Ca record. The covariations of S/Ca with Mg/Ca can be explained by local
increases in the amount of organic matrix in the carbonate structure of the shell. It has been shown that
bivalves secrete additional sulphate-bearing organic matter under the influence of crystal growth-inhibiting
concentrations of Mg in order to seed calcite growth by locally increasing Ca concentrations, causing local
enrichments of Mg and S in the shell (Lorens and Bender, 1980). This physiological control on Mgincorporation would mean that Mg concentrations, whenever correlated to S concentrations, are
associated with the organic matrix of the shell rather than the calcite, implying that caution must be
exercised when interpreting Mg/Ca ratios in terms of paleotemperature (Rosenberg and Hughes, 1991;
England et al., 2007). Alternatively, if part of the Mg in the shells is bound to the organic matrix rather than
the calcite lattice, increases in S/Ca and Mg/Ca ratios may indicate calcite deposited during times of stress,
when more organic matter is secreted (Lorens and Bender, 1980; Rosenberg et al., 1989; 2001). Such
periods of increased stress may also be controlled by growth rate or environmental stress, as episodes of
rapid growth or outside stress may rupture the periostracal rim resulting in increased organic matrix
production and allowing sulphate-rich sea water to enter the extra-pallial fluid (Carriker et al., 1980; Skelton
et al., 1990; Rosenberg et al., 2001). This hypothesis is consistent with the occurrence of storm events in
the turbulent environmental setting of the bivalves, which could have caused disruption of the bivalve’s life
environment on a regular basis.
Sea water chemistry
Zn/Ca ratios and paleoproductivity
Parts of all shell records show periodic spikes in Zn/Ca, indicating that there were seasonal changes in
productivity in the environment. The punctuated character of the Zn/Ca record, with sharp increases rather
than more sinusoidal fluctuation, can be explained by episodes of release of Zn into the environment after
productivity blooms. The fact that Zn concentrations are lower during the remainder of the record is
ascribed to its role as a micronutrient. It is continuously taken up by primary producers and bound to
organic ligands without being replenished fast enough unless during times when respiration increases
dramatically, i.e. after productivity blooms (Bruland, 1989; Calvert and Pedersen, 1993; Vance et al.,
2017). If Zn concentrations in the shell increase after episodes of increased productivity, as shown in
modern environment studies (Calvert and Pedersen, 1993; Jackson et al., 1993; Guo et al., 2002), Zn/Ca
fluctuations record blooms of paleoproductivity in the shallow marine environment of the shells. This also
explains why often multiple peaks in Zn/Ca ratios per year are observed, especially in the OF and TS shell
records, which display double peaks in Zn/Ca paced to seasonal variation in δ18O records. These
increases in paleoproductivity likely strongly affected the local surface ocean chemistry, especially in the
progressively more confined Late Cretaceous Tethys Ocean (Dercourt et al., 1986; Almogi-Labin et al.,
1993; Steuber and Löser, 2000; Jarvis et al., 2002; Fleurance et al., 2013). Indeed, Zn/Ca peaks in VV
and OF seem to be paced to intervals with higher δ13C values, which may reflect increased δ13C values in
the water indicative of increased productivity (Grossman, 1984; Jarvis et al., 2002; Takesue and van Geen,
2004) or decreased metabolic activity (Klein et al., 1996b; Owen et al., 2002; Gillikin et al., 2006). The
latter may be explained by changes in the redox state of the shallow ocean as a consequence of the
reduction of organic matter after a productivity bloom. It has been proposed that this relationship between
metabolic rate and δ13C values is especially strong during periods of relatively low respiration and low
ambient CO2/O2 ratios, as is the case in well-oxygenated waters (McConnaughey et al., 1997; Gillikin et
al., 2006). The observed anti-phase relationship between Zn/Ca and Sr/Ca in VV and OF supports this
hypothesis of reduced metabolic rate in the shells during periods corresponding to peaks in Zn/Ca ratios.
Such seasonal changes in redox conditions in the surface ocean are common in present-day low-latitude
settings (Morrison et al., 1998). Under more oxygen-poor conditions, the mobility and bioavailability of
redox sensitive elements in the water column increases significantly (Zwolsman et al., 1997; Gerringa et
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al., 2001). Seasonal cycles in Zn/Ca and S/Ca are especially evident in the OF shell, showing that changes
in Zn availability are readily recorded in oyster shells, as shown by Carriker et al. (1980) and Guo et al.
(2002). Large S/Ca shifts show that seasonal changes in the organic matter fraction incorporated in the
shell of OF are more pronounced than in the rudistid shells.
S/Ca ratios and sea water chemistry
In parts of VV and OF where Zn/Ca shows well-expressed periodicity, the record is in antiphase with
S/Ca ratios, which might be interpreted as evidence for an environmental control mechanism on S
concentrations in the shells (Figs. 4, 6, 7, 9). One hypothesis might be that more reducing conditions allow
S to be precipitated in sulphides while more oxidizing conditions can remobilize S from the sediment,
increasing S concentrations (Ku et al., 1999; Kah et al., 2004). However, since the sulphate concentration
in ocean water is several orders of magnitude higher than the concentrations of S found in the present
study, it is unlikely that changes in redox conditions in this shallow, open-marine system could have
brought about conditions where this source would be limited (Chester, 2009). Evidence of a highly turbulent
environment in which these bivalves lived renders severe redox stratification unlikely (Schumann, 1995).
Furthermore, a redox shift that allows the precipitation of sulphides would also reduce the bioavailability
of Zn by means of precipitation of Zn sulphides, and this is not consistent with the observed antiphase
relationship between Zn/Ca and S/Ca (Calvert and Pedersen, 1993; Guo et al., 1997). Furthermore, the
precipitation of ZnS requires more reducing conditions than may be expected in the shallow marine,
turbulent environment of the bivalves in this study (Guo et al., 1997; Schumann, 1995). Instead, it is more
likely that a change in growth and metabolic rate caused by increases in productivity, when Zn
concentrations are highest, resulted in an increase in S/Ca ratios.
Paleotemperature seasonality
Stable oxygen isotopes
In several studies, relationships have been found between chemical proxies (Mg/Ca, Sr/Ca and δ18O)
in biogenic carbonates and the calcification temperature of these carbonates (e.g. Epstein et al., 1953;
Craig, 1965; O’Neil et al., 1969; Tarutani et al., 1969; Hays and Grossman, 1991; Takesue and van Geen,
2004; Wanamaker et al., 2008). Since other factors (e.g., salinity, growth rate and water chemistry) also
appear to control these proxies in molluscan shells, different proxies need to be compared to isolate the
effect of temperature. Temperature transfer functions were either obtained through controlled inorganic
calcium carbonate precipitation (e.g., Epstein et al, 1953; O’Neil et al., 1969; Kim and O’Neil, 1997) or
from culture experiments and comparison of proxy data with historical temperature records in bivalves as
well as in other calcifying organisms (e.g., de Villiers et al., 1995; Freitas et al., 2005; Takesue and van
Geen, 2004; Surge and Lohmann, 2008; Wanamaker et al., 2008). For paleotemperature reconstructions
based on δ18O values, a value of -1‰ is assumed for Late Cretaceous sea water (Savin and Yeh, 1981;
Steuber, 1995). Temperature estimates of minima and maxima of the seasonal cycle based on stable
oxygen isotope ratios from shell OF and VV yield temperatures of 25°C and 32°C respectively within a 12°C range depending on the calibration used (e.g. Epstein et al., 1953; Craig, 1965; O’Neil et al., 1969;
Tarutani et al., 1969; Hays and Grossman, 1991). Minimum seasonal temperatures based on δ18O values
in the OF and VV shells are in agreement, while maximum seasonal temperatures recorded in VV (~34°C)
exceed those determined for OF (~30°C). Temperatures for the TS shell using the same parameters turn
out higher, ranging between 34°C and 43°C. Temperatures determined based on OF and VV are in
agreement with temperatures found for Vaccinites cornuvaccinum, Vaccinites ultimus, Vaccinites oppeli,
all of which are in the same family as VV, as well as to temperatures derived from other rudistid taxa from
the Upper Cretaceous (Steuber, 1995, 1996, 1999). Temperatures found in the seasonal cycle of TS
overlap with those documented for other rudistids, but are still exceptionally high (Steuber et al., 2005),
suggesting that δ18O values in this rudistid may have been controlled by other factors besides temperature.
Seasonal changes in salinity could account for a change in stable oxygen isotope ratios (Klein et al.,
1996a). The distal, open marine environmental setting of these shells, however, precludes a strong riverine
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component to explain large changes in salinity. Because of the relatively high δ18O values of rainfall in
tropical climates, changes in salinity in the order of 10 g/kg would be required to account for a 1‰
difference in δ18O in the TS shell (Ravelo and Hillaire-Marcel, 2007). However, it cannot be excluded that
seasonal salinity changes did influence the stable isotope records of the shells differently, primarily
because it is not certain exactly how much time existed between the lifetimes of the bivalves. Furthermore,
as speculated above, it is likely that extreme parts of the seasonal cycle were not recorded in one species
while they were recorded in another. The preferential exclusion of part of the seasonal cycle from the TS
shell (in this case the 18O-depleted warm/low-salinity part of the cycle) would explain the difference in
seasonality between the δ18O record of this shell and that of the closely associated VV, but does not
explain the 1‰ difference in mean value between the records. Differences in seasonality between the
rudistid shells and the OF are probably explained by actual changes in climate between their lifetimes, as
a significant amount of time may separate their formation. The fact that δ18O time series in modern oysters
seem to faithfully record water temperatures (if δ18O of seawater is well-constrained; see Surge and
Lohmann, 2008; Ullman et al., 2010) puts slightly more confidence in the temperatures reconstructed from
the VV shell. Although isotope ratios from Torreites shells from the same region have been interpreted to
fractionate in disequilibrium with respect to ambient sea water (Steuber, 1999), the data in this study
cannot confirm or disprove this statement. However, since disequilibrium fractionation of isotopes in
marine calcitic bivalve shells is rare, it cannot be excluded that TS precipitated its calcite under significantly
lower-salinity (-10 g/kg) or higher temperature (+8°C) with respect to the other two bivalves. Furthermore,
it must be stated that the use of one specimen for each species in this study precludes the discussion of
specimen-specific effects and therefore adds a certain uncertainty to the reconstructions. This uncertainty
is somewhat alleviated by the agreement of the temperature reconstructions in this study with other
bivalve-based (Steuber, 1995, 1996, 1999) and other reconstructions (e.g. Huber et al., 1995; Brady et al.,
1998; Alsenz et al., 2013).
Mg/Ca ratios
Even though Mg/Ca ratios have been proposed as a proxy for calcification temperature in a range of
calcifying organisms (e.g. Klein et al., 1996a; Vander Putten et al., 2000; Elderfield and Ganssen, 2000;
Takesue and van Geen, 2004; Freitas et al., 2005; Wanamaker et al., 2008; Surge and Lohmann, 2008;
Cléroux et al., 2008; Mouchi et al., 2013), empirically determined dependencies of Mg concentrations on
sea water temperature as well as mean concentrations of Mg in these biogenic calcites differ strongly,
causing widely different transfer functions between these studies, as illustrated in Figure 10. The fact that
Mg/Ca ratios in the OF shell are systematically lower than those from the rudistid shells shows that
applying the same transfer function for these shells would lead to different paleotemperature
reconstructions. Using oyster-based calibrations to calculate temperatures from Mg/Ca ratios in the OF
shells yields unrealistically cold mean annual temperature estimates of 2.9°C (Surge and Lohmann, 2008)
and 8.8°C (Mouchi et al., 2013) with a seasonal temperature variability of ±2.5°C and ±6°C, respectively.
A probable reason for these underestimations of temperature with respect to the temperature
reconstructions based on δ18O is that the Mg/Ca ratio of ocean water in the Late Cretaceous (1-2 mol/mol;
Stanley and Hardie, 1998; Coggon et al., 2010) was lower than it is today (5 mol/mol; Stanley and Hardie,
1998). While the incorporation of trace elements into bivalve calcite is not yet fully understood, it seems
likely that concentrations in ambient sea water exert a dominant control on the concentrations in the shell.
Taking this estimated decrease in sea water Mg/Ca ratios by a factor of 3.3 with respect to present-day
values into account and recalculating temperatures based on Mg/Ca ratios in the OF shell yields mean
annual paleotemperature estimates of 9°C with a temperature seasonality of 10°C using the Surge and
Lohmann (2008) calibration and 25°C with a temperature seasonality of 14°C for the Mouchi et al. (2013)
calibration. These mean annual temperature estimates, especially those based on Surge and Lohman
(2008), are still much lower than those based on δ18O values, and temperature seasonalities of 10°C or
more seem unrealistic for tropical ocean water. When this correction for different sea water Mg/Ca ratios
is applied on the Mg/Ca records of VV and TS, reconstructed seasonalities based on bivalve calibrations
(Klein et al., 1996a; Vander Putten et al., 2000; Takesue and van Geen, 2004; Wanamaker et al., 2008)
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are unrealistically high as well (>10°C), while mean annual temperatures vary widely depending on the
calibration that is used (see Fig. 10). It is possible that the temperature dependence of the incorporation
of Mg into bivalve calcite was different in low-Mg/Ca oceans or in the much hotter climate of the Late
Cretaceous, or that a part of the Mg in bivalve shells is associated with the organic matrix in the shell and
controlled by physiological processes rather than ambient temperature (Freitas et al., 2009; see discussion
in section 5.3). In any case, the present exercise shows that paleotemperature reconstructions based on
the Mg/Ca proxy need to be treated with care until the mechanisms controlling the incorporation of Mg into
the shell is better understood.

Figure 10: Crossplot showing the Mg/Ca ratios in biogenic calcite and its relationship to calcification temperature. Dashed lines indicate
paleothermometer calibrations of foraminifera (blue), oysters (green) and other bivalves (purple). Shaded boxes indicate the ranges of Mg/Ca
ratios and δ18O-inferred paleotemperatures in this study. The arrow points towards Mg/Ca values that were corrected for Mg/Ca values of that sea
water, estimated to be ±3.3 times lower than today. Horizontal and vertical bars indicate the seasonal amplitude of the records.

Sr/Ca ratios
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Paleotemperature estimates based on Sr/Ca ratios in bivalve calcite also need to be treated with care,
since previous studies have shown that changes in Sr/Ca ratios correlate with changes in growth and
metabolic rate (Klein et al., 1996b; Lorrain et al., 2005; Freitas et al., 2006) and salinity (Klein et al., 1996b;
Wanamaker et al., 2008). Nevertheless, some authors have proposed relationships between Sr/Ca ratios
and sea water temperature (Takesue and van Geen, 2004; Wanamaker et al., 2008). Calibrations from
both these studies show a positive correlation of Sr/Ca with temperature, while a negative relationship
would be expected based on experimental data and thermodynamic considerations (Rimstidt et al., 1998).
Applying these calibrations on this study’s Sr/Ca records leads to severely inconsistent estimates and
consistent underestimation of sea water temperatures with respect to temperatures based on δ18O values
(-13°C to 30°C mean annual temperatures according to the calibration of Wanamaker et al., 2008
assuming 32 g/kg salinity and 5°C to 8°C mean annual temperatures according to the Takesue and van
Geen (2004) intertidal aragonite shell calibration). Furthermore, the Wanamaker et al. (2008) calibrations
yield unrealistically large seasonal temperature ranges. Correction for lower Sr/Ca ratios in Late
Cretaceous ocean water or use of a low salinity model from Wanamaker et al. (2008) yields impossibly
high temperature estimates (>100°C). Using the calibration from Takesue and van Geen (2004) with sea
water-corrected Sr/Ca values yields temperatures closer to temperatures based on δ18O, though much
lower (mean annual temperatures range from 12°C for OF to 14°C for TS with temperature seasonalities
of 1.5°C for OF and 10°C for the rudistids). Nevertheless, reconstructions based on Sr/Ca ratios vary
significantly between specimens and are much lower than would be expected of this locality. These results
illustrate the complexity of Sr/Ca ratios in bivalves and shows that they are not necessarily temperature
dependent (e.g. Lorens and Bender, 1980; Klein et al., 1996b, Steuber, 1999). It is possible that the Sr/Ca
is in part controlled by temperature, while much of the larger variation in Sr/Ca is caused by other
processes such as the above-mentioned growth rate and salinity effects.
Conclusions
The study of three co-occurring extinct bivalve taxa sheds light on differences in the response of these
bivalves to seasonally changing environmental conditions. µXRF line scanning on polished shell surfaces
provides a method for simultaneous acquisition of multiple trace element records, including S, along the
growth axis of the shells with a strong control on possible effects by diagenesis. A combination of these
trace element records with stable carbon and oxygen isotope measurements illustrates the complex
interplay of environmental and physiological processes that control the incorporation of trace elements
and stable isotopes into bivalve shells in this low-latitude setting in the late Campanian south eastern
Tethys Ocean on the seasonal scale. Our results indicate that δ18O-based temperature reconstructions
yield a seasonal temperature cycle of ±8°C around a mean annual sea surface temperature of ±28°C,
which is comparable to the present-day situation in the oceans near Oman and in agreement with other
reconstructions. Temperature reconstructions based on Mg/Ca or Sr/Ca ratios remain problematic in fossil
bivalves, because of the vast differences in the transfer functions found for modern bivalves and the
uncertainty in long-term fluctuations of trace element concentrations in the oceans. Correction of Mg/Ca
ratios for reconstructed differences in sea water Mg/Ca ratios between the present and the Late
Campanian yields temperatures that are close to those reconstructed via stable oxygen isotopes, but such
reconstructions exhibit much larger seasonal differences, indicating that Mg/Ca ratios in these bivalves
are controlled by more than just sea water temperature. The existence of physiological effects on Mg
incorporation into these bivalve shells is evidenced by covarying Mg/Ca and S/Ca ratios. Paleotemperature
reconstructions using Sr/Ca ratios are different from those based on stable oxygen isotope ratios, leading
to the conclusion that temperature dependence of this proxy is weak at best and that other factors such
as growth rate, metabolism and salinity probably have strong effects on the Sr/Ca ratios. Zn records show
that these Late Campanian shallow seas were characterized by productivity blooms, which control Zn
concentrations in the water column analogous to present-day shallow-marine systems. After these blooms,
enhanced respiration remobilized Zn in the surface ocean and decreased growth rates of the bivalves,
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leading to the decreased incorporation of S in their shells. The oyster species Oscillopha figari appears to
have been especially sensitive to these changing conditions and a clear periodic record of Zn and S is
recorded in its shell. Since some of the studied proxies are likely to have been controlled by the animal’s
growth rate and metabolism, further research into the quantification of growth rates as recorded in extinct
bivalve shells could reflect a valuable tool in the interpretation of these multi-proxy records.
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2.5 An assessment of the latest Cretaceous Pycnodonte vesicularis (Lamarck, 1806) shells as archives
for paleoseasonality: a multi-proxy investigation

This chapter has been published in an international peer-reviewed journal:
de Winter, Niels J., Vellekoop,J., Vorsselmans, R., Golreihan, A., Soete, J., Petersen, S.V., Meyer, K.W.,
Casadio, S., Speijer, R.P., Claeys, P. 2018 An assessment of latest Cretaceous Pycnodonte vesicularis
(Lamarck, 1806) shells as archives for paleoseasonality: a multi-proxy investigation. Climate of the Past
14.6: 725-749.
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Abstract
In order to assess the potential of the honeycomb oyster Pycnodonte vesicularis for the reconstruction
of paleoseasonality, several specimens recovered from late Maastrichtian strata in the Neuquén Basin
(Argentina) were subject to a multi-proxy investigation, involving scanning techniques, trace element and
isotopic analysis. Combined CT scanning and light microscopy reveals two calcite microstructures in P.
vesicularis shells (vesicular and foliated calcite). Micro-XRF analysis and cathodoluminescence
microscopy show that reducing pore fluids were able to migrate through the vesicular portions of the shells
(aided by bore holes) and cause recrystallization of the vesicular calcite. This renders the vesicular portions
not suitable for paleoenvironmental reconstruction. In contrast, stable isotope and trace element
compositions show that the original chemical composition of the foliated calcite is well-preserved and can
be used for the reconstruction of paleoenvironmental conditions. Stable oxygen and clumped isotope
thermometry on carbonate from the dense hinge of the shell yield sea water temperatures of 11°C, while
previous TEX86H paleothermometry yielded much higher temperatures. The difference is ascribed to
seasonal bias in the growth of P. vesicularis, causing warm seasons to be underrepresented in the record,
while TEX86H paleothermometry seems to be biased towards warmer surface water temperatures. The
multi-proxy approach employed here enables us to differentiate between well-preserved and diagenetically
altered portions of the shells and provides an improved methodology for reconstructing
paleoenvironmental conditions in deep time. While establishing a chronology for these shells was
complicated by growth cessations and diagenesis, cyclicity in trace elements and stable isotopes allowed
for a tentative interpretation of the seasonal cycle in late Maastrichtian paleoenvironment of the Neuquén
basin. Attempts to independently verify the seasonality in sea water temperature by Mg/Ca ratios of shell
calcite are hampered by significant uncertainty due to the lack of proper transfer functions for pycnodontein
oysters. Future studies of fossil ostreid bivalves should target dense foliated calcite rather than sampling
bulk or vesicular calcite. Successful application of clumped isotope thermometry on fossil bivalve calcite
in this study indicates that temperature seasonality in fossil ostreid bivalves may be constrained by the
sequential analysis of well-preserved foliated calcite samples using this method.
Introduction
The Late Cretaceous is generally considered a greenhouse world (e.g. Hay, 2008). Indeed,
reconstructed global mean temperatures and atmospheric pCO2 concentrations for this period generally
exceed those of the present-day climate (e.g., Berner, 1990; Andrews et al., 1995; Ekart et al., 1999;
Hunter et al., 2008; Quan et al., 2009; Wang et al., 2013). As such, the Late Cretaceous may be considered
an analogue for climate of the near future if anthropogenic greenhouse gas emissions continue unabated
(Hay et al., 2008; IPCC, 2014; Dlugokencky, 2017). Many studies have yielded reconstructions of Late
Cretaceous climates using either climate models or a variety of proxies in temporally long archives, such
as deep-sea cores and continental sections (Pearson et al., 2001; Huber et al., 2002; Otto-Bliesner et al.,
2002; Miller et al., 2003; Friedrich et al., 2012; de Winter et al., 2014; Vellekoop et al., 2016). Yet, although
most deep-time climate reconstructions so far have focused on reconstructing mean annual temperatures
(MAT), climate change also involves changes in other climate variables, such as precipitation, seasonality
and the frequency of extreme weather events, which all take place on timescales shorter than those that
can be resolved in the above mentioned long archives. Therefore, it is important that these climate
variations are understood on a shorter timescale.
One way to achieve such high-resolution paleoclimate and paleoenvironmental reconstructions is by
using marine organisms that grow their shells incrementally. Marine bivalves are excellent paleoclimate
recorders, since they have a broad geographic distribution and because the rapid secretion of their shells
allows for the high time resolution needed to resolve climate variables on a sub-annual scale (e.g. Jones,
1983; Dettman and Lohmann, 1993; Steuber, 1996; Schöne et al., 2005a;b). The relationship between
shell chemistry and the environmental conditions in which bivalves grow has been studied intensively
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(Gillikin et al., 2005a; Elliot et al., 2009; Marali and Schöne, 2015). As a result, many geochemical proxies
have been described based on bivalve calcite. Examples include temperature calibrations for Mg/Ca and
stable oxygen isotope ratios (δ18O; e.g. Klein et al., 1996a; Richardson et al., 2004; Freitas et al., 2008;
Wanamaker et al., 2008), tentative salinity calibrations using Sr/Ca and the combination of Mg/Ca and
δ18O (Dodd and Crisp, 1982; Klein et al., 1996a; Watanabe et al., 2001) and proxies for paleoproductivity,
such as Ba/Ca and Mn/Ca (Lazareth et al., 2003; Gillikin et al., 2008).
Despite their potential for high-resolution paleoenvironmental reconstruction, seasonally resolved
bivalve records are rarely combined with longer timescale reconstructions (e.g. Steuber et al., 2005;
Schöne et al., 2005c; Harzhauser et al., 2011; Butler et al., 2013; Hallmann et al., 2013). A disadvantage
of using bivalves for long-term paleoclimate reconstructions is the potential problems that arise when using
multiple bivalve species for paleoclimate reconstruction (Gillikin et al., 2005a; b; de Winter et al., 2017a).
Culture experiments in extant bivalve species have shown that paleoenvironmental proxies in bivalve
calcite may be affected by mechanisms that are independent of the environment of the animal and are
controlled by variables such as growth, reproductive cycle and metabolism (the so-called “vital effects”;
Dunbar and Wefer, 1984; Weiner and Dove, 2003; Gillikin et al., 2005b; Lorrain et al., 2005; Carré et al.,
2005). These vital effects are often species-specific and limit the applicability of proxy transfer functions
from modern culture studies to multiple species in the same study or to species for which no culture study
data is available. The integration of different species of bivalves in paleoclimate studies is further
complicated by the various ecological niches these species of bivalves occupy, resulting in great variability
in their direct environments (Chauvaud et al., 2005; Dreier et al., 2014). In addition, bivalves are often,
though not exclusively, found in shallow marine and estuarine environments. This further complicates the
interpretation of bivalve records in terms of global climate (e.g. Surge et al., 2001, Richardson et al., 2004;
Gillikin et al., 2008; Wisshak et al., 2009; Ullmann et al., 2010; Crippa et al., 2016), as these environments
are often characterized by large variations in temperature, salinity and water chemistry, making it hard to
disentangle the effects of different environmental variables on geochemical proxies (e.g. Duinker et al.,
1982; Morrison et al., 1998; Pennington et al., 2000).
The above-mentioned problem of combining different high-resolution climate records to study climatic
variations on a geological timescale can be overcome by combining results from multiple well-preserved
bivalve specimens of the same species and in the same geological setting. Several studies have tried such
a multi-specimen approach to trace changes in high-resolution climate variables, such as seasonal
variations, over geological timescales (Dettman and Lohmann, 2000; Dettman et al., 2001; Steuber et al.,
2005; Gutiérrez-Zugasti et al., 2016). However, such reconstructions require bivalve species that preserve
well, are geographically widespread, have a high occurrence frequency over longer timescales and record
seasonal-scale variations within their shell.Potential candidate species for such studies are bivalves of the
genus Pycnodonte. This genus of oysters (Bivalvia: Ostreoida; Fischer von Waldheim, 1835) is
characterized by a well-developed commissural shelf and vesicular shell microstructure (hence the name
“honeycomb oyster” or “foam oyster”; Stenzel, 1971; Hayami and Kase, 1992). Members of the genus
Pycnodonte are found in geological deposits from the Lower Cretaceous to the Pleistocene. The
appearance of Pycnodonte shells in a wide range of paleolatitudes and geological settings, especially in
the Cretaceous, makes them a promising archive for high-resolution climate reconstructions (Ayyasami,
2006; Fossilworks, 2017). As mentioned in Titschak et al. (2010), records from large and long-living
bivalves, such as Pycnodonte, provide several advantages in comparison with other seasonality archives.
They are slow-growing in comparison to other ostreid taxa, have rather limited kinetic effects and
disequilibrium fractionation of stable isotopes (McConnaughey 1989; Abele et al., 2009). In addition,
Pycnodonte bivalves likely did not have symbionts, in contrast to, for example, tridacnid bivalves (Elliot et
al., 2009). This means that Pycnodonte bivalves take up nutrients and other elements directly from their
environment, simplifying the interpretation of their shell composition. Their low-Mg calcite shells are less
prone to diagenetic alteration than shells made of aragonite or high-Mg calcite (Al-Aasm and Veizer, 1986;
Pirrie and Marshall, 1990), and their sedentary life mode ensures that they fossilize in life position. The
156

NIels_de_Winter_def.indd 166

13/02/19 10:31

latter enables the integration of environmental information extracted from the sediments in which they are
fossilized into the discussion of their shell chemistry.
The species Pycnodonte vesicularis (Lamarck, 1806) is one of the most common and long-ranging
species of Pycnodonte. Therefore, in this study the potential for P. vesicularis to be used as an archive for
sub-annual environmental variability in the Late Cretaceous is explored. The present study focuses on the
characteristics of fossil specimens of P. vesicularis from the upper Maastrichtian Jagüel Formation of the
Bajada de Jagüel section, Argentina (Figure 1A). A range of qualitative, semi-quantitative and quantitative
methods is applied to investigate the nature of the P. vesicularis shell material, shell morphology and its
preservation state. The aim of this multi-proxy approach is to characterize the microstructure and chemical
composition of the P. vesicularis shell and its ontogenetic development and to assess its potential as a
recorder of paleoseasonality.
The species Pycnodonte vesicularis
Pycnodonte vesicularis was reclining and inhabited muddy bottoms on the shallow marine shelf with a
low sedimentation rate (e.g. Brezina et al., 2014). Individual valves of P. vesicularis vary considerably in
dimension, outline, convexity, wall thickness, muscle scar position, deepness and shape, as well as the
characteristics of chomata (Pugaczewska, 1977; Brezina et al., 2014). This variability depends on the age
of the individual and local environmental conditions, especially the substrate. According to Berzina et al.
(2014), about one third of P. vesicularis valves at Bajada de Jagüel are mature (gerontic) specimens,
characterized by relatively thick valves (>10mm) with a well-developed vesicular layer. Given their longer
life span, mature specimens of P. vesicularis were considered most suitable for the present investigation.
In the past, several studies have attempted to calculate the age of individuals of P. vesicularis based
on the number of laminae in the complex of lamellar and vesicular layers (Nestler, 1965), or the number
of growth lines in the ligament (Müller, 1970). Yet, so far no studies have investigated the potential of P.
vesicularis shells as paleoseasonality records based on their geochemical signature. Unfortunately, no
extant species of Pycnodonte are known, rendering culture experiments for these species impossible.
However, two species of the closely related Neopycnodonte (Stenzel, 1971) are found in deep-sea habitats
today (Neopycnodonte conchlear, Poli, 1795, and Neopycnodonte zibrowii; Videt, 2004; Wisshak et al.,
2009), whereas the extant pycnodontein genus Hyotissa is characterized by a shallow-marine distribution
(Titschack et al., 2010). Detailed studies of the shell morphology and chemical composition of N. zibrowii
and Hyotissa hyotis were reported in Wisshak et al., (2009) and Titschak et al., (2010), respectively, and
are used as a basis for comparison of the Pycnodonte oyster shells.
Geological Background
Paleogeographical context
The studied specimens were collected from the Bajada de Jagüel (BJ) section (38°06’10.5”S,
68°23’20.5”W). The site is situated in the Neuquén Basin in Argentina, which is bordered to the south by
the North Patagonian massif and to the northeast by the Sierra Pintada massif (Figure 1B and 1C). The
Bajada de Jaguël section has a paleolatitude of ~43˚S ± 2° relative to the paleomagnetic reference frame
of Torsvik et al. (2012) according to palaeolatitude.org (van Hinsbergen et al., 2015). A large transgression
from the South Atlantic into the basin (Bertels, 2013) occurred from the late Maastrichtian to early Danian,
during a time of relative tectonic quiescence and low magmatic activity (Malumian et al., 2011).
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Paleoenvironment
The Maastrichtian mudstones of the Jagüel Fm. are homogeneous and intensely bioturbated, indicating
a well-oxygenated seafloor, with paleodepths of approximately 50-75 m (Scasso et al., 2005; Woelders et
al., 2017; see also Figure 1). A coarse-grained, mottled, clayey sandstone bed, 15-25 cm thick, separates
the Maastrichtian and Danian mudstones. This sandstone bed represents the K-Pg boundary and is
thought to have resulted from a tsunami wave, related to the Chicxulub impact event (Scasso et al., 2005).
During the late Maastrichtian and early Danian, North and Central Patagonia experienced a warm, humid
climate. Pollen records suggest rainforests, coastal mangrove forests and swamp communities in the
region (Baldoni, 1992; Kiessling et al., 2005; Barreda and Palazzesi, 2007; Iglesias et al., 2007; Palazzesi
and Barreda, 2007). This vegetation type is classified as megathermal and indicates average air
temperature of 24°C or higher (Barreda and Palazzesi, 2007; Palazzesi and Barreda, 2007; Barreda et al.,
2012). Average annual sea surface temperatures are estimated to have been 26-29°C in the latest
Maastrichtian at Bajada de Jagüel, based on TEX86H-paleothermometry (Woelders et al., 2017; Figure
1D). An average of these TEX86H-temperatures weighted to the stratigraphic abundance of P. vesicularis
(Aberhan and Kiessling, 2014) yields a temperature of 27.3°C ± 2.5°C for the environment of P. vesicularis
in the Bajada de Jagüel formation (see S5.1). While hypersaline conditions have been inferred for the
northernmost part of the Neuquén Basin, the central part of the Neuquén Basin, where the BJ site is
located, is suggested to have experienced more normal marine conditions. The latter is evidenced by the
presence of planktic foraminifera, dinocysts and relatively few terrestrial palynomorphs (Prámparo et al.,
1996; Prámparo and Papú 2006; Woelders et al., 2017). Yet, Woelders et al. (2017) inferred enhanced
runoff and stratification of the water column at the Bajada de Jaguël site during the late Maastrichtian
warming (450-150 kyr before the K-Pg boundary). Hence, salinity may have deviated from normal marine
during the lifetime of the Pycnodonte specimens studied here.

Figure 1:Background information of the studied Pycnodonte vesicularis specimens. A) The Bajada de Jaguël section in outcrop (BJ; modern
location: 38°06’10.5”S, 68°23’20.5”W, paleolatitude = 43°S). B) lithology, stratigraphy and TEX86 record (Woelders et al., 2017) of the BJ section.
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The main P. vesicularis level is indicated in light green. The abundance of P. vesicularis is based on Aberhan and Kiessling (2014). C)
Paleogeography of study area during the latest Cretaceous. Paleomap after Scasso et al. (2005) and Woelders et al. (2017). D) Location of the
study area in southern Argentina relative to modern day South America.

Materials and methods
Sample acquisition and preparation
Seven specimens of Pycnodonte vesicularis were collected from the upper Maastrichtian Jagüel
Formation in the Bajada de Jaguël section (Figure 1), labelled “M0”, “M4”, “M5”, “M6”, “M8”, “M10” and
“M11”. All shells were collected from the upper 5m of below the Cretaceous-Paleogene boundary (see
Figure 1). The abundance of Pycnodonte in these strata, based on the data of Aberhan and Kiessling
(2014), is indicated in Figure 1. There is a Pycnodonte-bed approximately 50 cm below the K-Pg
boundary, which is the likely source of most of the specimens. Yet, the specimens studied here were
collected as surface finds, so downhill transport cannot be excluded with certainty. Therefore, a more
precise stratigraphic position cannot be provided. For associated fauna, see Aberhan et al. (2007),
Aberhan and Kiessling (2014) and Woelders et al. (2017).
Four of these specimens (“M0”, “M4”, “M6” and “M11”, see Figure 2) represent completely preserved
left valves of mature specimens of P. vesicularis (c.f. Pugaczewska, 1977), while the remaining three
(“M5”, “M8” and “M10”) were incomplete. Specimens were selected that differ from each other in
morphology, body size and extent of biodegradation (e.g. bore holes), to assess both the potentials and
possible pitfalls of this taxon as a paleoseasonality recorder. The four complete shells were cleaned and
cast into Araldite® 2020 epoxy resin (Araldite, Basel, Switzerland) before being cut along the major growth
axis of the shell using a slow rotating rotary saw (Ø 1 mm). A parallel slab was cut out of one half of the
shell, while the other half was preserved (archive half). The resulting thick section, with a typical thickness
of 4 mm, was polished using a series of progressively higher-grade silicon carbide polishing disks (up to
P2400) to allow a smooth surface for sampling and imaging. The three incomplete shells were left
untreated and were only used for bulk analysis.
Colour scanning and microscopy
Polished surfaces of shell sections were colour-scanned at 6400 dpi (~4 µm resolution) using an Epson
1850 flatbed scanner. Shell microstructures were studied and imaged at 50x magnification using an
Olympus BX60 optical microscope (KU Leuven, Belgium). In order to study the preservation of pristine
calcite in P. vesicularis, shell slabs were studied using cathodoluminescence microscopy using a
Technosyn Cold Cathodoluminescence model 8200, mark II microscope operated at 16-20 kV electron
gun potential, 420 µA beam current, 0.05 Torr (6.6 * 10-5 bar) vacuum and 5 mm beam width (KU Leuven,
Belgium). Cathodoluminescence (CL) refers to the emission of light from material during excitation by an
electron beam. The wavelength (i.e. colour) of the emitted light depends on the crystal lattice structure and
on activators, i.e. light emitting centres constituted by chemical elements or crystal defects. CL microscopic
observations of the shell sections thus enable the recognition of crystal defects and evaluation of the
preservation state of the shells (e.g. overgrowth, recrystallisation, dissolution), and is used to evaluate
whether obtained element concentrations and isotopic ratios reflect the original shell signature (Barbin,
2000).
Porosity and trace element analysis
In order to visualize shell microstructure and the pore network, high-resolution 3D micro-tomography
analysis was carried out on the archive half of Pycnodonte specimens using a General Electric Nanotom
microCT X-Ray CT scanner (KU Leuven, Belgium). One half shell was scanned at a 30 µm spatial
resolution while representative shell pieces of interest were scanned at 1.5 µm resolution. The CT images
were segmented in Matlab by applying a dual thresholding algorithm. The shell porosity was rendered in
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3D and labelled in Avizo Fire 7.0. Pore parameters were calculated in Avizo and Matlab (see S5.2 and
S5.3 for details). Micro-XRF measurements were carried out using a Bruker M4 Tornado micro-XRF
scanner (AMGC, VUB, Brussels, Belgium). Details on the setup and methodology of the M4 Tornado µXRF
scanner can be found in de Winter and Claeys (2016), de Winter et al. (2017b) and in S5.4. Care was
taken to limit sampling to the dense calcite in the hinge of the shells, though observations of the
microstructure of the shell hinge show that incorporation of vesicular calcite into the profile could not be
fully avoided (see section 5.1.1 and 5.1.3).
Trace elements in bivalves
The use of trace element concentrations in fossil bivalve shells as a means of reconstructing
paleoenvironmental conditions is subject to ongoing debate. As mentioned above, some tentative
calibrations have been made that link trace element ratios in shell carbonate to environmental conditions
in modern bivalves (e.g. Jones, 1980; Klein et al., 1996a; Freitas et al., 2005; Wanamaker et al., 2008).
However, the degree by which the incorporation of these trace element concentrations is controlled by the
environment of the bivalve, as opposed to vital effects, is often uncertain (e.g. Weiner and Dove, 2003;
Gillikin et al., 2005b; Lorrain et al., 2005). An example is the Mg/Ca ratio, which is thought to reflect the
calcification temperature of the shell (e.g. Klein et al., 1996a). While the Mg/Ca paleothermometer is
commonly applied in foraminifera studies (e.g. Ederfield and Ganssen, 2000; Lear et al., 2000), calibrations
of this proxy for different bivalve taxa vary widely (Klein et al., 1996a; Vander Putten et al., 2000; Takesue
and van Geen, 2004; Freitas et al., 2005; Surge and Lohmann, 2008; Wanamaker et al., 2008; Mouchi et
al., 2013; see also de Winter et al., 2017a). Even Mg/Ca calibration curves for oyster species within the
same genus (Crassostrea virginica in Surge and Lohmann (2008) and Crassostrea gigas in Mouchi et al.
(2013) yield very different results, illustrating that the temperature dependence of Mg/Ca ratios in bivalve
calcite is not straightforward. Relationships of bivalve Mg/Ca ratios with temperature are known to break
down during periods of growth stress (Lorens and Bender, 1980; Weiner and Dove, 2003; Takesue and
van Geen, 2004). Part of the Mg in bivalve shells is associated with organic molecules in the matrix in the
shell rather than being substituted for Ca in the crystals of bivalve calcite (Lorens and Bender, 1980). In
addition, factors determining incorporation of Mg in bivalve carbonate are partly controlled by physiological
processes and are therefore species or even specimen specific (e.g. Freitas et al., 2006; 2008).
Another commonly reported ratio, that of Sr/Ca, has been demonstrated to co-vary with changes in
growth and metabolic rate in some taxa (Klein et al., 1996b; Gillikin et al., 2005b; Lorrain et al., 2005).
However, a few studies have shown a positive correlation with water temperature in other species (e.g.
Freitas et al., 2005; Wanamaker et al., 2008). These results are somewhat counterintuitive since the
partition coefficient of Sr into calcite is negatively correlated with temperature (Rimstidt et al., 1998). The
above shows that the extent of vital effects is highly taxon-specific and that paleoclimate reconstructions
based on trace element records in bivalve shells need to be interpreted with great care.
Besides sea water temperature, attempts have been made to reconstruct other environmental
variables, such as redox conditions and paleoproductivity, based on trace element records in bivalves.
Examples of such proxies include elements that are enriched in skeletons of primary producers such as
Ba (Gillikin et al., 2008; Marali et al., 2017), redox-sensitive elements like Mn (Freitas et al., 2006) and
micronutrients such as Zn and Cd, which are known to be taken up into bivalve shells and whose
concentration profiles reflect changes in paleoproductivity (Carriker et al., 1980a; Calmano et al., 1993;
Jackson et al., 1993; Wang and Fisher, 1996; Guo et al., 1997). Seasonal records of these proxies are
reproducible between different shells in the same environment (Gillikin et al., 2008). While these proxies
have not been explored in detail, their interpretation gives additional information about the ambient sea
water chemistry and illustrates the advantage of applying the multi-proxy approach to reconstruct
paleoseasonality from bivalve shells (de Winter et al., 2017a).
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Figure 2: Colour scans of cross sections of the four shells subject to multi-proxy analysis. Red arrows indicate sampling location and direction.
Yellow boxes indicate the location of stable isotope transects. XRF sampling is in the direction of growth (“dog”).

Stable isotope analyses
Samples for stable isotope analysis were drilled using a microscope-guided Merchantek drill, coupled
to Leica GZ6 microscope, equipped with a 300 µm diameter tungsten carbide drill bit. Spatial sample
resolutions smaller than the diameter of the drill were obtained by abrading consecutive samples off the
side of the sampling front. This was achieved by moving in steps of 100 µm along a ±2 mm wide linear
sampling path, oriented parallel to the growth lines of the shell and in the growth direction of the shell (447
measurements in total; see also Van Rampelbergh et al., 2014). Dense foliated calcite in the hinge of the
shells was targeted while sampling for stable isotope analysis, but as a result of the shell structure (see
discussion below) the incorporation of some vesicular calcite could not always be excluded. Note that, as
a consequence of the abrading sampling strategy, the width of the sampling path for IRMS samples is
much larger (2 mm) than the width of the sampling path of a µXRF line scan (25 µm). This caused more
vesicular calcite to be incorporated into stable isotope measurements than in µXRF measurements, as it
was easier to avoid the vesicular microstructure in µXRF line scans.
Aliquots of ±50 µg of sampled calcite were allowed to react with 104% phosphoric acid (H3PO4) at 70°C
in a NuCarb carbonate preparation device and stable oxygen and carbon isotope ratios (δ13C and δ18O)
were measured using a NuPerspective Isotope Ratio Mass Spectrometer (Nu Instruments Ltd, Wrexham,
UK) at the AMGC lab of the VUB. For analytical uncertainties and reproducibiltiy, see S5.4. All stable
isotope values are reported in permille relative to the Vienna Pee Dee Belemnite standard (‰VPDB).
While µXRF and IRMS measurements were carried out on the same transect, small differences in the
length of the records did occur and these were corrected by linearly rescaling the stable isotope records
to match the length of trace element records in the same shell.

161

NIels_de_Winter_def.indd 171

13/02/19 10:31

Clumped isotope analysis
The stable and clumped isotopic composition of samples from five shells (M4, M5, M8, M10 and M11)
was measured at the University of Michigan Stable Isotope Laboratory. Bulk sampling for clumped isotope
analysis was carried out in two ways: 1) Slabs of dense calcite were broken off the ventral margin of three
shells (M5, M8 and M10) and powdered by hand. 2) Samples were drilled from the dense hinge area of
four shells (M4, M5, M8 and M11). Sample preparation was performed on a manual extraction line
following Defliese et al. (2015), with the temperature of the Porapak TM trap increased to avoid fractionating
stable isotope values (Petersen et al., 2016). Aliquots of 3.5-5 mg carbonate powder were reacted with
phosphoric acid (H3PO4) at 75C and sample CO2 was analysed on a ThermoFinnegan MAT253 equipped
with Faraday cups to measure m/z 44-49. . Data presented in the main manuscript were processed using
the Santrock/Gonfiantini parameters (Daëron et al., 2016; Schauer et al., 2016) and the high-temperature
composite calibration of Defliese et al. (2015). Further details on the measurement and calibration
procedure of clumped isotope thermometry are found in S5.5, along with raw data processed using both
Santrock/Gonfiantini and Brand parameters.
Results
Pycnodonte vesicularis shell structure
Shell microstructures
An overview of the results of colour scanning, microscopic analyses and µXRF mapping on specimen
M11 reveals the microstructure of the shells (Figure 3; S5.6; S5.7). A cross section through the shell in
direction of maximum growth (Figure 3A) shows a layered shell structure with laterally continuous growth
increments similar to those in modern ostreids (e.g. Carriker et al., 1980b; Surge and Lohmann, 2008;
MacDonald et al., 2009; Ullmann et al., 2013). Growth increments are characterized by an alternation of
dense, foliated calcite layers with lighter coloured, more porous, vesicular (“chalky”) calcite layers that are
characteristic for the family Gryphaeidae (Linnaeus, 1758; Carriker et al., 1980b; Bieler et al., 2004; Surge
and Lohmann, 2008). The porosity of these vesicular layers is visualized in microscopic images (Figure
3D-F). The hinge of the shell is mostly devoid of this vesicular microstructure, but instead consists of a
close packing of foliated calcite layers (Figure 3A and Figure 3H). However, in parts of the hinge small
layers of vesicular calcite are also visible between the foliated layers (Figure 3H). In places where these
vesicular layers are interlocked between foliated layers, the transition between the two microstructures is
gradual. Further away from the shell hinge, the transitions between foliated calcite and vesicular calcite
are sharp and individual layers of foliated and chalky calcite can be very thin (<30 µm; Figure 3E-G).
Pores in the vesicular calcite are heterogeneous in size and shape and can be up to 200 µm wide. While
the shell structure is in general very well preserved (Figure 3D-H), it is disturbed in some areas by patches
of different texture, or holes that have been previously ascribed to boring by polychaete worms (Brezina
et al., 2014).
Porosity
Micro-CT images of specimen M4 further illustrate the distribution of porosity in the shell (Figure 4).
Porosity analysis based on micro-CT scanning confirms the microscopic observations of porous vesicular
calcite and denser foliated calcite layers in the shells. Quantitative analyses of porosity through the shell
(porosity logs) on the high-resolution CT scan of a small part of the shell (Figure 4B) shows that the
distribution of porosity strictly relates to growth layering of the shell. The porosity log perpendicular to the
layers (Figure 4E) shows that porosity is almost absent in the foliated calcite layers and reaches up to
65% of the shell volume in the most porous vesicular layers. Total shell CT scan results reveal that the
average porosity in the shell is 21%.
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Chemical heterogeneity and cathodoluminescence
Heterogeneity in the P. vesicularis shell is also evidenced by the distribution of iron (Fe) and manganese
(Mn) in the shell, as illustrated by µXRF mapping (Figure 3B-C). The maps show that the vesicular layers
are characterized by higher concentrations of Fe and Mn than the dense foliated calcite layers. Parts of
the shell that were perforated by bore holes have especially high concentrations of Fe and Mn, and these
holes are surrounded by a corona of elevated Fe and Mn concentrations (Figure 3I-L). A close-up of a
shell hinge (Figure 3B and C) confirms that it consists almost entirely of dense foliated calcite with low Fe
and Mn concentrations. It also shows occasional thin layers of vesicular calcite with higher Mn
concentrations between foliated calcite layers in the shell hinge (Figure 3B). The same close-up also
illustrates that, due to the spot size of 25 µm, the method is not able to resolve variations in the
concentration of Fe and Mn on the scale of fine (<30 µm) laminations in the shell hinge. A composite of
cathodoluminescence microscopy images of the same area (insert in Figure 3A) complements µXRF
mapping by showing in more detail that the foliated calcite of the shell hinge is characterized by
microscopic growth increments that show a dull luminescence. At the same time, the vesicular calcite
microstructure shows bright luminescence (Figure 3A, S5.6). Only the largest increments can be
distinguished on the µXRF map, while thin alternations between microstructures are generally too small
for the 25 µm XRF spot size to detect. In calcite, Mn2+ is the main luminescence activator causing emission
of yellow to orange light (~620 nm; Machel and Burton, 1991) of which the intensity is positively correlated
with the Mn concentration (de Lartaud et al., 2010a; Habermann, 2002; Langlet et al., 2006; de Winter and
Claeys, 2016). Indeed, brighter layers in the CL image correspond to higher Mn values in the XRF map.
An enlarged version of the CL composite shown in Figure 3 as well as CL-images of other parts of the
shells are given in S5.6 and XRF Mn and Fe maps of all shells are given in S5.7.
Trace element profiles
Raw results of XRF line scans through all P. vesicularis shells featuring in this study are given in S5.8.
Quantitative XRF line scans through the hings yield records of [Ca], [Si], S/Ca, Zn/Ca, Sr/Ca, Mg/Ca, [Mn]
and [Fe] in growth direction through the dense hinge area of the shells (Figure 5). All measured XRF data
are directly represented in Figure 5, only the Mg/Ca record is plotted with a three point running average.
This smoothing is necessary because the Kα-energy in which Mg fluoresces X-rays is low, causing
measurements and quantification of Mg to be more susceptible to small-scale changes in the sample
matrix along the XRF scan, which can be smoothed out by a moving average (see de Winter and Claeys,
2016; de Winter et al., 2017b). Concentrations of calcium (Ca) and silicon (Si) in all shell records generally
remain above 38 mass% and below 0.5 mass%, respectively. In three of the four specimens (M0, M4 and
M6), absolute concentrations of Fe and Mn rarely exceed 800 µg/g (Figure 5). The iron record of specimen
M11 shows maxima often exceeding 2000 µg/g. Fe concentrations in M6 are also elevated in comparison
with M0 and M4, leading to the suggestion that there might be a link between the presence of bore holes
(observed in M6 and M11) and elevated Fe-concentrations. A cross plot in Figure 6A shows that the
concentrations of Fe and Mn are weakly correlated in XRF line scan measurements. Furthermore, samples
with elevated concentrations of Mn generally have lower Sr concentrations, especially when Mn
concentrations exceed 800 µg/g (Figure 6B). Both are a sign of diagenetic alteration because Mn and Fe
have been shown to be preferentially enriched in recrystallized shell carbonates, while Sr is preferentially
removed during the recrystallization process (Brand and Veizer, 1980; Al-Aasm and Veizer, 1986a). Trace
element profiles through the four P. vesicularis specimens show that there is good agreement between
shells both in terms of absolute concentration of magnesium (Mg), strontium (Sr), zinc (Zn) and sulphur
(S) and their internal variation. Records of ratios of Mg/Ca, Sr/Ca, Zn/Ca and S/Ca show quasi-cyclic
oscillations. In records of Mg/Ca and Sr/Ca, these oscillations appear sinusoidal, while records of Zn/Ca
and S/Ca are characterized by short-lived increases relative to a baseline value. Trace element ratios
generally oscillate around a stable baseline value, though in some cases (e.g. Sr/Ca and Mg/Ca in M11)
there is a slight evolution of this baseline value in the direction of growth.
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Figure 3: Overview of the results of colour scanning, microscopic analyses and µXRF mapping of specimen M11. A) Colour scan of cross
section in growth direction through the shell, with close-up of cathodoluminescence microscopic image of the hinge line. B) µXRF mapping of Mn
the cross section, with close-up of the µXRF map of the hinge line. C) µXRF mapping of Fe the cross section, with close-up of the µXRF map of
the hinge line. D) Micrograph of transitions between foliated and vesicular calcite near the edge of the shell. Note the blocky calcite crystals in the
vesicular microstructure. E) Micrograph of thin, alternating layers of foliated and vesicular calcite. F) Micrograph showing sharp transitions between
dense foliated calcite and porous vesicular calcite G) Micrograph of gradual transitions between foliated calcite and vesicular calcite closer to the
hinge. H) Micrograph of dense, foliated calcite layers in shell hinge line. Note the thin layer of vesicular calcite (white) intercalated between the
foliated layers near the bottom of the image. I-L) Close-ups of µXRF mapping of bore holes with coronas of elevated Fe and Mn concentrations.

Stable isotope analysis
Stable isotope records
Records of δ18O and δ13C are plotted together with trace element ratios in Figure 5. As in trace element
records, absolute values as well as internal variation of stable isotope records show good agreement
between shells. Values in the δ18O record oscillate around a baseline value of -1.5‰. The δ13C baseline
values are more variable, possibly showing a late ontogenetic trend in M6 and M11, but remaining stable
at 2‰ in the other specimens. Stable oxygen and carbon isotope records seem to show quasi-periodic
variations around these baseline values, with amplitudes of about 1‰ and 0.5‰ respectively (Figure 5).
Stable oxygen isotope ratios remain between -2.5‰ and -0.5‰ for the majority of the records, only
dropping below -3‰ in a few measurements in M4, the central part of the M6 record, and a few
measurements in the youngest part of the M0 record. Similarly, δ13C ratios in all shells remain between
1.5‰ and 3.5‰, except for the latter cases. Cross plots between isotope ratios show that samples with
exceptionally low δ18O values (<-3‰) often also exhibit decreased δ13C values (<1.5‰; Figure 6D). This
relationship between δ18O and δ13C, which is significant in shells M4, M6 and M11 but not in M0, is often
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interpreted as a sign of diagenetic alteration (Al-Aasm and Veizer, 1986b; Banner and Hanson, 1990).
Therefore, the absence of this relationship in M0 in contrast to the other shells shows that the stable
isotope profile from the hinge of shell M0 is least affected by diagenetic alteration. The fact that δ18O and
δ13C values are generally lower in samples with elevated concentrations of Mn and Fe (Figure 6A and
6C) supports the hypothesis that these parts of the shell are affected by diagenesis.
Clumped isotope analysis
Clumped isotope analyses of ventral margin calcite from three P. vesicularis shells from the same
paleoenvironment (M5, M8 and M10; see Figure 1 and section 4.1) yielded Δ47 values of 0.699 to 0.707‰,
equivalent to a temperature range of 21-25°C using the high temperature composite calibration of Defliese
et al. (2015; see Table 1). Both reconstructed temperatures and δ18Oseawater values varied significantly
between these samples, with δ18Oseawater ranging from -0.6‰ in M10 to -2.2‰ and -5.9‰ in M5 and M8
respectively, likely indicating the influence of altered calcite material. This is supported by shell δ18O
values, which contain very low values (-4‰ to -7‰VPDB in M5 and M8) well outside of the range of
samples micromilled from the well-preserved hinge carbonate (Figure 5). The same samples (M5 and M8)
also show relatively decreased δ13C values (<1‰), indicating that these decreased stable isotope ratios
are likely indicative of diagenetic alteration. In comparison, samples of the dense hinge calcite from M4,
M5, M8 and M11, yielded Δ47 values of 0.725 to 0.746‰, corresponding to much cooler temperatures of
9-15°C and δ18Oseawater values ranging from -1.8‰ to -3.4‰ (-2.8‰ on average). Shell δ13C and δ18O
values from bulk samples of hinge carbonate resemble values measured in the high-resolution transects,
showing that carbonate in the shell hinges is well preserved.

Figure 4: Overview of the results of CT-scanning and porosity analysis on specimen M4, with A) showing an overview of density variations in
the shell (white = dense calcite, darker colours represent porosity). The blue dot shows the location of the part of the shell that was CT-scanned
at high resolution. B) shows the shape and density of a part of the shell that was CT-scanned with higher spatial resolution as well as the location
of the porograph shown in E). C) shows a colour scan of the shell cross section. D) shows a high-resolution cross-section through the shell with
porosity in blue (light blue = porosity, darker colours = dense calcite). The red line is in the same location as in B). E) shows a graph of porosity
through the high resolution section perpendicular to the growth layers.
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Discussion
Shell preservation
Visualization of diagenesis
Results of CT scanning and microscopy show that, while calcite in the vesicular microstructure was
affected by recrystallization, the original porosity in P. vesicularis shells has been preserved almost
completely, and the filling of pores by calcite cementation is relatively uncommon (see Figure 3D-E).
Microscopic images of the foliated calcite microstructure (e.g. Figure 3F-G) and comparison with modern
oyster studies further show that the elongated crystal microstructure characteristic of pristine foliated shell
calcite has not been compromised by diagenesis (Ullmann et al., 2010). Elevated concentrations of Fe
and Mn in the shells can be used as an indicator for recrystallization, since these elements are incorporated
in secondary calcite from reducing pore waters in the sediment surrounding the shell during burial (AlAasm and Veizer, 1986a). This makes µXRF maps of Fe and Mn concentrations excellent tools for the
assessment of primary calcite preservation. The maps in Figure 3B and C shows that such
recrystallization is predominantly observed in the vesicular calcite and that Fe and Mn concentrations in
foliated calcite layers are low. Coronas of elevated Fe and Mn concentrations around bore holes confirm
that Mn and Fe were leached into the shell through these holes when pore fluid infiltrated the shell and
were distributed through the porous vesicular calcite layers. The layered macrostructure of ostreid shells
facilitated this penetration of pore fluids. The fact that shells M6 and M11, containing the most bore holes
(see Figure 2), have the highest Mn and Fe values (Figure 5) supports this hypothesis. CL microscopy
images showing minimal dull luminescence in the foliated calcite and bright luminescence in vesicular
calcite confirm leaching of Mn and Fe into the shells (Barbin, 2000). Brightly luminescing laminae between
foliated calcite layers in the shell hinge are associated with peaks in Mn and Fe observed in the µXRF
profiles of M11 (Figure 5). Comparison between the CL composite and the µXRF map shows that, while
µXRF mapping does pick up large scale diagenetic features in the shell, it fails to reveal most of the small
layers intercalated between foliated calcite layers in the shell hinge because they are smaller than the spot
size of the µXRF scanner (25 µm). This illustrates that µXRF mapping is a useful tool for screening
diagenetic overprint, but fails to pick up the fine details that are visualized by CL-microscopy. Similarly, Mn
and Fe profiles in µXRF line scanning will miss or average out the small layers of vesicular calcite present
in some parts of the shell hinges of P. vesicularis and CL-microscopy remains a necessary tool for
thorough screening for diagenesis.
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Figure 5: Overview of multi-proxy records through the hinges of 4 specimens of P. vesicularis. From top to bottom, records of [Ca] (green),
[Si] (red), S/Ca ratios (brown), Zn/Ca ratios (purple), Sr/Ca ratios (light blue), δ13C (red), δ18O (blue), Mg/Ca (green), [Mn] (purple) and [Fe] (orange)
are shown. Red arrows in Figure 2 indicate the direction of sampling. Vertical bars indicate parts of the records that were affected by diagenesis
based on Mn and Fe concentrations (red bars) and stable isotope ratios (green bars). Note that the vertical scale of the Mn and Fe plots is clipped
at 2000 µg/g.

Diagenesis in trace element profiles
Quantitative XRF line scans through the hinges of P. vesicularis show that absolute concentrations of
Fe and Mn rarely exceed 800 µg/g in all shells except for M11 (Figure 5). Mn concentrations measured in
the hinges are higher than is considered typical for well-preserved bivalve calcite and often exceed the
diagenesis threshold of 300 µg/g proposed by Steuber (1999). However, high concentrations of Sr (>700
µg/g) and Mg (>1000 µg/g), comparatively low Fe concentrations and the observation of non-luminescent,
well-preserved foliated calcite crystals (Figure 3) suggest preservation of the original trace element
signature (Veizer, 1983; Al-Aasm and Veizer, 1986a; Steuber, 1999). The fact that parts of shells with
167

NIels_de_Winter_def.indd 177

13/02/19 10:31

more depleted stable isotope ratios and lower Sr concentrations generally coincide with peaks in Fe and
Mn exceeding 800 µg/g shows that these results likely signify areas where recrystallization has occurred
(see also Figure 5 and 6A-C). We therefore propose 800 µg/g as a tentative maximum threshold for Mn
and Fe concentrations for the preservation of pristine calcite in shells of P. vesicularis in this setting, and
consider samples exceeding this threshold in concentration for either Mn or Fe as diagenetically altered.
Evidence of such alteration is most common in shells M6 and M11. Except for a few measurements in
shells M6 and M11, low Si concentrations and high Ca concentrations (Figure 5) indicate limited
incorporation of detrital material into the hinge of the shell (see de Winter and Claeys, 2017; de Winter et
al., 2017a). Indeed, bore holes filled by detrital material are almost exclusively observed away from the
shell hinge and did not significantly influence XRF records (Figure 2 and 3). From this it follows that the
majority of post-mortem alteration of the shells occurred through the process of chemical alteration (e.g.
recrystallization) rather than physical processes (e.g. predatory burrowing). As described above (see
5.1.1), the role of bore holes in the shells (especially M6 and M11) in the diagenetic process was
predominantly to provide entries through which pore waters could enter to cause recrystallization. Bore
holes elsewhere in the shells may lead to migration of fluids through the shell, ultimately resulting in
elevated concentrations throughout the shell.

Table 1: Overview table of stable and clumped isotope results in this study. Rows highlighted in red represent samples from the ventral margin
of the shells (which contain vesicular calcite). Rows with a white background represent samples of the dense foliated shell hinge. Note that for
some shells (M5 and M8) both the ventral margin and the shell hinge was measured. Columns labelled “δ13C_record“ and “δ18O_record” contain
averages of the high-resolution stable isotope records measured in the shell hinges (if available, Figure 5). The bottom two rows contain average
Δ47 and δ18Osw values of shell hinge (white) and ventral margin (red) samples, highlighting the difference between the two sampling strategies.

Diagenesis in stable isotope records
The majority of the stable isotope ratios measured the shells are in agreement with those of wellpreserved Low Magnesium Calcite of fossil (Steuber, 1996; 1999; Tripati et al., 2001) and modern marine
mollusc shells (Klein et al., 1996a;b; Goodwin et al., 2001; Lécuyer et al., 2004). δ18O and δ13C values
below -4‰ and 1‰ respectively (a drop of 2-3‰ for δ18O and 1-2‰ for δ13C) in the central part of the M6
shell hinge record are an exception to this and likely represent incorporation of diagenetically altered
vesicular calcite into micromilled IRMS samples. The scan image of M6 (Figure 2) shows that an extension
of vesicular calcite into the hinge region resulted in the sampling of vesicular calcite in the stable isotope
and trace element records. Similarly, the stable isotope record of specimen M4 was affected by lobes of
vesicular calcite extending close to the hinge line. A depletion of both δ18O and δ13C could potentially also
be explained by an input of freshwater into the basin (Gillikin et al., 2006), but the scale of the isotopic shift
and the fact that they coincide with increases in vesicular calcite shows that diagenetic alteration is a more
likely explanation. Low δ18O values in vesicular calcite samples could also suggest that this vesicular
calcite was initially precipitated in disequilibrium with respect to ambient sea water (Grossman and Ku,
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1986; Woo et al., 1993; Steuber, 1999). The latter could be in agreement with the hypothesis that vesicular
microstructures in oyster shells are formed by microbes instead of by the bivalve itself (Vermeij, 2014).
However, microscopic images of the vesicular microstructure reveal blocky calcite crystals in some areas
(Figure 3E-F), which suggest recrystallization (e.g. Folk and Land, 1975; Schlager and James, 1978).
Indeed, the offset in stable isotope ratios of vesicular calcite compared to foliated calcite is not found in
modern oyster shells (Surge and Lohmann, 2008; Ullmann et al., 2010). Elevated Mn and Fe
concentrations found in XRF mapping (Figure 3B-C), and the notion that similar chalky or vesicular phases
in modern oyster shells are less crystalline and grow faster (Chinzei and Seilacher, 1993; Ullmann et al.,
2010), further attest to the fact that vesicular calcite in P. vesicularis (and likely in other fossil members of
the Gryphaeidae) is more prone to diagenetic alteration than its foliated counterpart, and therefore provides
no suitable archive of paleoclimatic information.

Figure 6: Figure showing cross plots between trace element and stable isotope measurements in the shells. Black lines indicate correlations
through all measurements, red lines show correlations of diagenetically altered samples (according to the 800 µg/g threshold for Fe and Mn) and
alternatively coloured lines indicate correlations in individual shells. Statistics of the regressions are indicated in matching colours. A) [Fe] vs [Mn]
showing a correlation between concentrations of these elements in all shells. Steeper slopes suggest relatively more Fe is added in diagenetically
altered samples. B) [Sr] vs [Mn] showing decreasing Sr concentrations corresponding to increasing [Mn], but only in diagenetically altered samples.
No significant correlation was found for pristine samples (R2 = 0.11, p = 0.25). C) δ18O vs [Mn] showing lack of correlation. D) δ18O vs δ13C,
showing positive correlation in specimens affected by diagenesis and no correlation in M0, which has pristine values.
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This conclusion is also supported by the clumped isotope analysis results. Bulk samples from the ventral
margin of the shell (containing more vesicular calcite, see Figure 2 and 3) contain lower stable isotope
ratios and higher reconstructed temperatures than samples from the dense shell hinge (Table 1; Figure
7). Elevated temperatures in altered samples likely reflect recrystallization of shell material from slightly
warmer pore fluids after burial. Comparison of Δ47 with δ18O and δ13C measurements (Figure 7) clearly
show how the sensitivity of clumped isotope analysis can be used to demonstrate the effect of calcite
recrystallization within P. vesicularis. Sequential sampling for Δ47 measurements in bivalve calcite
therefore may provide a useful tool to trace intra-shell variability in preservation and calcification
temperature. Temperatures from diagenetic samples (average = 23°C) are relatively low compared to
typical pore fluid temperatures measured from diagenetic calcite in other studies (30-120°C; Huntington et
al., 2011; Loyd et al., 2012; Dale et al., 2014), and do not deviate much from those of pristine samples
(23°C vs. 11°C; Table 1). This suggests that burial was shallow and recrystallization not extensive. The
shallow burial history is also demonstrated by the preservation of organic biomarkers in the Bajada de
Jagüel section (Woelders et al., 2017). With a maximum burial temperature of 25°C during recrystallization,
the burial depth of the late Maastrichtian strata in the Neuquèn Basin is likely to be very shallow and at the
very maximum no more than 500 meters (Klein et al., 1999; Dale et al., 2014).
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Figure 7: Cross plots of clumped isotope results. A)
Δ47 vs. δ18O from clumped isotope measurements on
all seven shells. Red dots and error bars represent
measurements of samples from the ventral margin of
the shells, while black dots and error bars indicate
results from dense foliated calcite from the hinge of
the shells. Dashed lines illustrate the δ18O values of
seawater that correspond to the combination of Δ47
and δ18O values in the graph. B) δ13C vs. δ18O from
clumped isotope measurements on all shells.
Symbols as in A) Numbers next to the dots indicate
Δ47 values measured in the same samples. Coloured
rectangles indicate the range of pristine stable
isotope values measured in high resolution transects
through the hinges of shells M0, M4, M6 and M11.

Implications for sampling strategy
Contrary to what may be expected, the incorporation of vesicular calcite into the stable isotope samples
of M6 (Figure 2 and 5) is not always reflected by elevated Mn and Fe concentrations in the µXRF line
scans. This could suggest that trace element signatures in vesicular calcite close to the hinge are less
affected by the leaching of reducing pore waters than in the rest of the shell. Alternatively, it is likely that
the 2 mm wide sampling track for stable isotope measurements contains more vesicular calcite than the
25 µm wide XRF line. This shows that the wide sampling track needed to sample for stable isotope analysis
at high spatial resolution (100 µm in the direction of growth) increases the chance of incorporating vesicular
calcite, particularly in samples further away from the hinge line and in shells where vesicular calcite layers
penetrate close to the hinge line (e.g. M4 and M11, see Figure 2, Figure 3 and Figure 6D). This illustrates
a disadvantage of the abrasion-style microdrilling method applied in this study for spatially heterogeneous
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bivalves, and shows that thorough screening for diagenesis by CL-microscopy and µXRF mapping is
essential to correctly interpret the stable isotope results.
Summarizing, shells M6 and M11 are characterized by elevated Fe and Mn concentrations in the shell
hinge line, signifying that these specimens contain larger amounts of recrystallized vesicular calcite in their
shell hinge. Specimen M4 shows lower Fe and Mn concentrations in the shell hinge, but low stable isotope
ratios show that several microdrilled samples contain diagenetically altered vesicular calcite. Stable carbon
and oxygen isotope ratios in shells M4, M6 and M11 all show a significant positive relationship, while such
a relationship is absent in M0. As a result, of the 4 specimens investigated, specimen M0 is considered to
represent the best preserved specimen, most likely providing the most reliable results in terms of
paleoenvironmental reconstruction. Coloured vertical bars in Figure 5 illustrate parts of the shell records
that were considered altered based on one or more of the criteria described above: 1) Bright luminescence
in CL-microscopy. 2) Elevated (>800 µg/g) Fe and/or Mn concentrations. 3) Elevated Si (>0.5 mass%) and
reduced Ca (<38 mass%) concentrations. 4) Decreased stable isotope ratios (δ18O < -3‰ and δ13C <
1.5‰).
Periodic variations
Shell chronology
While earlier studies have been successful in determining the chronology of geochemical records from
Quaternary fossil bivalves (e.g. Scourse et al., 2006; Marali and Schöne, 2014), attempts at
paleoseasonality reconstructions based on more ancient shells have shown that this is not straightforward
(Dettmann and Lohmann, 1993; Bougeois et al., 2014; de Winter and Claeys, 2016; de Winter et al.,
2017a). In this study, quasi-periodic variations in stable oxygen isotopes, Sr/Ca ratios and Mg/Ca ratios
seem to represent seasonal cycles in shell growth (Figure 5), but on closer inspection it is difficult to find
a consistent phase relationships between these records through all four shells. The best-preserved record
(M0) was tentatively subdivided into annual cycles based on Sr/Ca and δ18O seasonality. Figure 8 shows
a stack of the trace element records created based on these subdivisions. Similar year stacks of the other
three shells yielded different phase relationships between proxies (S5.8). These differences are likely
explained by the incorporation of diagenetically altered vesicular calcite in some of the microdrilled
samples, resulting in significantly lighter δ18O and δ13C values. The record of shell M4 (Figure 5) clearly
illustrates how diagenesis can preferentially influence one season over the other and result in a change of
the phase relationship between proxies in the shell. Since incorporation of lobes of vesicular calcite into
the shell hinge seems to be paced to the seasonal cycle, it is difficult to disentangle patterns of diagenetic
alteration from seasonal patterns. Such preferential incorporation of vesicular calcite into the hinge during
one season can occur when the bivalve experiences more physiological stress in that season (Müller,
1970). Indeed, even when diagenetically altered parts of these records (according to the threshold of 800
µg/g for Fe and Mn and -3‰ for δ18O) are excluded, seasonal patterns in year stacks of shells M4, M6 and
M11 do not fully agree with those in the better preserved M0 shell, showing that poorer preservation
prevents the establishment of a reliable chronology for these shells. That said, records from shells M4, M6
and M11 should not be dismissed, as variation in the geochemical proxies measured in pristine parts of
these shells could still yield valuable information about the extent of seasonality during their growth, even
though phase relationships are blurred by diagenetic overprinting. Moreover, since the exact stratigraphic
level of the shells is not fully constrained, small differences in expression of the proxies due to changes in
environment between their lifetimes cannot be fully excluded. The fact that microdrill and µXRF tracks in
these shells were not exactly the same further complicates the establishment of consistent phase
relationships between geochemical records in the shells. For example, stable isotope samples were more
severely laterally averaged (2 mm wide track compared to 25 µm wide µXRF transect), and had to be
rescaled to the length of XRF records before being plotted in Figure 5 (see section 4.5).
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Phase relationships
The year stack of the well-preserved specimen M0 (Figure 8) shows that the δ18O, δ13C and Sr/Ca
records exhibit a sinusoidal pattern with one peak per year. In contrast, records of Zn/Ca, S/Ca and Mg/Ca
show two peaks in each year. Comparing these observations with the records in Figure 5 shows that the
same seems to be true for the pristine parts of the other three shells. In addition, the M0 year stack shows
that maxima in δ13C ratios coincide with minima in Sr/Ca and Zn/Ca and that minima in δ13C ratios shortly
follow minima in δ18O. Zn/Ca and S/Ca records show an antiphase relationship, and the Mg/Ca record has
one minimum that coincides with a minimum in δ18O ratios and another offset by half a cycle. Yet, since
only one of the shells measured in this study (M0) showed good enough preservation for a discussion of
phase relationships between records, care must be taken in extrapolating the conclusions drawn from the
year stack of this single shell.
Interpreting geochemical records in Pycnodonte vesicularis
Comparison with other taxa
Carbon isotope values found in this study are higher than in oysters living in modern coastal temperate
environments (Surge et al., 2001; Ullmann et al., 2010), but more similar to oysters living in warmer, highsalinity or tropical settings (Klein et al., 1996a; Surge and Lohmann, 2008; Titschack et al., 2010). Oxygen
isotope ratios are generally lower than modern coastal mid latitude bivalves (Klein et al., 1996b; Ullmann
et al., 2010) and in better agreement with warmer, low latitude studies (Lécuyer et al., 2004) and other
Cretaceous bivalves (Steuber, 1999). This is in agreement with reconstructions of δ18O ratios in Late
Cretaceous oceans that were ~1‰ lower compared to the present-day ocean due to the absence of
extensive polar ice sheets (e.g. Hay, 2008), and also with the warmer paleoenvironmental setting inferred
for the Late Cretaceous of Neuquén Basin, based on TEX86-paleothermometry (Woelders et al., 2017).
However, the clumped isotope thermometry results of this study suggests rather cooler temperatures. In
order to properly interpret geochemical records from P. vesicularis, it is important to compare the results
of this study with those from closely related bivalves. Although the genus Pycnodonte has no living
members, two sister taxa in the subfamily Pycnodonteinae (Stenzel, 1956) contain extant members:
Hyotissa and Neopycnodonte (Stenzel, 1971).
Hyotissa hyotis (Linnaeus, 1758)
The microstructure of Hyotissa hyotis is similar to that of P. vesicularis, with porous vesicular phases
alternating with dense foliated calcite layers. A specimen of Hyotissa hyotis in the northern Red Sea was
subject to a stable isotope study by Titschack et al. (2010). In contradiction to findings by Nestler (1965),
but similar to H. hyotis (Titschack et al., 2010) and modern oysters like Crassostrea virginica (Surge and
Lohmann, 2008) and Crassostrea gigas (Ullmann et al., 2010), seasonal variations in δ18O and δ13C in P.
vesicularis were found to be independent of shell microstructure (foliated vs vesicular calcite). This shows
that the isotopically light signal of the vesicular calcite in M4, M6 and M11 was caused by recrystallization,
disturbing the seasonality signal in their stable isotope records, hampering the interpretation of shell
chronology (see 6.2.1). Stable carbon isotope ratios in P. vesicularis resemble those measured in H. hyotis
in terms of absolute values and seasonal amplitude. In principle, the δ13C of shell carbonate is controlled
by the δ13C value of the dissolved inorganic carbon (DIC) of the organism’s extrapallial fluid (EPF), from
which the shell is precipitated (Kirby, 2000). In marine bivalves, the δ13C of the EPF is controlled by the
δ13C of ambient seawater, the carbonate ion pump, pH, food availability, growth, valve gape/closure
intervals, and seasonal changes in metabolic rate (Romanek et al., 1992; McConnaughey et al., 1997;
Kirby et al., 1998; Owen et al., 2002; Geist et al., 2005; McConnaughey and Gillikin, 2008; Lartaud et al.,
2010b). The variation in all these processes complicates practical interpretation of the δ13C signal (Lorrain
et al., 2004; Omata et al., 2005). In H. hyotis, δ13Cshell is controlled by bivalve respiration, which increases
during periods of enhanced planktonic food supply (Titschack et al., 2010). A shifted phase relationship
between δ18O and δ13C in H. hyotis, similar to the phase shift observed in Figure 8, is attributed to phase173
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shifted cycles in sea surface temperature and productivity. Comparison with modern H. hyotis therefore
suggests that annual lows in δ13C values in P. vesicularis also indicate periods of increased food supply,
such as plankton blooms.

Figure 8: Stack of proxy records for shell M0 made according to a tentative interpretation of annual cyclicity based on δ18O and Sr/Ca ratios
in Figure 5. Solid lines indicate annual stacks excluding diagenetically altered samples while dashed lines include all measured samples to show
the effect of diagenesis. From top to bottom, stacks of [Ca] (green), [Si] (red), δ13C (red), δ18O (blue), S/Ca ratios (brown), Zn/Ca ratios (purple),
Sr/Ca ratios (light blue), , Mg/Ca (green), [Mn] (purple) and [Fe] (orange) records are shown. Subdivisions of the stack into months are based on
an interpretation of the phase relationship between the proxies in terms of paleoenvironmental seasonality. Note that summer months (December
and January) are underrepresented in the record due to the interpreted decrease or cessation of shell growth.

Neopycnodonte zibrowii (Videt, 2004)
While the large bivalve Neopycnodonte zibrowii shows similar alternations in vesicular and foliated
calcite as P. vesicularis, it is deep dwelling (450–500m), in contrast with the shallow marine taxa P.
vesicularis and H. hyotis, and has a much longer lifespan. A specimen of N. zibrowii (Videt, 2004) was
subject of a detailed multi-proxy analysis in Wisshak et al. (2009). The shell of N. zibrowii is characterized
by much higher Mg/Ca and S/Ca and lower Sr/Ca ratios than that of P. vesicularis. Coincidence of peaks
in Mg/Ca and S/Ca coinciding with minima in Ca and Sr concentrations in N. zibrowii can be interpreted
as evidence for strong vital effects controlling trace element concentrations rather than external forcing
(e.g. by temperature; Lorens and Bender, 1980; Rosenberg and Hughes, 1991). Such relationships
between Mg/Ca, S/Ca and Sr/Ca are not observed in P. vesicularis (Figure 5, Figure 6 and Figure 7).
Contrary to other modern oyster studies (Surge and Lohmann, 2008; Titschack et al., 2010; Ullmann et
al., 2010), Wisshak et al. (2009) report an isotopic offset between vesicular and foliated calcite. However,
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δ18O values in vesicular calcite of N. zibrowii are higher than in its foliated calcite, opposite to P. vesicularis
(Figure 5). Similarly, a strong negative ontogenetic trend in δ13C, which is absent in P. vesicularis and
most extant oysters (Figure 5; Surge et al., 2001; Surge and Lohmann, 2008; Ullmann et al., 2010), was
observed in the juvenile part of N. zibrowii records. While such a juvenile trend in δ13C is uncommon,
trends later in life have been reported for other taxa and are thought to be caused by increasing utilisation
of isotopically light metabolic carbon for shell calcification (Lorrain et al., 2004; Gillikin et al., 2007). The
vast difference in geochemical records between these closely related bivalve taxa (Neopycnodonte and
Pycnodonte) shows that environmental setting and mode of life (growth and metabolic rates) play a large
role in governing vital effects. Geochemical records in the shell of the deep-dwelling N. zibrowii are clearly
strongly controlled by vital effects, and both shell chemistry and environmental setting of P. vesicularis
show much closer resemblance to H. hyotis and marine Crassostrea gigas (Surge and Lohmann, 2008;
Ullmann et al., 2010) than to those of N. zibrowii.
Timing of shell deposition and seasonality
The δ18O records of H. hyotis are strongly correlated with both Sea Surface Temperature (SST) and
Sea Surface Salinity (SSS; TItschak et al., 2010). The fact that δ18O values in shells of H. hyotis are higher
than in P. vesicularis is likely because the former grew in an environment characterized by net evaporative
conditions (Safaga Bay, Egypt). As a result, salinity and δ18Oseawater (+2.17‰) were higher than in the
Neuquén Basin (-2.8‰). Indeed, Woelders et al. (2017) argued that the late Maastrichtian environmental
setting of Bajada de Jaguël was influenced by freshwater input, based on organic-walled dinoflagellate
cysts, benthic foraminifera and organic biomarker proxies. Crucially, the Neuquèn Basin is interpreted to
have been characterized by a strong summer precipitation maximum, suggesting that the lowest δ18O
values in our yearstack correspond to highest summer temperatures and lowest salinities (December January). The δ18O curve in our yearstack is strongly asymmetrical, the δ18O minimum peak being
truncated. Such a truncation potentially reflects slower growth or a growth stop in the summer season. We
propose that, while in modern oysters growth is often limited by low water temperature in the winter season
(e.g. Ullmann et al., 2010, 2013), increased temperatures and low salinities in the summer season of the
Late Cretaceous Neuquèn Basin have limited growth of P. vesicularis. The effect of a similarly co-varying
SSS and SST on bivalve δ18O and δ13C has been studied in Crassostrea virginica growing under changing
salinity conditions (Surge et al., 2001). However, in contrast to estuarine C. virginica studied by Surge et
al. (2001), where both stable isotope records are in phase, the best preserved specimen in our study (M0)
presents a shifted phase relationship between δ18O and δ13C. Counterintuitively, following the rationale
that the lowest δ18O values in our record reflect to the summer precipitation maximum, the annual drop in
δ13C, corresponding to months with the highest planktonic food supply, would occur shortly after growthlimiting summer conditions (February - March).
Paleoproductivity
The coinciding of minima in Zn/Ca with maxima in S/Ca and minima in δ18O in the well preserved M0
specimen (Figure 5 and 6) is in agreement with the interpretation of the seasonal paleoproductivity cycle.
Zn concentrations in bivalve shells drop during productivity blooms, which occur late in the summer season
(February-March; Calvert and Pedersen, 1993; Jackson et al., 1993; Guo et al., 1997, de Winter et al.,
2017a). Spring blooms affected the amount of bio-available Zn in the surface ocean and forced a drop in
Zn/Ca ratios in the shells of P. vesicularis (Guo et al., 2002). This explains why minima in Zn/Ca coincide
with the lowest δ18O values, which occur in summer and precede the minima in δ13C which reflect a
seasonality in productivity as in H. hyotis. Increased fresh water input into the basin during summer, which
caused the warm, low salinity conditions observed in the δ18O records, could have provided the nutrients
that initiated this productivity bloom.
Physiological effects
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The observed anti-correlation between δ18O and S/Ca in M0 suggests that S/Ca in P. vesicularis
responded to seasonal changes in food availability, growth or respiration rate. In other groups of bivalves
S/Ca ratios were shown to reflect periods of high metabolic rate and slow shell growth (e.g. Rosenberg
and Hughes, 1991). Similarly, environmental stress, such as temperature or salinity extremes, have been
linked to a decrease in growth rate an increase in the incorporation of sulphur into the organic matrix of
the bivalve shell (Lorens and Bender, 1980). Therefore, a peak in S/Ca during the summer season, when
growth rate presumably decreased, is in agreement with this explanation. The observation that the
amplitude of S/Ca variations in the record of M6 increases in the part of the shell where vesicular calcite
penetrates the shell hinge (Figure 5) supports the hypothesis that these disturbances of the shell hinge
indicate periods of physiological stress experienced by the bivalve (Müller, 1970). The anti-phase
relationship between S/Ca with Zn/Ca and δ13C minima show that the productivity blooms discussed above
affected growth and metabolic rate in P. vesicularis.
Similarly, a decrease in Sr/Ca ratios synchronous with the peak in δ13C suggests that both proxies are
controlled by physiology. The interpretation that Sr/Ca ratios are lower during the low-salinity summer
season in which growth was slower is in agreement with relationships between Sr/Ca and growth rate
found in modern bivalves (e.g. Gillikin et al., 2005a; Lorrain et al., 2005). However, if Sr/Ca is indeed
controlled by growth rate, one would expect to see an ontogenetic drift of Sr/Ca towards lower ratios as
the shell extends more slowly as the animal ages. Yet, this effect is not clearly expressed by our
specimens, indicating that either P. vesicularis did not exhibit such a decreasing trend in growth rate with
age or that the relationship between Sr/Ca and growth rate is not straightforward.
Temperature proxies
An overview of all temperature proxies used in this study is plotted in Figure 9, illustrating the complexity
of combining these different proxies in P. vesicularis to reconstruct paleoseasonality. Combination of the
δ18Osw values reconstructed using clumped isotope analysis with the high-resolution δ18O records yields a
sub-annual paleotemperature reconstruction for all records. However, the variations in these records may
not reflect true sub-annual temperature variations, especially since it is likely that salinity in the Neuquén
Basin did not remain constant through the year (see 6.3.4). Clumped isotope temperature reconstructions
are similar to present-day average annual surface water temperatures in the region (~10-15°C; Servicio
Meteorológico Nacional, 2017), while they are below model and proxy-based SST reconstructions for the
Maastrichtian mid-latitudes (20-25°C; e.g. Donnadieu et al., 2006; Brugger et al., 2017; O’Brien et al.,
2017) and average air temperatures inferred for the Maastrichtian Neuquén Basin based on the
megathermal vegetation (>24°; Barreda and Palazzesi, 2007; Palazzesi and Barreda, 2007; Barreda et
al., 2012). The systematically lower clumped isotope-based temperatures can partially be explained by the
fact that TEX86H is calibrated to sea surface temperatures while P. vesicularis lived on the sea floor, at
depths of 50-75 m (Scasso et al., 2005). This means that, while TEX86H reflects SSTs, the P. vesicularis
clumped isotope-based temperatures reflect the temperatures of the bottom waters, which must have been
slightly cooler than those at the sea surface. However, this difference is likely not enough to explain the
offset of ±15°C between clumped isotope and TEX86H temperature reconstructions. Over the past years,
several studies have highlighted the complexity of shallow marine TEX86 records and have shown that
temperature reconstructions by this method may be biased (e.g. Jia et al., 2017). Similarly, in the
compilation study of O’Brien et al. (2017), Cretaceous TEX 86-based sea surface temperatures are
systematically higher than planktic foraminiferal δ18O-based temperatures. In some settings, TEX86 is
shown to be biased towards summer temperatures (Schouten et al., 2013). It is possible that the same
bias also applies to the Neuqúen basin TEX86H reconstructions. On the other hand, clumped isotope
thermometry on P. vesicularis relies on bulk samples and yields mean value of the entire growth season
of the bivalve. Since growth in P. vesicularis seems to have slowed or ceased during the spring and
summer season (see 6.3.4 and 6.3.6), summer temperatures are likely underrepresented in the clumped
isotope reconstructions, biasing them towards lower temperatures. It is therefore likely that the mean
annual temperature in this setting lies in between clumped isotope thermometry and TEX 86H estimates.
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Another source of bias for clumped isotope thermometry on bulk samples is the incorporation of
diagenetically altered vesicular calcite into the shell hinge as a result of more stressful growth conditions
(Müller, 1970; see 6.2.1). However, this would have biased the reconstruction towards higher
temperatures, while the opposite is observed. In practice it will be difficult to avoid these lobes of vesicular
calcite and small amounts are likely to be included in clumped isotope samples, leading to higher
paleotemperature reconstructions.
While several temperature calibrations exist for Mg/Ca ratios in bivalves, the most likely candidates for
temperature reconstruction based on Mg/Ca of P. vesicularis are the calibrations based on other ostreid
bivalves. A good candidate would be the calibration by Surge and Lohmann (2008; based on Crassostrea
virginica). An alternative calibration by Mouchi et al. (2013) was based on juvenile specimens of the pacific
oyster Crassostrea gigas and is probably not suitable for application on records from gerontic specimens.
The Mg/Ca ratio of ocean water (Mg/Caocean) has changed drastically over geological timescales, and is
thought to have been much lower in the late Maastrichtian than in the present-day ocean (1-2 mol/mol
compared to 5 mol/mol in the modern ocean; Stanley and Hardie, 1998; Coggon et al., 2010). This
difference most likely influenced Mg/Ca ratios in calcifying organisms (Lear et al., 2015), and needs to be
corrected for (de Winter et al., 2017a) when applying the Mg/Ca thermometer. With this correction, the C.
virginica temperature calibration by Surge and Lohmann (2008; Figure 9) approach reconstructions based
on the other proxies in terms of temperature seasonality, yielding sea water temperatures of 20°C ± 10°C,
slightly higher than those observed in the δ18Osw-corrected δ18O record.
Since Mg/Ca ratios yield temperatures between clumped isotope and TEX86H reconstructions, it is
tempting to assume that they more closely approximate mean annual temperatures than the other proxies.
However, while the seasonal bias caused by growth cessations in P. vesicularis should affect Mg/Ca as
much as δ18O, there are large differences (>10°C) between temperature reconstructions of Mg/Ca and
δ18O in some parts of the records. Moreover, Mg/Ca ratios and δ18O are anti-correlated in parts of the wellpreserved M0 record, suggesting that at least one of the proxies may largely be controlled by a factor other
than ambient temperature. Seasonal changes in salinity cannot account for this difference between the
proxies, since an unrealistic change in salinity would be required, which is not consistent with earlier
paleoenvironmental reconstructions in the Neuquén Basin (Prámparo et al. 1996; Prámparo and Papú
2006; Ravelo and Hillaire-Marcel, 2007; Woelders et al., 2017). The shift between Mg/Ca and δ18O records
may also be a result of the relative scaling and aligning of records measured using two different methods.
Nevertheless, the uncertainties of Mg/Ca temperature reconstructions in bivalves, together with the
observed lack of temperature dependence of Mg/Ca ratios in the closely related N. zibrowii shows that
temperature reconstructions based on Mg/Ca ratios in Pycnodonte oysters are probably not very robust.
Based on these observations, the best approach to reconstruct paleotemperature seasonality from
Pycnodonte shells would be to microsample the foliated calcite of the shells for clumped isotope analysis.
This microsampling can be guided by records of conventional stable isotope ratios and trace element
concentrations to ensure the sampling of material from different seasons. Via this approach, both
seasonality in temperature and salinity can be reconstructed from Pycnodonte shells, and the effects of
salinity and temperature on δ18O values can be disentangled.
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Figure 9: Overview of stable isotope and Mg/Ca records (bottom) as well as tentative temperature and salinity reconstructions (top) based on
δ18O (blue) and Mg/Ca (green), clumped isotope analysis (grey bars) and TEX86H paleothermometry (light blue bars). Temperatures calculated
from δ18O records (dark blue on top) are based on the calibration by Hays and Grossman (1991) and the δ18Osw value of the clumped isotope
measurements indicated in grey. Mg/Ca temperatures (green line on top) were calculated using the calibration reported in Surge and Lohmann
(2008) with a factor 3.3 correction for lower Mg/Ca ratios in late Cretaceous ocean water. Temperatures of bulk samples of shells M4 and M11
measured using clumped isotope analysis are indicated by grey bars in graphs of M0 and M6 represent average clumped isotope temperatures
of all pristine shell samples (see Table 1). Red and green vertical bars indicate intervals were vesicular calcite was incorporated in the stable
isotopic measurements (see Figure 5).

Conclusions and recommendations
The multi-proxy approach applied in this work demonstrates the complexity of paleoenvironmental
reconstruction on the seasonal scale. Based on this study, several recommendations can be made for the
use of P. vesicularis shells for paleoseasonality and paleoenvironment reconstruction. Detailed analysis
of shell structure and preservation shows that shells of P. vesicularis, like other species of the Order
Ostreoida, are characterized by two major micromorphologies of calcite, which were referred to by Carriker
et al. (1980b) as “chalky” and “foliated” calcite. In the case of P. vesicularis, CT scanning shows that these
“chalky” (vesicular) calcite layers are very porous (up to 65%) and permeable for pore fluids (Figure 4),
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making it prone to recrystallization (Figure 3). The presence of bore holes, such as those made by
polychaete worms, facilitates this penetration of pore fluids. Its susceptibility to diagenesis renders the
vesicular calcite of pycnodontein bivalves poorly suitable for paleoenvironmental reconstruction. Foliated
calcite layers in the shell hinge of P. vesicularis are less affected by diagenesis and seem to preserve
primary calcite, making it suitable for paleoseasonality reconstructions. However, lobes of vesicular calcite
can extend into the hinge of the shells and complicate paleoseasonality reconstructions based on stable
and clumped isotope measurements. Highly localized recrystallization and precipitation of secondary
carbonates in equilibrium with these reducing pore fluids increases the concentrations of Mn and Fe (see
XRF mapping and CL images in Figure 3) and lowers stable isotope ratios. Hence, micro-analytical
techniques such as cathodoluminescence microscopy, optical microscopy and µXRF mapping allow these
zones of recrystallization to be avoided.
Paleoseasonality reconstructions based on shells of P. vesicularis or other gryphaeid shells that contain
multiple microstructures should benefit from the application of a multi-proxy approach that allows the
interpretation of seasonally changing environmental variables. However, selective diagenetic overprinting,
the occurrence of growth cessations and the complexity of synchronizing proxy records from multiple
methods can complicate the interpretation of phase relationships between proxies. Multi-proxy analysis on
one exceptionally well-preserved specimen demonstrates how the timing of seasonal deposition of the
shell could be determined from the phase relationships between proxies. Stable and clumped isotope
records of primary foliated calcite in the hinge of P. vesicularis yield a δ18Oseawater of -2.8‰ indicative of
seasonal freshwater input into the Neuquén Basin. Mean annual sea water temperatures were 11°C based
on clumped isotope thermometry, which is much lower than reconstructions based on contextual TEX86H
paleothermometry (27.3°C ± 2.5°C). We conclude that the TEX 86H method likely overestimates mean
annual temperatures in this setting, possibly representing summer surface water temperatures. Clumped
isotope thermometry of bulk foliated calcite samples likely underestimates the annual mean because the
warm spring and early summer season is underrepresented in the shells due to slower growth or growth
cessations. A seasonality in δ18O of about 1‰ is ascribed to a combination of decreased salinity by fresh
water input in the summer season and a moderate temperature seasonality. Attempts to verify the
seasonality in SST by Mg/Ca ratios of shell calcite are complicated by uncertainties about vital effects on
the incorporation of Mg into the bivalve shell. Records of Zn/Ca, S/Ca and δ13C show that the warm, low
salinity summer season is followed by a peak in productivity which influenced the chemistry of the sea
water in which P. vesicularis lived. The reconstruction of temperature seasonality from fossil bivalve calcite
is complicated by the influence of other paleoenvironmental variables that affect the chemistry of bivalve
shells. Yet, the successful application of clumped isotope thermometry on fossil bivalve calcite in this study
indicates that temperature seasonality in fossil ostreid bivalves may be constrained by the sequential
analysis of foliated calcite samples using this method.
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2.7 Daily chemical variability in a Late Cretaceous rudist shell
This chapter is currently under review in an international peer-reviewed journal:
de Winter, N.J., Goderis, S., Van Malderen, S.J.M., Sinnesael, M., Vansteenberge, S., Snoeck, C.,
Vanhaecke, F., Claeys, P. 2018. Daily chemical variability in a Late Cretaceous rudist shell. Science
advances (in review)
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Abstract
This study presents the first sub-daily resolved trace element profiles in fossil mollusk shell calcite. We
apply high-resolution LA-ICPMS measurements to characterize the chemistry of daily growth laminae in
the shell of a Torreites sanchezi rudist bivalve from the late Campanian (75 - 76 million years ago) of
Oman. Periodic variations in Mg/Ca, Sr/Ca, Mg/Li and Sr/Li ratios are associated with ±36 µm wide laminae
in the outer shell layer. Seasonality in trace element and stable isotope records along the shell reveals
that one year contains 366 ± 28 of these laminae, demonstrating their diurnal origin. The amplitude of
diurnal fluctuations in trace element proxies is similar to or higher than that of seasonal cyclicity, and cannot
be explained by temperature variability alone. Therefore, we advocate that shell chemistry of rudist
bivalves is predominantly driven by changes in light intensity in the photic zone, which control the circadian
rhythm of the bivalve. This dependence on light constitutes strong evidence that Torreites rudists
developed a mutualistic relationship with photosymbionts. Bivalve shell calcite preserves well throughout
geological history, hence the high-resolution measurement and data treatment strategies presented in this
study pave the way for daily reconstructions of paleoenvironment and the light cycle in deep time. These
records improve independent shell chronologies, document light availability in ancient tropical ecosystems
and reveal that a Campanian day was 23 hours and 23 minutes long. Sub-daily scale bivalve records
widen our understanding of climate dynamics by supplying much-needed information on short-term
environmental change in greenhouse climates.
Keywords: Daily cycle; Paleoenvironment; Bivalve; Cretaceous; Trace element
Significance statement
For the first time, this study demonstrates that the very fine-scale chemistry of fossil bivalve shell calcite
documents changes in environmental conditions on the scale of hours to days, millions of years in the
past. Indeed, sub-daily variations are preserved in fine calcite laminations within the shell of Torreites
sanchezi, a rudist bivalve from the late Campanian (75-76 million years ago) of Oman. This new
development enables the reconstruction of surface ocean chemistry and light conditions on a day-to-day
scale, yielding valuable insight into fast environmental changes and shedding light on the short-term effects
of climate and environmental change on tropical ecosystems during Cretaceous greenhouse times.
Introduction
Both proxy-based paleoclimate reconstructions and climate models characterize the Campanian (83.6
± 0.5 Ma to 72.1 ± 0.2 Ma; Gradstein and Ogg, 2012) as a warm stage with large climatic and sea level
fluctuations (Barrera and Savin, 1999; Li and Keller, 1999; Pearson et al., 2001; Huber et al., 2002;
Friedrich et al., 2012). Campanian global mean annual surface temperatures are estimated to have been
2-4°C warmer than today, with a reduced equator-to-pole temperature gradient (Huber et al., 2002;
Friedrich et al., 2012; Amiot et al., 2004). This makes the Campanian an interesting period to understand
environmental change during warmer climates such as those predicted for the end of the 21st century
(DeConto et al., 1999; Jenkyns et al., 2004; Meehl et al., 2007). Most of these deep-time reconstructions
have so far focused on long-term changes in climate and environment at the scale of tens of kiloyears to
millions of years. However, crucial information can be obtained from the still poorly-understood changes
on a shorter, human (sub-annual to decadal) timescale. Combined with long-term climate records, such
high-resolution environmental reconstructions improve current understanding of the dynamics of
greenhouse climates and the effect of rapid climate change on the marine environment.
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Rapid changes in past environments are studied in detail by analyzing chemical proxies in accurately
dated and well-preserved mineral tissues (e.g. fossil mollusk shells, corals and bioapatites). These
archives may be used to construct sub-annual to multi-decadal records of paleoenvironmental change
(Steuber, 1996; Fricke et al., 1998; Gothman et al., 2015). Bivalve shells have proven to be especially
useful for reconstructing paleoseasonality and decadal variability (Watanabe et al., 2004; Steuber et al.,
2005; Batenburg et al., 2011). Shells of some species of bivalve serve as archives of daily growth
increments over several hundreds of years (Steuber et al., 2005; Schöne et al., 2005; Sano et al., 2012).
Hippuritid rudist bivalves (Hippuritidae) (Gray, 1848) are of special interest for climate reconstructions in
the Late Cretaceous epoch, because of their abundance in the fossil record and their comparatively thick,
diagenetically resistant low-Mg calcite (LMC) outer shell layer (Steuber, 1996; Al-Aasm and Veizer, 1986a;
b).
Bivalve sclerochronology studies predominantly rely on records of stable oxygen isotope ratios (18O)
to reconstruct calcification temperature and ambient salinity (Schöne et al., 2005; Jones, 1983; Surge et
al., 2001). Much effort is put into the development of additional chemical proxies in bivalve calcite, such
as trace element ratios. These enable a multi-proxy approach that discriminates between physiological
and environmental processes affecting the chemistry of the shell (Elliot et al., 2009; Schöne and Gillikin,
2013; de Winter et al., 2017). Yet, uncertainties persist about the exact mechanisms of trace element (e.g.
Li, B, Mg, Sr and Ba) incorporation into bivalve shells, and how environmental conditions influence their
uptake (Vander Putten et al., 2000; Weiner and Dove, 2003; Schöne et al., 2011; Füllenbach et al., 2015).
Ratios of Mg/Ca and Sr/Ca in bivalve shells have long been proposed to reflect environmental conditions
(Freitas et al., 2006). However, changes in growth rate, and active discrimination against Mg and Sr by
Ca2+-pumping to the bivalve’s calcification site heavily influence Mg/Ca and Sr/Ca ratios (Gillikin et al.,
2005) and have led to the application of new trace element proxies, such as Mg/Li and Sr/Li, which are
less affected by these vital effects (Bryan and Marchitto, 2008; Füllenbach et al., 2015).
Recent advances in analytical techniques now allow the measurement of trace element ratios at high
spatial resolution (≤ 10 µm), a scale at which daily growth increments are recognized in bivalve shells
(Sano et al., 2012; Warter and Müller, 2017). For the first time, the study of shell chemistry at the level of
sub-daily fluctuations becomes possible, so that the effect of the diurnal light and temperature cycle on
shell chemistry can be investigated (Sano et al., 2012; Warter et al., 2018). Not only is the study of subdaily resolved records important for understanding rapid environmental change, it also allows estimations
of the relative length of astronomical cycles (e.g. diurnal, tidal and annual cycles; Williams, 2000). These
reconstructions shed light on the evolution and behavior of the Earth-Moon system on geological
timescales, which helps constrain geologic time through cyclostratigraphy and improves astronomical
models (Berger et al., 1989; Strasser et al., 2006; Mayers and Malinverno, 2018)
The present study leverages recent improvements in the detection power and spatial resolution of laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS) and in bivalve sclerochronology by
performing ultra-high resolution (10 µm in growth direction) elemental profiling. In this way, Mg/Ca, Sr/Ca,
Mg/Li and Sr/Li ratios are measured across thin (30-40 µm) growth laminae in the outer shell layer of a
Campanian Torreites sanchezi rudist (Bivalvia: Hippuritidae; Douvillé, 1927) from the tropical Saiwan area
in present-day Oman (20° 40’ 41.52” N, 57°35’27.14” E; paleolatitude of 5°S). The point-by-point analysis
approach presented in this study ensures that every measurement ablates a unique and limited sample
volume. Therefore, it prevents lateral averaging during measurement, which occurs during continuous LAICPMS profiling (Warter and Müller, 2017). Combining these high-resolution profiles with lower resolution
LA-ICPMS (Mg/Li and Sr/Li), micro-X-Ray Fluorescence (µXRF; Mg/Ca and Sr/Ca) and stable isotope
(18O and 13C) records in the same specimen resolves chemical changes on both seasonal and diurnal
timescales. A full methodological description is given in Materials and Methods.
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Results and discussion
Figure 1 shows records of geochemical proxies measured along the length of the T. sanchezi shell
together with color scans and micrographs illustrating the shell structure. Microscopy and µXRF mapping
(see S6.2; S6.6) reveal that the inside of the LMC outer shell layer is exceptionally well-preserved as
evidenced by low manganese (Mn), iron (Fe) and high strontium (Sr) concentrations as well as
preservation of fine sub-annual growth laminae (Fig 1C-E) (20,26). Spectral analysis results (Fig. 1B,
details in Materials and methods) show that seasonal cyclicity is observed in all proxy records (Mg/Ca,
Sr/Ca, Mg/Li, Sr/Li, 18O and 13C) in T. sanchezi with statistical significance (p≤0.05 for most records; Fig.
1A-B, S6.4; S6.13) (see 26). The average period of the seasonal cycle extracted from these records is
13.4 ± 0.7 mm (1SD). Rhythmic alternations of dark and light layers in the LMC outer shell layer are paced
to the seasonal cycle in 18O (dark layers correspond with minima in 18O and vice versa; Fig. 1A;C-E;
S6.7). Annual light and dark layers are observed with statistical significance (p<0.01) in color records
extracted from scans and micrographs of the polished shell section (S6.8).
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Figure 22: A) Records of Mg/Li, Sr/Li, Mg/Ca, Sr/Ca, 13C and 18O measured along the length of the T. sanchezi shell in well-preserved LMC.
Thin lines illustrate measurements and bold lines represent seasonality extracted using bandpass filtering (bandwidth: 7.5 – 17.5 mm; see B and
S6.5). Numbered vertical lines (I - VI) show positions of high-resolution LA-ICPMS profiles. Capped vertical lines in the same color highlight diurnal
variability in these profiles (see Fig. 2 and Fig. 3). B) Power spectra of records shown in A (see S6.5) with percentages indicating statistical
significance. Colored areas indicate the bandwidth used for bandpass filtering. C) Color scan of longitudinal cross section through the T. sanchezi
shell. The red polygon highlights well-preserved LMC in the outer shell layer. Dashed lines indicate positions of high-resolution proxy records (I VI). D) Close-up of the outer shell layer showing bands of thin laminae with seasonal dark and light shell layers. E) Color scan of a polished section
parallel to the section shown in C, which was analyzed to avoid altered shell material higher up the shell in cross section C. Dashed lines are
isochrons. F) Thin section micrograph of a dark part of LMC outer shell layer showing 30-40 µm thick laminae with prominent dark calcite bands.
G) Thin section micrograph of a lighter part of LMC outer shell layer showing 30-40 µm thick laminae with prominent lighter calcite bands. Note
the difference in scale with F.

Laterally continuous sub-annual laminae in the shell of T. sanchezi are composed of couplets of dark
and light bands with a combined thickness of 30-40 µm (Fig. 1D-G; S6.7). In seasonally dark layers, the
dark calcite bands in these laminae are thicker than light bands (Fig. 1F), while in lighter layers the light
band is dominant (Fig. 1G), explaining the seasonal color variations (see Fig. 1A,D; S6.8). These laminae
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are slightly thicker than daily laminae found in modern and fossil tridacnid bivalves (15-20 µm; Sano et al.,
2012; Warter and Müller, 2017; Warter et al., 2018), marginally thinner than daily growth increments in
modern Chione shells (±50 µm) (Berry and Barker, 1968; Goodwin et al., 2001) and similar in thickness to
daily growth increments found in gerontic specimens of Arctica islandica (±30 µm; Schöne et al., 2005).
Laminae are bundled in sets with a width of ±0.6 mm (p<0.05; S6.7; S6.8).
Six 2 mm long LA-ICPMS profiles, recorded at a spatial resolution of 10 µm, indicate that sub-annual
laminae are characterized by periodic variations in Mg/Ca, Sr/Ca, Mg/Li and Sr/Li ratios (Fig. 2A-B, S6.13).
Profiles were strategically placed to sample various locations along the length of the shell and different
parts of the seasonal cycle (Fig. 1; S6.8; S6.13). Section V and VI partly overlap to demonstrate that daily
fluctuations in shell chemistry are reproducible between profiles and in isochronous parts of the shell
(S6.9). Furthermore, profiles sampled an average of 55 laminae, allowing a confident estimate of the
average width of daily laminae. Dominant periodicities in the high-resolution trace element records range
between 33 and 38 µm, with an average period of 36.5 ± 2.0 µm (1SD; S6.13). A comparison of bandpass
filters with the proxy records (Fig 2A) shows that the extracted 36.5 µm periodicity explains a major part
of the variation in the records (Pearson’s r > 0.5; p <0.01; Fig. 2B, S6.13). Note that analytical uncertainties
are insufficient to explain all of the residual variability, suggesting that other, non-periodic variables may
influence
variability
in
trace
element
profiles
(S6.10).

Figure 23: A) High-resolution (10 µm) LA-ICPMS records of Mg/Ca, Sr/Ca, Mg/Li and Sr/Li measured along profile II perpendicular to the
orientation of ±36.5 µm laminae observed in the well-preserved LMC of the late Campanian T. sanchezi shell. Thin lines represent measurements
while bold lines designate bandpass filters of dominant ±36.5 µm periodicities (bandwidth: 25 – 50 µm; see B). B) Multi-taper power spectra
showing significant peaks around 36.5 µm associated with fine laminae in the shell. Coloured areas and percentages as in Figure 1B (see S6.5).
C) Micrograph showing the laminated shell section scaled to the x-axis of the graph.

Comparing the length of the 36.5 ± 2.0 µm laminae with the 13.4 ± 0.72 mm seasonal cycle (Fig 1A)
shows that an average of 366 ± 28 laminae is deposited per year. Counting the number of laminae using
microscope images of the outer shell layer (S6.7) yielded a total of 338 ± 20 laminae per year. However,
layer counting is likely to underestimate the number of laminae per year, since laminae are not always
sufficiently distinct to be visually identified. Indeed, in the best preserved annual cycle in T. sanchezi, 362
laminae are identified, showing close agreement with the estimate based on length of the daily cycles (366
± 28). The number of laminae per year is in close agreement with the amount of days in a Late Cretaceous
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year, which independent counts of diurnal increments in various fossil taxa (Williams, 2000; Berry and
Barker, 1968; Wells, 1963; Runcorn, 1968; Pannella, 1972) and calculations of tidal dissipation and the
resulting deceleration of Earth’s orbit (Lambeck, 1980; Wahr, 1988) estimate to be 372 ± 3. Assuming that
36.5 µm laminae in T. sanchezi represent daily cycles and the length of the tropical year remained constant
(3.16*107 s; Meeus and Savoie, 1992), a single 10 µm wide LA-ICPMS measurement samples calcite
deposited over an average period of 2.3*105 seconds (±6.5 h) and the length of a Campanian day was
8.4*105 seconds, or 23 hours and 23 minutes. Our reconstructed length of day is in agreement with
established models for tidal dissipation and evolution of the Earth-Moon system over geologic time (Bills
and Ray, 1999). Furthermore, this implies that the 0.6 mm wide bundles of laminae represent cycles of
14.7 ± 1.1 days, corresponding to the fortnightly tidal cycle, which has not changed significantly since the
Campanian (Evans, 1972; Jones, 1983; Williams, 2000; Goodwin et al., 2001; Warter and Müller, 2017).
The estimated 366 ± 28 daily cycles recorded in a year leave little time for growth cessations, which are
common in bivalves exposed to seasonal periods of environmental stress (Thomson et al., 1980; Surge et
al., 2001; Goodwin et al., 2001). Daily laminae deposited in the warm (low-18O, dark calcite) season are
slightly thinner than average (35.5 µm; S6.13). This shows that high summer temperatures (up to 43°C;
de Winter et al., 2017) affected growth rates but still permitted year-round shell growth in T. sanchezi.
Therefore, the 34°C to 43°C seasonal cycle in surface ocean temperatures reconstructed from this shell’s
18O values (de Winter et al., 2017) likely reflects the full seasonal temperature range. Campanian tropical
surface ocean temperatures were approximately 10 degrees warmer than today (25-29°C; World Sea
Temperatures, 2018), and likely exceeded 30°C year-round. These results are corroborated by
independent Late Cretaceous tropical sea surface temperature reconstructions based on climate
modelling and chemistry of foraminifera and rudist bivalves (Pearson et al., 2001; Steuber et al., 2005;
Huber et al., 1995).
Seasonal (Fig. 1) and daily variabilities (Fig. 2) in trace element ratios are isolated by creating stacks
of cycles in the records guided by bandpass filters (Fig. 1 and Fig. 3; see S6.5). The most notable
differences in daily variation between profiles are the variations in amplitude of the Mg/Ca cycle (Fig. 3C)
and the variations in absolute value of the Sr/Ca cycle (Fig. 3D). However, no relationship is observed
between these variations and season or shell age (S6.13). Instead, variations in the fortnightly tidal cycle
recognized in the form of bundles of daily laminae likely cause these variations in Sr/Ca between the highresolution records (Fig. S2). Stacks in Figure 3 also allow direct comparison between the expression of
the daily and seasonal cycle in proxy records. Variation on a daily scale often exceeds seasonal variation.
This is especially clear from maxima in daily cycles, with almost always exceed seasonal maxima (Fig. 1A
and Fig. 3).
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Figure 24: Stacks of daily (thin colored lines, see legend) and seasonal (dashed black lines) variation in Mg/Li (A), Sr/Li (B), Mg/Ca (C) and
Sr/Ca (D) measured in the shell. Positions of sections I to VI are illustrated in Fig. 1A.
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T. sanchezi occupied a shallow tropical ecological niche similar to modern aragonitic tridacnid bivalves
(Ross and Skelton, 1993), in which sub-daily resolved Mg/Ca and Sr/Ca variations were previously
observed (Sano et al., 2012; Warter et al., 2018). Daily variability of Sr/Ca in T. sanchezi is slightly higher
than diurnal variability in modern tridacnid bivalves (1.5 – 2.0 mmol/mol vs. 1.4 – 1.8 mmol/mol; Fig. 3)
(Sano et al., 2012; Warter et al., 2018). Daily fluctuations in Mg/Ca also exceed those in diurnal Tridacna
profiles (10–25 mmol/mol vs. 0.4–1.4 mmol/mol in Tridacna). However, Mg/Ca ratios in tridacnids are
highly variable (3–50 mmol/mol) (Watanabe et al., 2004; Batenburg et al., 2011; Elliot et al., 2009),
suggesting that the offset may be caused by specimen-specific vital effects in tridacnid shells (Freites et
al., 2006). Trace element concentrations in T. sanchezi profiles resemble those measured in other calcitic
bivalve shells (e.g. Crassostrea, Pecten, Pinna and hippuritid rudist taxa) (Freitas et al., 2006; Steuber,
1999; Richardson et al., 2004; Surge and Lohmann, 2008; Ullmann et al., 2013). The recorded daily Mg/Ca
and Sr/Ca variations in T. sanchezi also exceed seasonal variations observed in these other bivalve taxa.
The high amplitude of daily variations compared to the seasonal variability implies that, on the scale of
diurnal variability, variables paced to the day-night cycle, such as light availability and the animal’s
circadian rhythm, govern the trace element composition of the shell. As such, environmental variables
dominant on the seasonal scale (e.g. sea water temperature and chemistry) play a minor role. Similarly, a
dominant role of light availability and circadian rhythm on diurnal trace element variability was
demonstrated in modern tridacnid bivalves, with water temperature exerting a minor influence (Sano et al.,
2012; Warter et al., 2018). Tentatively applying temperature calibrations for trace element proxies based
on modern studies shows that daily variations in Mg/Ca (10 – 25 mmol/mol), Sr/Li (100 – 250 mol/mol)
and Mg/Li (800 – 2000 mol/mol) yield unrealistic diurnal sea surface temperature fluctuations of 10-20°C
(S6.11; Füllenbach et al., 2015; Surge and Lohmann, 2008; Montagna et al., 2014). Diurnal temperature
variations in the present-day tropical ocean surface rarely exceed 1.5°C (Sano et al., 2012; Kawai and
Wada, 2007), suggesting that only 15% (at most) of the daily variability in trace element ratios can be
explained by temperature variability and that the majority is likely caused by changes in light availability.
Consequently, higher daily Sr/Ca amplitudes found in T. sanchezi compared to modern tridacnid bivalves
indicate that daily light variability in Campanian tropical surface ocean was approximately 20% higher than
that in modern tropical Pacific ecosystems in which these tridacnid bivalves grow today (Sano et al., 2012).
Using a calibration for the relationship between Sr/Ca and hourly insolation (Sano et al., 2012; formula 1)
and assuming no insolation at night, maximum daily insolation recorded in the shell of T. sanchezi (531
W*m-2) was ±100 W*m-2 higher than that recorded in modern Pacific tridacnid shells (425 W*m-2). This
distinction may be attributed to differences in water clarity due to wave action or pollution, variations in
average annual insolation due to orbital configuration or changes in habitat depth between the bivalve
species.
Daily control of light availability on trace element concentrations has been demonstrated in skeletal
carbonates of modern symbiont-bearing corals (Sinclair, 2005), foraminifera (Spero et al., 2015) and
bivalves (Warter et al., 2018). This effect has been attributed to changes in calcification rate caused by
much lower activity of symbionts during nighttime (Sano et al., 2012; Goreau, 1959; Carré et al., 2006).
The observation of similar diurnal cyclicity in T. sanchezi as well as the comparatively high 13C values
measured in this shell (Fig. 1) provides new convincing arguments to support the hypothesis that Torreites
rudists developed a mutualistic relationship with photosymbionts (Steuber, 1999; Skelton and Wright,
1987).
The fortnightly tidal cycle expressed in the shell of T. sanchezi (see S6.8; S6.10) likely reflects the effect
of changes in water depth (influencing light availability) or periodic emergence during low tides (causing
stress) on calcification rates (Warter et al., 2018; Pannella, 1972; Jones, 1983). Aperiodic events (e.g.
storms, cloud cover and wave action) also influence light availability and growth stress and explain part of
the trace element variability that is not governed by daily cycles and measurement errors (S6.10). Typical
sampling resolutions applied in conventional seasonally resolved bivalve records (hundreds of
micrometers to millimeters) cover multiple days or weeks per sample and are insufficient to detect these
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high frequency fluctuations in shell chemistry (e.g. Elliot et al., 2009; Surge and Lohmann, 2008). However,
tidal and diurnal variability likely explains the high frequency “noise” often observed in trace element
seasonality records measured using techniques with intermediate sampling resolution (tens of
micrometers), such as LA-ICPMS and lab-based µXRF (Fig. 1A) (Batenburg et al., 2011; de Winter et al.,
2017a;b). Seasonal cycles filtered from long Mg/Ca, Mg/Li and Sr/Li records (Fig. 1) yield an average
temperature seasonality of 8.6°C in close agreement with the 9°C seasonality reconstructed from 18O
records (S6.11; S6.13; de Winter et al., 2017a; Füllenbach et al., 2015; Surge and Lohmann, 2008;
Montagna et al., 2008). This shows that high frequency variability in shell chemistry does not necessarily
preclude the extraction of seasonal cyclicity from records with a lower sampling resolution.
This study applies high-resolution LA-ICPMS analysis to produce the first measurements of sub-daily
trace element variability in Campanian rudist bivalves, and the first diurnal records of Mg/Li and Sr/Li ratios
in fossil biogenic carbonate. Sub-daily resolved records allow independent determination of the amount of
days in a year during the Campanian. The presence of daily laminae throughout the year in T. sanchezi
shows that the full seasonal sea surface temperature cycle (34-43°C) can be reconstructed from 18O
records in this shell. Diurnal variations are so large that daily temperature change only accounts for 15%
of the variability. Instead, the diurnal insolation cycle probably exerted a dominant control on calcification
rates and therefore shell chemistry, just as in modern symbiont-bearing calcifiers. This shows that
temperature calibrations for trace element proxies cannot be used at the scale of diurnal variability and
provides the first conclusive evidence for the hypothesis that Torreites rudists bore photosymbionts.
Comparison with sub-daily resolved Sr/Ca records in modern tridacnid bivalves reveals that the daily light
cycle in the environment of T. sanchezi had a 20% larger amplitude, which equates to an increase in daily
maximum insolation of approximately 100 W*m-2. This difference can be attributed to local (e.g. water
clarity and habitat depth) or global (e.g. orbital configuration) variables and serves to illustrate how subdaily resolved trace element records from calcite bivalve shells can reconstruct local light intensities on a
daily scale in the geological past. These reconstructions shed light on rapid environmental change in
shallow marine tropical ecosystems during ancient greenhouse times, and further our understanding of
the sensitivity of these important ecosystems to environmental change.
Materials and methods
A Torreites sanchezi specimen was obtained from the Natural History Museum of Maastricht with help
from Dr. John Jagt. Dating and sample preparation procedures are detailed in (de Winter and Claeys,
2016) and in S6.1. Micro X-Ray Fluorescence analysis was carried out using a Bruker M4 Tornado energydispersive µXRF system (Bruker nano GmbH, Berlin, Germany) at the AMGC research group of the Vrije
Universiteit Brussel (Belgium). Details on the XRF setup are found in (de Winter and Claeys, 2016) and in
S6.2. Shell preservation was assessed based on XRF maps of Sr, Mn and Fe, thin section microscopy
and visual observation of shell structure (see S6.6; de Winter et al., 2017a). LA-ICPMS measurements
were carried out at the A&MS research unit of the Department of Chemistry of Ghent University using an
Analyte G2 ArF*excimer-based laser ablation system (Teledyne Photon Machines, Bozeman, USA)
coupled to a Thermo X Series 2 quadrupole-based ICPMS unit (Thermo Fisher Scientific, Bremen,
Germany) . Low-resolution scans were measured using the same instrumental setup along the entire shell
length of T. sanchezi by continuous line scanning using a circular 50 µm spot. Six 2 mm long highresolution profiles were measured at 10 µm resolution by point-by-point ablation using a 150 x 10 µm
rectangular spot positioned parallel to daily laminae in the shell. Plots of all high-resolution profiles are
given in S6.6-S6.12. Details on the LA-ICPMS measurement setup are given in S6.3. LA-ICPMS results
were calibrated using repeated measurements of United States Geological Survey (USGS) BCR-2G,
USGS BHVO-2G, USGS GSD-1G, USGS-GSE-1G and National Institute of Standards and Technology
(NIST) SRM610 and NIST SRM612 certified reference materials. Errors on LA-ICPMS measurements are
given in S6.14. All proxy data used in this study are presented in S6.15. Thin sections were prepared from
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well-preserved parts of the outer shell layer by TS Lab and Geoservices snc (Cascina, Italy). Light
microscopy was carried out at 400x magnification using a Nikon Optiphot 2 POL light microscope (Nikon
Corp., Tokyo, Japan) and a Meiji EM2-13TR stereomicroscope (see S6.1 for details and S6.7 and S6.12
for results). Signal processing was carried out using the “astrochron” package in the open computational
software package R (Meyers, 2014; R Core Team, 2008). Stacks of daily cycles were constructed by
identifying the maxima, minima and crossover points of bandpass filters of statistically significant
periodicities associated with daily laminae. Proxy records were aligned to the cyclicity of bandpass filters
based on the position of these tie points and the spot of each measurement relative to the extracted cycle
was used to plot all measurements on one axis and create daily and annual stacks of proxy records. Details
on the signal processing and stacking procedure are given in S6.5, and R-scripts applied for data treatment
are given in S6.16. Results of bandpass filtering and stacking are given in S6.17-S6.19.
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3. Tooth bioapatite as an archive for high-resolution paleoclimate reconstructions
This chapter demonstrates the results of three studies that were carried out within the scope of this thesis
to improve the techniques and interpretations for obtaining reliable stable isotope and trace element proxy
records from tooth bioapatite. The first study (3.1) tests the application of several pretreatment techniques
for preparing bioapatite samples for stable isotope analysis, and provides guidelines for sample
preparation. The second stody (3.2) demonstrates how high-resolution trace element profiling can be used
to characterize lateral variations in trace element concentrations in multiple directions in the enamel of
human molars. This approach was used to test which trace element patterns are linked to taphonomy
(preservation and diagenesis) and which patterns can be used to reconstruct paleoenvironmental change
from well-preserved tooth enamel. The third study (3.3) used the new µXRF technique for trace element
profiling in combination with stable isotope analyses to demonstrate that seasonal changes in the diet and
environment of modern horses are recorded in the trace element composition of the enamel of their molars.
Pretreatment techniques for stable isotope analysis on bioapatites
Preservation of original bioapatite composition is a critical prerequisite for the accurate reconstruction of
paleoclimate and paleoenvironment using the tooth bioapatite archive, and should be the first thing that is
assessed in any high-resolution paleoclimate study. Subchapter 3.1 focuses on the effect of various
pretreatment methods on stable carbon and oxygen isotope measurements. A critical assessment is made
of the methods applied in the literature for cleaning bioapatite samples to remove contaminants introduced
by taphonomic processes. As outlined in 1.4.4, the main goal of these so called “pretreatment” methods
is to remove the labile fraction of the bioapatite mineral, which readily exchanges with pore fluids after
burial and during fossilization (Koch et al., 1997; Garvie-Lok et al., 2004; Yoder and Bartelink, 2010;
Crowley and Wheatley, 2014; Pellegrini and Snoeck, 2015; Snoeck and Pellegrini, 2015). These labile
components are mostly locked in the channels between bioapatite crystals and the hydration layers around
the crystals, making them far less strongly bound to the bioapatite than the elements in the phosphate or
cation group (Yoder et al., 2012). The challenge of pretreating bioapatite samples is to find a method that
leaches out these labile components while leaving the structurally bound components, which contain the
paleoenvironmental information, unaffected. Over the last decades, several procedures have been
proposed to achieve this, but there is not much consensus on which method is the most effective. One of
the biggest problems with testing different pretreatment methods is that it is very difficult to obtain
information about the pristine state of samples before they were affected by diagenesis. Therefore, it is
hard to ascertain when a pretreatment method is successful and or when it is too invasive and has affected
the pristine composition of the structurally-bound components in the bioapatite.
In subchapter 3.1, an attempt has been made to solve this problem by applying several pretreatment
methods on bioapatites from fossil Pliosaur teeth and modern cow molars. These types of samples
represent two end-members on a spectrum of diagenetically affected bioapatites. The Pliosaur teeth
contain ancient (Cretaceous) fossil bioapatite with a long burial history, while the modern cow teeth were
obtained from recently deceased animals and have no burial history. Comparing the effect of the same
pretreatment procedures on these very different sample types allows us to distinguish the success of
pretreatment techniques in removing contaminants from highly diagenetic Pliosaur teeth, while also
shedding light on the effect the treatments have on the pristine composition of modern cow enamel. The
findings in subchapter 3.1 have implications for strategies for treating bioapatite samples for paleoclimate
analysis. While many different pretreatment methods are proposed in the literature (e.g. Koch et al., 1997;
Yoder and Bartelink, 2010; Pellegrini and Snoeck, 2015), a study into the effects of pretreatments on
modern, archaeological and fossil bioapatite shows that soaking in buffered acetic acid solution provides
the best result in terms of reproducibility of stable isotope ratios. Pretreatment tests further demonstrate
that, due to the presence of these more labile bioapatite and carbonate minerals, treatment with water only
causes a large and unpredictable spread in the stable isotope composition of the bioapatite, potentially
masking the original composition used for reconstructions. Care should also be taken in applying
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treatments to remove organic matter. We demonstrate that organic matter content has no effect on the
result of stable isotope analysis, while organic matter removal mechanisms (e.g. treatments with bleach
or hydrogen peroxide; Quade et al., 1992) can severely affect the original stable isotope composition of
bioapatites. Based on this information and details in the literature (e.g. Zazzo and Saliège, 2011), the
safest way to pretreat fossil and archaeological bioapatites for paleoenvironmental reconstructions is to
soak in buffered 1 M acetic acid solution and to avoid organic matter removal.
Trace element distribution and leaching profiles in archaeological enamel
Applying the newly obtained knowledge about sample pretreatment and the potential preservation of the
chemical composition of tooth enamel bioapatites (see 3.1), the application of several chemical proxies in
bioapatites was explored in this subchapter. While vertebrate tooth enamel has the potential to preserve
its chemical composition during long periods of burial (Lee-Thorp and Van Der Merwe, 1987; Wang and
Cerling, 1994; Lee-Thorp and Sponheimer, 2003), comparatively little research has been carried out
exploring this potential for deep time reconstruction (e.g. Quade et al., 1995; Fricke and O’Neil, 1996;
Cerling et al., 1997a; b). One reason is that much uncertainty exists about the interpretation of proxies that
can be measured at high resolution, such as stable isotope and trace element ratios (Koch et al., 2007).
Another reason is that the preservation potential of trace element concentrations in tooth enamel over
geologic timescales remains relatively uncertain (Kohn et al., 1999; Sponheimer and Lee-Thorp, 2006;
Kohn, 2008). In archaeology, bioapatite archives have enjoyed more popularity as an archive for
paleoenvironmental reconstructions since archaeological tooth samples have a shorter burial history and
are thought to be less strongly affected by diagenesis (Balasse et al., 2002; Evans et al., 2006).
For this reason, the study of tooth enamel bioapatites for the reconstruction of paleoenvironment in deep
time is mostly limited to the use of stable isotope proxies, such as stable carbon and oxygen isotopes (e.g.
Fricke and O’Neil, 1996; Cerling et al., 1997a; b). These proxies have yielded valuable information about
seasonal changes in the diet and environment of vertebrates. However, much like in bivalve carbonate,
the interpretation of these proxies is plagued by the interference of several environmental variables (e.g.
precipitation, temperature and dietary changes), which complicate the interpretation of proxy records. Even
more so than in bivalve shells, behavioral changes of terrestrial vertebrates (e.g. migration) can have a
large effect on the expression of proxy records (Wright and Schwarcz, 1998; Wright, 2005; Evans et al.,
2006). It might be possible to disentangle the effect of these different variables by introducing new proxies
for behavior or environmental change in a multi-proxy approach. Trace elements are promising candidates
for such new proxies, since some studies have already shown that their incorporation into vertebrate teeth
and bones is driven by changes in trace element uptake rates in vivo (Kohn and Moses, 2013). Before
trace element proxies for tooth enamel can be applied in deep time reconstructions, questions about their
incorporation mechanisms and preservation in the fossil record need to be answered.
The second subchapter (3.2) aims to quantify the effect of diagenetic leaching of trace elements into tooth
enamel bioapatite by examining leaching profiles in archaeological (Late Neolithic) human molars. Human
teeth were chosen as test subjects because their enamel is thin compared to tooth enamel from most large
fossil species and is therefore thought to be more susceptible to trace element leaching (Kohn, 2008). A
measurement strategy and calibration procedure for µXRF trace element analysis in bioapatite was
developed. This routine enables quantitative trace element profiling in tooth enamel at a high lateral
resolution. Leaching rates and concentration differences between enamel and pore fluids could be
reconstructed by applying a Diffusion-Advection model based on work by Millard and Hedges (1996) to
leaching profiles measured by µXRF analyses. The application of a diffusion-advection model explains the
trace element profiles observed in the enamel very well. Not only do these calculations shed light on the
amount of diagenetic alteration that the tooth enamel has suffered, it can also be used to reconstruct
original trace element concentrations in the enamel if leaching did not fully overprint and homogenize trace
element concentrations. These observations show that it is possible to reconstruct original trace element
compositions from well preserved fossil enamel. Finally, this study also allowed for an assessment of which
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parts of the tooth enamel are more susceptible to be diagenetically altered and which areas in the tooth
should be targeted to sample unaltered tooth enamel for chemical analysis. This prediction should be
demonstrated by testing leaching profiles in fossil material. The research presented in this subchapter
advances existing knowledge of the incorporation and diagenesis of trace elements in bioapatites (mostly)
from archaeological studies to bring us one step further towards the application of trace element proxies
in tooth enamel bioapatites for deep time reconstructions.
Seasonality in stable isotope ratios and trace element concentrations in mammal molar enamel
The final study presented in this chapter (3.3) makes use of a combination of high-resolution trace element
and stable isotope analyses to study chemical changes in the enamel of a modern horse (Equus caballus)
of which the diet and living environment is well-known. The multi-proxy records thus obtained shed light
on the environmental factors that influence the incorporation of trace elements and stable isotopes in horse
tooth enamel. Interestingly, this study showed that there is a strong seasonal component in both trace
element and stable isotope records. Such seasonal variations in trace element concentrations have never
before been demonstrated in intra-tooth records. Changes in trace element content on a seasonal scale
are likely controlled by environmental factors such as differences in diet and dust intake of the horse, as
was suggested by Kohn et al. (2013). These results show that seasonal differences in trace element
composition observed in modern horse enamel may also be reconstructed from fossil vertebrates. This
opens up a wide range of relatively unexplored trace element proxies for use in paleoenvironmental studies
on fossil bioapatite. There is a large untapped potential for using trace element compositions of fossil
enamel for reconstructing seasonal changes in the paleoenvironment of terrestrial vertebrates from fossil
tooth enamel. Results of the study in subchapter 3.3 were published in the journal Plos One.
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3.1 Evaluation of the isotopic effects of pre-treatment procedures for bioapatite samples: A critical
assessment of common procedures and the need for organic matter removal
This chapter has been prepared for submission to an international peer-reviewed journal:
de Winter, N.J., Snoeck, C., Claeys, P. Evaluation of the isotopic effects of pre-treatment procedures for
bioapatite samples: A critical assessment of common procedures and the need for organic matter removal
(in prep.)
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Abstract
Over the last decades, several procedures have been proposed as pre-treatment for the analysis of
carbon and oxygen stable isotope composition of bioapatite carbonates. There is, however, no consensus
on the correct pre-treatment method. It was shown that several methods affect the original stable isotope
composition of the samples, often in an unpredictable way. In this study, a range of common methods of
pre-treatment are applied on several aliquots of enamel bioapatite from a fossil and a modern tooth, as
well as on in-house bioapatite standards. Moreover, bioapatite standard samples were contaminated with
collagen to observe the effect of organic matter on the stable carbon and oxygen isotope measurements.
The results show that pre-treatment with acidic agents causes a shift in stable carbon isotope composition
that is most likely associated with the removal of labile and/or exogenous carbonates from the sample.
More importantly, they show that the presence of organic matter in bioapatite samples has no effect on
the isotope composition of their carbonate fraction. This, together with the observation of unexplained
shifts in oxygen isotope composition associated with the use of organic removal agents, shows that such
organic removal treatments are not necessary and significantly affect stable isotope results in an
unpredictable way. As such, they should be avoided.
Introduction
To extract pristine isotope information from the carbonate fraction of bioapatite (i.e. bone apatite and
tooth enamel), it is common practice to pre-treat the samples to remove (1) organic matter and (2) possible
adsorbed and diagenetic carbonates in the bioapatite sample. A large number of studies have shown the
impact of various pre-treatments on the carbon and oxygen isotope composition of bioapatite carbonates
(Koch et al., 1997; Garvie-Lok et al., 2004; Yoder and Bartelink, 2010; Pellegrini and Snoeck, 2016),
though there is still no consensus on which pre-treatment should be carried out. Since the different pretreatments impact the measured isotope ratios differently, it is crucial that different laboratories use the
same pre-treatments to allow for better inter-laboratory comparisons. Indeed, it is not clear whether a
difference in stable isotope results between treated and untreated samples is a result of successful
removal of exogenous (non-structurally bound) carbonate and organic matter and/or a result of removing
endogenous material with possible effects on the pristine isotope ratios.
Bioapatite and stable isotopes
The importance of carbon and oxygen stable isotope measurements of bioapatite carbonates (δ13Cap
and δ18Oc respectively) has been demonstrated in a wide range of stratigraphic, paleontological and
archaeological studies (Quade et al., 1992; Koch et al., 1995; Fricke et al., 1998; Sharp and Cerling, 1998;
Joachimski et al., 2004; Frémondeau et al., 2015). Due to its biological origin, the δ13Cap and δ18Oc values
of bioapatite yields valuable information about paleobiology and paleoclimatology (Bryant et al., 1994;
Clementz et al., 2006; Balasse et al., 2012) as well as insight into paleodiets, migration patterns, and
provenance of archaeological remains (D’Ambrosia et al., 2014; Balasse et al., 2012; Frémondeau et al.,
2012; Tornero et al., 2015). Intra-tooth records furthermore yield information about the changes in stable
isotope signatures through the growth-time of the teeth, which can be interpreted in terms of seasonal
changes in the animal’s ecology and environment (Balasse et al., 2003; Fricke and O’Neil, 1996; Balasse
et al., 2002) and references therein.
Bone and teeth are composed of three main elements: water, organic matter (mainly collagen) and an
inorganic fraction called bioapatite. The latter is a highly substituted hexagonal calcium phosphate apatite
(LeGeros, 1991) that can be described by the following formula: (Ca, Mg, Sr, [])10(PO4, CO3)6(OH, F, CO3,
H2O, [])2 where [] represent potential vacancies in the structure (LeGeros, 1986; Skinner, 2005; Wopenka
and Pasteris, 2005; Yoder et al., 2012). Fresh enamel contains about 2% organic material (Brudevold and
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Soremark, 1967), while dentine and bone contain up to 20 and 30% respectively (Stack, 1955; Driessens
and Verbeeck, 1990).
Of interest for paleodietary and paleoenvironmental reconstruction is the carbonate fraction (CO3) that,
as evidenced by the formula, can substitute for both the PO4 and OH groups in bioapatite. This carbonate
is referred to as structurally bound carbonate (LeGeros et al., 1969). In contrast, bioapatite can also contain
carbonate outside the crystal structure in the hydration layers (LeGeros, 1991; Beshah et al., 1990). The
amount of this non-structurally bound carbonate in bioapatite is related to the porosity and crystal size of
the material (Trautz, 1967). These carbonates can be added to bioapatite after mineralization. This
happens by inclusion of cement into pores in the material after burial or through adsorption of bicarbonate
to the bioapatite structure (Krueger, 1991; Zazzo et al., 2004). To obtain a pristine biological signal from
isotopic measurements carried out on bioapatite carbonates, it is crucial that all carbonate contamination
is removed. It is also common to remove all organic matter prior to analyses but the impact of its presence
(if any) on the measured isotope ratios remains unclear.
Pre-treatment
A wide range of pre-treatments to remove organic matter and exogenous carbonates from bioapatites
prior to isotope analyses can be found in the literature. The most common include sodium hypochlorite
(NaOCl) and hydrogen peroxide (H2O2) to remove organic matter (Koch et al., 1997) and acetic acid at
different concentrations and reaction times to remove exogenous carbonates (Koch et al., 1997; GarvieLok et al., 2004; Krueger, 1991; Lee-Thorp and Van der Merwe, 1991). It has however been suggested
that the use of oxidizing agents for the removal of organic matter in enamel is not necessary and might
introduce error in stable isotope measurements (Pellegrini and Snoeck, 2016; Zazzo et al., 2006; Pellegrini
et al., 2011; Snoeck and Pellegrini, 2015). The impact of organic matter on stable isotope measurements
has been studied for sediment carbonates (Oehlerich et al., 2013) and for radiocarbon dating of cremated
bone (Snoeck et al., 2016). Both studies suggest that, at low concentration of organic matter, there is no
reaction between phosphoric acid and the organic content of the samples, or at least, the presence of
organic matter has no impact on the stable isotope measurements. Nevertheless, this still needs to be
demonstrated for stable carbon and oxygen isotope studies of bioapatite carbonates.
The recent years have seen several studies testing the impact of various pre-treatments on the stable
carbon and oxygen isotope ratios of bioapatite carbonates. Some focusing more on the acid pre-treatments
(Garvie-Lok et al., 2004; Yoder and Bartelink, 2010) and other more on the organic removal pre-treatments
(Crowley and Wheatley, 2014; Pellegrini and Snoeck, 2016). Garvie-Lok et al. (2004) showed that samples
pre-treated with acetic acid at different concentrations might not be comparable and that, at higher
concentration, mass loss was very important (1M versus 0.1M). Yoder and Bartelink (2010) highlighted
that 0.1M acetic acid had a similar impact on the isotope composition of bioapatite carbonates as 1M
acetate-buffered acetic acid. Similar results were obtained by Pellegrini and Snoeck (2016) though a higher
mass loss was noted for samples pre-treated with 0.1M acetic acid.
For the removal of organic matter, Crowley and Wheatley (2014) advocate the use of H2O2 at room
temperature, however, the results from Snoeck and Pellegrini (2015) demonstrated that at room
temperature, H2O2 does not remove organic matter efficiently. In their study, they also observed that
NaOCl induces the adsorption of atmospheric CO2 onto the samples and that H2O2, due to its acidity,
dissolves parts of the samples. Alternatively, they suggest the use of hydrazine hydrate (N2H4) to remove
organic matter. Nevertheless, they warrant further research in the actual need of organic removal pretreatment prior to isotope analyses of bioapatite carbonate.
While these studies have provided key additional information on the effects of various pre-treatments,
there is still no agreement on the best method. Choosing the right reagents for pre-treating bioapatite
carbonates for stable isotope analysis is crucial. Successful pre-treatment should remove contamination
as much as possible without influencing the structurally bound components and altering the pristine isotope
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composition measured in the samples. This study tests various pre-treatments on modern and fossil tooth
enamel and investigates the actual need for pre-treatment prior to isotope analyses.
Materials and methods
Samples
Enamel powder was sampled from fossil ichthyosaur teeth (Sisteronia seeleyi, hereafter: FT – Fossil
Tooth) as well as from a second molar of modern domestic cattle (Bos Taurus, hereafter: MT – Modern
Tooth). The ichthyosaur tooth originated from the Cambridge Greensands Formation fossil collection in
the Royal Belgian Institute of Natural Sciences (RBINS) in Brussels, and was of Early Cenomanian age
(Hart, 1973; Morter and Wood, 1983; Wilkinson, 1988). The cow tooth was extracted from a recently
deceased animal in the dissection lab of the Flemish Centre of Animal Health (DGZ Vlaanderen) in
Torhout, Belgium. The freshly extracted second molar was cleaned using cold-water maceration (Rowley,
2015) in a SW22 shake bath (Julabo GmbH, Seelbach, Germany) at 35°C for 72h and dried overnight in
an oven at 50°C. After cleaning, any dirt on the surface of the tooth was removed using a diamond-coated
polishing disk and pressurized air.
Enamel was removed from the entire surface of the teeth using a handheld dental drill with a 1 mm
diameter diamond coated drill bit. A total amount of 1714 mg and 930 mg of enamel powder was collected
and homogenized from FT and MT respectively, and crushed by agate mortar and pestle. Care was taken
to exclusively sample the enamel layer and not to include dentine, which is more susceptible to diagenetic
alteration compared to enamel (LeGeros, 1991; Lee-Thorp and Sponheimer, 2003). In addition, two
internal bioapatite standards (Enf and CBA; de Winter et al., 2016) were used.
Pre-treatment
Sub-samples from FT, MT and Enf were divided into groups of multiple aliquots of 1 mg and subjected
to different pre-treatment methods as reported in Table 1. In pre-treatment methods 1 to 7, 0.04 mL of
reagent was used per mg of sample (according to Koch et al. 1997). For the two last methods (8 & 9) an
excess of buffered acetic acid was used for 30 minutes (according to Pellegrini and Snoeck, 2016). All
pre-treatments were carried out at room temperature. After soaking in each reagent, samples were
centrifuged and rinsed five times with 1 mL of distilled water and decanted. The supernatant was collected
and filtered on pre-weighed filter paper to estimate average weight loss by decanting. After the treatment
procedure, samples were left to dry overnight in an oven at 50°C and re-weighed to assess mass loss per
sample.
Pretreatment
method
1
2
3
4

Sample

N

FT
MT
FT
MT
FT
MT
Enf
FT
MT

3
3
3
3
9
5
14
9
5

First
reagent

Reaction
Second
time
reagent

Reaction
time

milliQ
water

24h

-

-

milliQ
water

24h

milliQ water

24h

0.1
M
acetic acid

24h

-

-

2.5%
NaOCl

24h

-

-

205

NIels_de_Winter_def.indd 215

13/02/19 10:31

5
6
7
8

9

FT
MT
FT
MT
FT
MT
FT

9
4
9
4
9
4
8

MT

4

FT

3

MT

4

Enf

15

0.1
M
acetic acid

24h

2.5% NaOCl

24h

24h

-

-

0.1
M
acetic acid

24h

30% H2O2

24h

2.5%
NaOCl

30m

1 M acetic
acid
+
1M
Naacetate
buffer

30m

30% H2O2

1 M acetic acid
+ 1M Na-acetate
buffer

30m

Table 1: Overview of all pre-treatment methods tested in this study, as well as a list of the number of aliquots (N) of the Enf enamel standard
and of the fossil tooth (FT) and modern tooth (MT) enamel used and the reaction times of all steps.

Collagen contamination
In order to study the effect of organic matter content on stable isotope measurements in bioapatites, 15
samples of Enf and CBA were purposely contaminated with lamb collagen (δ13C value of -22.4‰ VPDB;
Snoeck et al., 2014). The weight percentage of organic matter ranged between 0% and 43%. All collagenenriched samples were left untreated. Two samples of pure collagen (ca. 1 mg) were also measured, to
test if any CO2 would be produced from these samples when reacting with phosphoric acid.
IRMS
Carbon and oxygen stable isotope ratios of the carbonate fraction of all samples were measured using
a Kiel III carbonate preparation device coupled to a Thermo DeltaXL dual inlet isotope ratio mass
spectrometer (IRMS) or a NuCarb carbonate preparation device coupled to a NuPerspective dual inlet
IRMS. Samples were reacted with 100% orthophosphoric acid (H3PO4) at 70°C and the resulting CO2 gas
was cryogenically purified using a cold finger to remove water and other gases before being led to the
isotope-ratio mass spectrometer. The standard deviations of analytical precision of an in-house MAR2
carbonate standard (Marbella limestone, δ13C: 3.41‰; δ18O: 0.13‰, calibrated using the NBS-19 standard;
Friedman et al., 1982) were found to be 0.06‰ and 0.10‰ for δ13C and δ18O respectively on the ThermoXL
and 0.07‰ and 0.08‰ for δ13C and δ18O respectively on the NuPerspective. All stable isotope values are
reported in permille relative to Vienna Pee-Dee Belemnite (‰VPDB; S7).
Results
Mass loss
The results of all pre-treatment tests on samples from FT, MT, and Enf (Table 2) show that mass loss
varies for different pre-treatment procedures. Already when only treated with water (methods 1 & 2, see
Table 1), a significant mass loss is observed (up to 10%). Higher mass loss occurs when both oxidizing
agent and acid pre-treatments are used (methods 5, 7 & 8) on the same samples (up to 30%) compared
to the single reagent pre-treatment (3, 4 & 6). The highest mass loss is observed for the short buffered
acetic acid pre-treatment (method 9) carried out in excess (up to 45%). The mass loss is generally higher
for MT than FT. Mass loss in Enf standards treated by method 3 and 9 was similar or higher than that of
samples with a similar treatment from FT and MT.
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Table 2: Table listing of stable isotope results, mass loss and carbonate content of all pre-treatment groups. Average values as well as
standard deviations of samples within the groups are listed as well as the number of aliquots (N) in each group. For an overview of the different
pre-treatment methods, please refer to Table 1.

Stable isotopes
Stable isotope results of FT, MT and Enf samples are summarized in Figures 1 to 3 and Table 2.
Averages of treatment groups are plotted in these graphs, as well as the standard deviations of variation
within the groups. The results for MT show that the values obtained for modern cow (δ13C ≈ -13‰ VPDB
& δ18O ≈ -7‰ VPDB) are in agreement with those found in other studies of modern cattle enamel (Kohn
and Cerling, 2002; Passey et al., 2005). Similarly, higher values of δ13C in the enamel of marine predators
such as FT (-8 to -9‰ VPDB) are also expected, because of the increased trophic level of these animals
(Newsome et al., 2010). Oxygen isotope values of FT enamel samples (~-3.5‰ VPDB) are in agreement
with results from other Cretaceous open marine enamel samples as compiled in Pucéat et al. (2003)
Oxygen and carbon isotope values found for Enf (Figure 3 and 4) and CBA (Figure 4) correspond with
the reported values for the in-house standard (δ13C: -9.83‰ ± 0.08‰; δ18O: -5.41‰ ± 0.30‰ for Enf and
δ13C: -14.77‰ ± 0.18‰; δ18O: -9.97‰ ± 0.21‰ for CBA; de Winter et al., 2016).

207

NIels_de_Winter_def.indd 217

13/02/19 10:31

Figure 1: Crossplot of stable carbon and oxygen isotope ratios from the carbonate fraction of fossil tooth (FT) enamel samples. Diamonds
indicate average values for different pretreatment groups, which are represented by different colors (see legend). Error bars (1 SD) indicate the
spread of the results between samples within the groups. The error bars in the bottom left are reproducibility errors on the MAR2 standard. For
measured values see Table 2.
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Figure 2: Crossplot of stable carbon and oxygen isotope ratios from the carbonate fraction of modern tooth (MT) enamel samples. Diamonds
indicate average values for different pretreatment groups, which are represented by different colors (see legend). Error bars indicate the spread
(1 SD) of the results between samples within the groups. The error bars in the bottom left are reproducibility errors on the MAR2 standard. For
measured values see Table 2.
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Figure 3: Crossplot of stable carbon and oxygen isotope ratios from the carbonate fraction of Enf standard samples. Diamonds indicate
average values for different pretreatment groups, which are represented by different colors (see legend). Error bars (1 SD) indicate the spread of
the results between samples within the groups. The error bars in the bottom left are reproducibility errors on the MAR2 standard. For measured
values see Table 2.
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Figure 4: Stable isotope results of the in-house Enf enamel standard (left) and the in-house CBA cremated bone standard (right) enriched
with varying relative amounts of organic matter (lamb collagen, δ13C value of -22.4‰ VPDB). Diamonds at the left hand side of the graph show
values of the standards without added collagen. Shaded areas and error bars on the data point of collagen-free standard indicate a distance of
one and two standard deviations from the value, showing that almost all collagen-enriched samples have stable isotope results that fall within two
standard deviations of the samples that were not enriched in collagen

Average stable isotope values of pre-treated samples of FT, MT and Enf, all show different shifts with
respect to the untreated control group. A large variation in δ13C values of about 3‰ is observed between
FT samples that were pre-treated in different ways. The largest spread is observed between duplicate
samples simply rinsed with water prior to analyses. The δ18O values of FT samples show less variation
(up to 1.0‰). For MT, large variations (up to 2.5‰) are mostly observed in the δ18O values while there is
very limited variation in δ13C values (less than 0.5‰) except for samples pre-treated with NaOCl that show
an offset of about 1‰ compared to the other samples.
The carbon and oxygen isotope ratios measured on the two bioapatite standards (Enf & CBA)
contaminated with lamb collagen show very little variation in both carbon and oxygen isotope ratios (Fig.
4). These variations are within 2 standard deviations (SDs) of untreated values and are not correlated with
the amount of collagen present in the sample The two pure collagen samples yielded no detectible amount
of CO2 in the carbonate preparation device.
Discussion
Pre-treatment methods
Stable isotope results of bioapatite samples pre-treated using various methods show a significant
spread (Table 2, Figures 1-3). This confirms results obtained by other researchers (Garvie-Lok et al.,
2004; Pellegrini and Snoeck, 2016) that the effect of the different pre-treatment methods varies significantly
and that care should be taken in choosing the right method for pre-treating bioapatite samples for stable
isotope analysis. From Figure 2 it is clear that NaOCl (method 4) significantly shifts δ13C values towards
higher values. While the NaOCl treatment on FT samples also results in the most positive δ13C values of
all methods, a significant positive δ13C shift relative to untreated values is not observed (Figure 1). The
fact that treatment with NaOCl yields such high δ13C values shows that the treatment with NaOCl induces
the incorporation of heavier carbon isotopes into the sample. It is likely that carbon from atmospheric CO2
is incorporated in the samples. The δ13C value of atmospheric CO2 is between -7 and -9‰ (Keeling and
Whorf, 2005; Yakir, 2003; Lauretano et al., 2016) which explains why MT samples shift to more positive
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δ13C values after treatment with NaOCl while FT samples, whose δ13C values are already close to that of
atmospheric CO2, retain their original δ13C values. This observation is consistent with previous studies
highlighting the possible incorporation of atmospheric CO2 into the bioapatite structure during treatment
with NaOCl, due to the fact that NaOCl increases the pH of the solution (Zazzo et al., 2006; Snoeck and
Pellegrini, 2015).
All other pre-treatment methods cause δ13C values of FT samples to decrease, which can be explained
by the removal of non-structurally bound carbonates and/or less crystalline parts of the bioapatite by acid
treatment . The same shift in δ13C values after treatment is not observed in the MT samples (Figure 2).
This suggests that the shift observed in FT results from the removal of exogenous carbonates incorporated
during burial that will be significantly enriched compared to bioapatite (e.g. δ13C values of marine
carbonates are generally between -1‰ and 1‰ (Lauretano et al., 2016; Sinnesael et al., 2016). This shows
that the use of a pre-treatment method is necessary to remove diagenetic carbonates from fossil bioapatite.
The fact that δ13C values of FT samples treated with all methods except for the NaOCl and water
treatments (methods 3 and 5-9) are undistinguishable within one standard deviation seems to show that
any treatment with an acidic agent will result in a similar removal of labile carbonate, changing the stable
isotope values of the sample. While this may rid the sample of any diagenetic carbonate, some of these
treatments may also affect the original isotope ratios of the samples. FT samples treated with deionized
water show a large spread in δ13C values, which can be attributed to the incomplete removal of such
diagenetic carbonates from FT. Figure 1 shows that such a water treatment can result in highly
unpredictable offsets in δ13C and should be avoided as sole pre-treatment.
Organic matter
Figure 4 shows that there is no evidence that the amount of organic matter present in the sample
influences the stable isotope signature of carbonate measured in bioapatite. Even the addition of up to
43% of isotopically light collagen (-22.4‰), far higher percentages than occur naturally in enamel (ca. 2%;
Stack, 1955) and even bone (ca. 30%), fails to significantly offset stable isotope values of bioapatite
samples in both Enf and CBA. Indeed, there is no significant trend in stable isotope values towards
depleted collagen values, showing that organic matter in bioapatite samples does not take part in the acid
reaction used to extract CO2 from the bioapatite samples for stable isotope measurements on carbonates.
This is further shown by the observation that aliquots of pure collagen do not produce detectable amounts
of CO2 after reaction with phosphoric acid in the mass spectrometer’s carbonate preparation device.
Treatment for the removal of organic matter from bioapatites for stable isotope analysis is therefore
unnecessary.
Recommendation for future research
The fact that organic matter in bioapatite samples does not influence the outcome of stable isotopes on
bioapatite carbonates eliminates the need for pre-treatment with an organic-removal agent. The results in
this study show that the use of such agents can result in unpredictable offsets in stable isotope results and
should be avoided. This is in agreement with earlier studies (Zazzo et al., 2006; Pellegrini and Snoeck,
2016) and may be one of the reasons for the unexplained offsets in δ18O observed in Figure 2. Results in
Figure 1, however, show that treatment with acid is necessary to remove non-structurally bound
carbonates that may be diagenetic in origin in fossil samples. While all acidic pre-treatment agents may
successfully remove these contaminants (see Figure 1), our data suggests that the treatment with buffered
acetic acid solution in excess introduces the least amount of spread between duplicates in isotopic values
in both modern and fossil bioapatite samples (Figure 1-3). Like the other acidic pre-treatment methods,
the buffered acetic acid solution introduces an offset towards higher δ18O values that is unaccounted for,
but it results in the most predicable and reproducible stable isotope signature and therefore seems like the
preferred working method for pre-treatment of bioapatite samples. Further research into the effects of
different acidic solutions as pre-treatment agents is needed to better understand what causes the offsets
in δ18O observed in all pre-treatment methods.
212

NIels_de_Winter_def.indd 222

13/02/19 10:31

Conclusion
Stable isotope analysis of different types of bioapatite samples pre-treated according to various
methods proposed in the literature shed light on the effect of these methods on the result of stable isotope
measurements of the carbonate fraction of bioapatite samples. It has been shown that pre-treatment with
an acidic solution removes a labile component from fossil bioapatite that contains carbon with an isotope
composition that is enriched in 13C compared to bioapatite, and which is likely to be diagenetic in origin.
Pre-treatment of bioapatite samples with a weak acid is therefore necessary, especially in fossil samples.
A 30 minutes long soaking in excess buffered acetic acid solution produces the most reproducible stable
isotope results amongst the pre-treatments tested here, and is most likely the safest method of pretreatment. It has also been shown that a simple wash with water introduces large isotopic variations
between different aliquots of the same sample. Such a water treatment should not be carried out without
subsequent acid pre-treatment. Finally, the results presented here demonstrated that there is no
correlation between isotope composition of bioapatite carbonate and the amount of organic matter present
in the sample. Since some of the organic matter removal procedures found in the literature significantly
alter the stable isotope ratio of bioapatite samples, use of such treatments is actually unnecessary and
should be avoided.
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3.2 Trace element distributions in Late Neolithic/Early Chalcolithic human molars from the Rioja Alavesa
region (north-cental Spain): Biogenic or Diagenetic?
This chapter is currently under review for an international peer-reviewed journal:
de Winter, N.J., Snoeck, C., Schulting, R., Fernández-Crespo, T., Claeys, P. 2018 Trace element
distributions in Late Neolithic/Early Chalcolithic human molars from the Rioja Alavesa region (north-cental
Spain): Biogenic or Diagenetic? Palaeogeography, Palaeoclimatology, Palaeoecology (in review)
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Abstract
High resolution in situ trace element µXRF maps and profiles, measured on the enamel exposed in
cross sections through archaeological human permanent molars from seven Late Neolithic/Early
Chalcolithic funerary caves and megalithic graves of north-central Iberia, show decreasing concentrations
of Fe, Zn and Sr in inward direction. These profiles resemble sigmoid-shaped leaching profiles suggesting
that a combination of diffusion and advection processes govern the uptake of trace elements into the
enamel from pore fluids on the outside of the tooth and in the more porous dentine. The present study
shows how diffusion-advection (DA) models can be fitted to these trace element profiles to explain changes
in trace element concentrations that happen during diagenesis. DA models explain a major part of the
variation observed in leaching profiles into the enamel and can be used to reconstruct endogenous trace
element concentrations, leaching times and leaching depth as well as trace element concentrations in
ambient pore water during diagenesis. Models of trace element leaching together with trace element
mapping reveal that Fe, Zn and Sr concentrations consistently increase during diagenesis, regardless of
the type of burial site (i.e. funerary caves vs. megalithic graves). Profiles of Pb concentrations show much
smaller concentration gradients, causing DA model fitting to be less accurate. Modelled leaching depths
of 300-400 µm warrant a careful approach when sampling for endogenous archaeological tooth enamel
for trace element and stable isotope analysis. Results also show that it is possible to reconstruct
endogenous trace element concentrations from these samples, even without applying pretreatment
procedures, because leaching of trace elements into the enamel remains limited to the outer 300-400 µm
of the enamel on archaeological timescales. Modelled leaching times are about ten times lower than the
age of the samples, suggesting that leaching of trace elements into tooth enamel slows down or even halts
during the burial period.
Introduction
The study of tooth and bone bioapatite chemistry has yielded much insight into the life history and
(paleo)environment of humans and animals (Lee-Thorp and van der Merwe, 1991; Balasse et al., 2003;
Zazzo et al., 2006; Eagle et al., 2010; Pellegrini et al., 2011; de Winter et al., 2016). The abundance of
bioapatites in the fossil record and the resistance of some types (e.g. tooth enamel) to diagenetic alteration
make them an important archive of geochemical proxy data (Zazzo et al., 2004; Sponheimer and LeeThorp, 2006; Kocsis et al., 2010). This interest in fossil and archaeological bone and teeth, as well as other
bioapatite fossils (e.g. conodonts), has sparked research into the chemical structure of bioapatites
(LeGeros et al., 1986; LeGeros, 1990; Skinner, 2005; Wopenka and Pasteris, 2005; Yoder et al., 2012).
The
chemical
composition
of
bioapatite
can
be
summarized
as
(Ca, X, [])10 (PO4 , HPO4 , CO3 )6 (OH, F, CO3 , X, [])2 , in which X represents places where trace elements can be
substituted and [] vacancies in the crystal structure. The formula shows that there are three phases in the
bioapatite crystal: cations (mostly Ca), the phosphate group (PO4, potentially substituted by CO3) and the
channel-filling group (e.g. OH and F). A wide range of compounds substitute into the bioapatite structure.
Some of the most common are Mg, Sr, Ba, Fe, Zn and rare earth elements (REE; cation group; Trueman
et al., 2011; Doat et al., 2004), carbonates (phosphate group; Chenery et al., 2012), anions (F, Cl, S) and
structural water (channel-filling group; LeGeros et al., 1986; Yoder et al., 2012). Organic matter and nonstructurally bound water are also present between bioapatite crystallites of endogenous bioapatites.
Due to the complexity of the bioapatite structure, not all bioapatites are equally suitable for
paleoenvironmental and archaeological reconstructions. Differences in crystallinity, organic matter content
and mineral density between bioapatite in bone, tooth dentine and tooth enamel govern the resistance of
these materials to diagenetic alteration (LeGeros, 1990; Lee-Thorp and Sponheimer, 2003). Tooth enamel
is generally more crystalline, contains less organic material, and has larger apatite crystals, making it more
resistant to post mortem alteration than bone and dentine (LeGeros, 1990). For this reason, tooth enamel
has been a preferred substrate for stable isotope studies investigating paleoenvironment and paleodiet
(Cerling et al., 1997; Zazzo et al., 2000; Sponheimer et al., 2003; Balasse et al., 2012). Similarly, trace
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element concentrations in bioapatites have been applied as proxies for paleoenvironment and trophic level
(e.g. Toots and Voorhies, 1965; Sillen, 1981; Balter et al., 2002; Trueman and Tuross, 2002). However,
the preservation of original trace element concentrations in bioapatites over archaeological or
paleontological timescales is subject to debate (Sillen, 1981; Sponheimer et al., 2005; Sponheimer and
Lee-Thorp, 2006; Kohn, 2008). While pretreatment techniques have been proposed to leach out elements
that were incorporated post mortem, several studies show that the effects of diagenesis cannot be fully
removed, even in enamel (Sillen, 1981; Hoppe et al., 2003; Lee-Thorp and Sponheimer, 2003). Still, careful
application of pretreatment techniques can prevent sampling of diagenetically altered bioapatite, especially
if diagenesis is still in an early stage (Snoeck and Pellegrini, 2015; McMillan et al., this volume).
In addition to applying pretreatments, attempts have been made to quantify the change in trace element
concentrations that occurs during the process of diagenesis in bioapatites. Leaching experiments and
diffusion and adsorption models can be used to understand trace element leaching profiles (Millard and
Hedges, 1996; Kohn, 2008; Kohn and Moses, 2013). Leaching of trace elements into bone and dentine
causes concentrations to approach homogeneous distribution after >100 kyr (Williams and Marlow, 1987).
On shorter, archaeological timescales, sigmoid (error function-shaped) concentration gradients are formed
(Badone and Farquar, 1982; Millard and Hedges, 1997). Since uptake into enamel is up to 50 times slower,
concentration gradients may still be present in tooth enamel after millions of years of diffusive alteration
(Kohn and Moses, 2013).
Migration of elements into or out of bioapatites can be understood in terms of two processes: intracrystalline diffusion into the bioapatite and adsorption to the phosphate crystals (Millard and Hedges,
1997). Intra-crystalline diffusion coefficients (D) for uranyl in bone were determined at 6.8 * 10-6 cm2 s-1 by
Haase and Kiem (1984), but can be modified for other particles and conditions by applying the StokesEinstein equation (Sutherland, 1905; Einstein, 1905; Von Smoluchowski, 1906; see also discussion in
Millard and Hedges, 1997 and Kohn and Moses, 2013). Divalent ions (e.g. Zn2+, Fe2+, Sr2+ and Pb2+) have
higher D’s (faster diffusion) than cations with a different charge, because their substitution does not require
charge-coupled species (e.g. Na+) to fit into the bioapatite mineral structure (Kohn and Moses, 2013).
Similarly, larger ions with ionic radii farther removed from that of Ca2+ or P5+ (e.g. Sr2+ and Pb2+) have lower
D’s (slower diffusion) than smaller ions (e.g. Fe2+ and Zn2+; Shannon, 1976; Kohn and Moses, 2013).
Porosity (p ≈ 0.02) and pore size distribution is different in enamel compared to bone, causing diffusion
coefficients to be much lower (van Dijk et al., 1983; Kohn and Moses, 2013). As a consequence, migration
of mono- and divalent ions in the inter-crystalline pore fluid in modern enamel typically happens with
diffusion coefficients of ~10-8 cm2 s-1 (van Dijk et al., 1983; Kohn, 2008). The crystal structure of enamel
with nm-scale crystals in µm-scale bundles (with slow internal diffusion coefficients; Cherniak, 2000)
separated by larger pores and organic complexes (faster diffusion, especially near crystal surfaces; Stipp
et al., 1992) may cause diffusion coefficients to vary internally (Kohn, 2008). Due to this possible internal
variation of diffusion coefficients, it has been suggested that either a double-medium diffusion (DMD) or
more simplified diffusion-advection (DA) model may approximate leaching of trace elements into bioapatite
(Kohn, 2008). Partition coefficients (R) for the adsorption of elements from pore fluid onto apatite are listed
in Rinklebe et al. (2016; see also Wright et al., 2004). Partition coefficients are generally larger than 10 5
and are stable over a wide range of pH and redox potential (Rinklebe et al., 2016).
A combination of diffusion and adsorption (DA) of trace elements in bioapatite can be modelled using
Fick’s second law modified by Crank (1975). This approach was applied by Millard and Hedges (1997) to
model the uptake of uranyl in bone. Slow diffusion rates in enamel cause enamel thickness to be irrelevant,
meaning that modelling can be simplified by assuming infinite enamel thickness. The solution to this
modified version of Fick’s second law (the diffusion-advection equation) for enamel is:
[𝑀𝑀]𝑡𝑡 (𝑥𝑥) = [𝑀𝑀]0 + ([𝑀𝑀]1 − [𝑀𝑀]0 ) ∗ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (

(𝑥𝑥− 𝑥𝑥0 )
2

𝑅𝑅+1

∗ √ 𝐷𝐷∗𝑡𝑡 ) (Crank, 1975).
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Here, [M]t(x) is the concentration of the leaching element at time t and at distance x from the enamel
surface (x0 is the depth of the leaching front), [M]0 is the original concentration in the enamel (assumed
uniform) and [M]1 is the concentration of bioapatite in equilibrium with ambient pore water (see Figure 1).
Parameters p, R and D respectively represent the enamel’s porosity (0.02), volumetric equilibrium constant
(related to the partition coefficient Kd, see Millard and Hedges, 1997) and diffusion coefficient (7.7*10-10
cm*s-1, or 2.4*10-6 µm*yr-1; Millard and Hedges, 1997). Note that ambient pore water concentrations ([M]w)
can be calculated from diagenetic bioapatite concentrations, which are in equilibrium with pore waters:
[𝑀𝑀]
[𝑀𝑀]𝑤𝑤 = 𝑝𝑝∗𝑅𝑅1 (Millard and Hedges, 1997). The shape of the DA model has been shown to mimic leaching

profiles of trace elements into enamel at the enamel-dentine junction (Kohn, 2008). Quantifying diffusion
profiles in bioapatites yield information about diagenesis and the fossilization process on archaeological
timescales (Millard and Hedges, 1997; Kohn, 2008). However, modelled durations of the formation of the
trace element diffusion front may not be reliable predictors of the timing of fossilization (Kohn and Moses,
2013). Nevertheless, applying the DA model on trace element profiles in archaeological tooth enamel may
yield important insights about the spatial distribution of diagenetic elements in enamel and whether original
trace element concentrations can be reconstructed from these samples.
In this study, micro-X-Ray Fluorescence (µXRF) trace element mapping and profiling is applied on an
assemblage of Late Neolithic/Early Chalcolithic (LN/EC) human permanent molars from six burial sites in
the Rioja Alavesa region of north-central Iberia. The aim is to study the composition and distribution of
trace elements in the teeth and to demonstrate the use of µXRF mapping and profiling in the study of trace
element concentrations in tooth enamel. Furthermore, a method is presented to fit solutions of the DA
model to trace element profiles and extract information about original and diagenetic trace element
concentrations in archaeological tooth enamel.

Figure 25: Illustration of the typical shape of a leaching front going into the enamel. Concentrations of endogenous ([M] 0) and diagenetically
altered ([M]1) are indicated on the vertical axis. The depth of the leaching front (x0) is defined as the location of the inflection point of the sigmoidcurve that describes the shape of the leaching front. The insert shows an example of the direction of diffusion relative to a cross section through
the tooth.
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Materials and methods
Site description
For this study, 63 human teeth (31 first and 32 second permanent molars) from six LN/EC burial sites
in the Rioja Alavesa region of north-central Iberia were analyzed. Teeth were obtained with the help of
several local institutes, and details of the excavation and availability of the specimens are found in
Fernández-Crespo and Schulting (2017). Three megalithic grave sites, Chabola de la Hechicera (CH), Alto
de la Huesera (LHUE) and Longar (LON) are located in the Ebro river plain. The remaining three sites,
Los Husos I (LHI), Peña Larga (CPL) and Las Yurdinas II (LYII) are funerary cave sites located in the
foothills of Sierra de Cantabria mountain range to the north of the river valley. The contemporary use of
these sites was dated between 3500 and 2900 cal. BC (Fernández-Crespo and Schulting, 2017). An
overview of the sites and the material that is used in this study is given in Table 1. All molars were recorded
using high resolution photogrammetry, shot-blasted with aluminum oxide pellets to remove surface debris
and then embedded in Herculite II (a high-strength gypsum molding material) and sectioned longitudinally
(in coronal-apical and distal-mesial direction) using a Buehler Isomet low-speed diamond saw with a
micrometer gauge, an abrasive wafering blade and a cooling water bath (Fernández-Crespo et al. 2018).
One complete tooth half was used for analyzing high resolution in situ trace element µXRF maps and
profiles, leaving the other for further micro-sequential stable isotope analysis.

Table 1 Overview of the number of first permanent molars (M1) and second permanent molars (M2) from each of the sites used in this study.
Note that megalithic graves were located in the Ebro river valley (lowland) while funerary caves were located in the foothills of Sierra de Cantabria
mountain range to the north of the river valley.

XRF mapping
Tooth halves selected for analysis were mounted in hydrophobic sand to stabilize them and to level
their polished surfaces for XRF analysis. Batches of 10-20 teeth and one pressed pellet of BAS-CCB01
bioapatite trace element standard reference material (Bureau of Analyzed Samples Ltd., UK) were loaded
into a Bruker M4 Tornado µXRF scanner (Bruker nano GmbH, Germany). The Bruker M4 is equipped with
a 30W Rh metal-ceramic X-Ray tube operated at maximum energy settings (50 kV, 600 µA) and two 10
mm2 silicon drift detectors. X-Rays are focused on a circular spot with a diameter of 25 µm (calibrated for
Mo-kα radiation) using polycapillary focusing optics. Each daily batch subject to XRF mapping consisted
of teeth from different sites to make sure that differences in measurement reproducibility between batches
did not influence the comparison of XRF maps between sites. High-resolution XRF elemental maps were
created of the entire cross section surface of teeth and BAS-CCB01 pellet using the M4 Tornado’s mapping
mode with an integration time of 1 ms per pixel and a pixel spacing of 25 µm (25 mm/s scanning velocity).
The integration time of 1 ms per pixel allowed semi-quantitative trace element mapping (see de Winter
and Claeys, 2017). Heatmaps of relative concentrations of Al, Fe, S, Sr and Zn in cross sections through
the teeth were produced from the XRF map data to visualize the distribution of these elements throughout
the teeth. An overview of XRF mapping results is given in Figure 2.
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Figure 26: Overview of µXRF mapping results on all teeth used in this study. First and second permanent molars of the same individual are
shown on top of each other. The elements Al, Fe, S, Sr and Zn were selected because they yielded visually interpretable results (concentrations
of Pb were too low for mapping to be successful). Color scale of elemental maps is relative because dwell time during mapping is too short to
allow pixel-by-pixel quantification of absolute concentrations.

XRF profiles
XRF profiles were carried out on the enamel exposed in polished cross sections through the molars
with a sample spacing of 100 µm, a spot size of 25 µm and an integration time of 60 seconds per
measurement. The longer integration time used for profiles allowed the Time of Stable Reproducibility and
Time of Stable Accuracy to be reached, which makes it possible to quantify trace element concentrations
(de Winter et al., 2017). In order to sample trace element variations in different directions through the
enamel, three XRF profiles (AB, CD and DA) were measured per teeth, oriented in so-called “enamel
triangles” (as suggested by Bondoli et al., 2009; see Figure 3). Profile AB was measured from the cervical
margin (A) upwards along the enamel-dentine junction to the coronal surface of the enamel (B). Profile CD
was measured from the enamel-dentine junction (C) to the distal or mesial edge of the tooth (D) at the
location where enamel thickness in distal-mesial direction was largest. The final DA profile was measured
from the distal or mesial edge of the tooth (D) along the outside of the enamel to the cervical margin (A).
These profiles allowed the study of changing trace element concentrations into the enamel in 6 directions
(A->B, B->A, C->D, D->C, D->A and A->D). Enamel triangles were measured either on the distal or mesial
side of the tooth in function of the amount of exposed enamel in cross section. A total of 9858 individual
XRF point measurements contained in 366 line scans were carried out for this study. An example of the
results of XRF profiles in a first molar from the Alto de la Huesera site (LHUE) is shown in Figure 3.
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Figure 27: Example of the result of XRF profiles measured in the first permanent molar of specimen 2i from the Alto de la Huesera site
(LHUE). Plots on the left show results of XRF profiles along the three arrows indicated on the right hand illustration. All XRF profiles used in this
study were measured according to the scheme shown on the right hand side of this figure, allowing 6 potential leaching profiles to be modelled.
All unprocessed XRF data are given in S8.1

Reproducibility of trace element concentrations in XRF profiles was tested by repeating three profiles
on the surface of the BAS-CCB01 pellet at the beginning, in the middle and at the end of every 24h run
used to measure a batch of teeth. Results of these measurements on the BAS-CCB01 standard are
visualized in Figure 4.
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Figure 28: Results of XRF point measurements on a pressed pellet of the BAS-CCB01 bioapatite standard showing long-term reproducibility
of XRF profile measurements during the measurements carried out for this study. Individual clouds of points with error bars indicate the
reproducibility (2σ) within one measurement run. Purple colored horizontal bars indicate the reference value of the standard. Error bars at the right
end of the graphs indicate the long-term reproducibility (2σ) of all measurements on the Bas-CCB01 standard done for this study. Variability
between runs can be corrected by routinely measuring this standard reference material.

DA Model
Diffusion-advection profiles were modelled by fitting Crank’s solution to Fick’s second law for infinite
sample thickness (Crank, 1975; see above) to the obtained µXRF trace element profiles. The sampling
strategy of enamel triangles theoretically allows modelling of trace element diffusion from the outside of
the tooth into the enamel in 5 directions (AB, BA, DC, AD and DA in Figure 3, see methodology). In
addition, diffusion from the dentine into the enamel could be modelled at location C in the direction of D
(Figure 3). Note that, while XRF profiles were placed carefully, it remains possible that leaching from the
dentine side influenced the results in the AB-profile because the latter profile is located close to the enameldentine junction (see Figure 3). To model diffusion perpendicular to the surface of the enamel, the angle
between the enamel surface and the XRF profile was used to calculate the shortest distance of each point
on the XRF profiles to the enamel surface (x). The DA model was fit to the data by minimizing the residual
sum of squares using the “optim” function in the open-source computational software R (R Core team,
2013; S8.2). The “optim” function makes use of the Nelder and Mead algorithm (Nelder and Mead, 1965)
and takes as input the above mentioned porosity (p), diffusion coefficient (D) and volumetric equilibrium
constant (R), which are fixed for a certain element and material. The optimization algorithm is used to find
values for original concentrations in the enamel ([M]0), fully diagenetic concentrations in equilibrium with
pore water ([M]1), the location of the middle of the leaching front with respect to the enamel surface (x0)
and the modelled time it took for the leaching front to be established (t). Concentrations of the pore fluid
([M]w) were calculated from diagenetic concentrations in the enamel and the volumetric equilibrium
[𝑀𝑀]
constant (R) and the porosity (p) following [𝑀𝑀]𝑤𝑤 = 𝑝𝑝∗𝑅𝑅1 . The goodness of fit of the model with respect to
the data was assessed by the standard error of the estimates on the parameters and by the coefficient of
determination (R2). To test the effect of measurement uncertainties on the model output, Monte Carlo
simulations were carried out on the modelling routine of all trace element profiles measured in one of the
teeth (first molar of LHUE 2i). Trace element concentrations in XRF profiles were randomly subsampled
1000 times, assuming normal distribution around the measured value and using the standard deviation of
XRF measurements and 95% confidence levels were calculated from the result (see Figure 3). All
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calculations used to fit DA models to XRF profiles and to carry out Monte Carlo simulations are reported
in S8.2.
Results
Quality assessment of XRF measurements
Repeated measurements on the BAS-CCB01 reference material allowed the monitoring of long-term
reproducibility of µXRF trace element analysis on enamel over a period of 5 months (128 days). Standard
deviations of reproducibility of a range of elements measured in XRF profiles are reported in Table 2. The
results of these test show that standard deviations within a measurement run (24h) are consistently lower
than reproducibilities over the entire course of the measurement period (5 months). The scatter in XRF
measurements is also illustrated for some elements in Figure 4 and Figure 5. While long term
reproducibility is lower than the reproducibility within a measurement run, the results of this experiment
show that correcting individual runs relative to a certified reference material allows µXRF measurements
on bioapatite to stay reproducible on the long term. Such µXRF profile measurements should therefore
always include regular measurements of a reference material like BAS-CCB01 to correct for instrumental
drift. Table 2 also shows that µXRF measurements on enamel yield reproducible results for Ca, P, Si, Mg,
Cl, Sr, Ba, Fe, Zn, Cr, Pb, Br and Cu present at concentrations as low as tens of parts per million. This
means that µXRF profiling, when the right measurement conditions are used, is a suitable method for the
measurement and quantification of trace elements in tooth enamel.
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Table 2: Overview of internal (“within batch”) and external (“all data”) reproducibility standard deviations of the full range of elements quantified
from repeated XRF measurements on the BAS-CCB01 standard reference material.

Figure 29: Plot showing the uncalibrated measurement results and external reproducibility (2σ) of XRF measurements on the BAS-CCB01
standard reference material in black. Blue dots and error bars indicate the reference value and error on the standard. Note that the vertical scale
is in logarithmic scale.

XRF mapping results
Figure 2 shows an overview of XRF mapping results of all teeth used in this study. Heatmaps of Al, Fe,
S, Sr and Zn illustrate relative distributions of these elements through the teeth. While XRF mapping yields
semi-quantitative results, comparing heatmaps from different sites can still reveal general patterns about
the distribution of elements in the samples. The fact that tooth cross sections were measured in random
order means that patterns in the overview cannot be ascribed to instrumental drift and show real variability
between teeth, individuals and sites. A comparison of XRF maps shows that Al, Fe and S are typically
present in elevated concentrations at the edges of teeth, while Sr and Zn are more abundant in the dentine
and pulp cavity. Concentrations of Al, Fe and S are highly localized in the maps in contrast to Sr and Zn,
which are more homogeneously distributed through the teeth. Interestingly, Al concentrations seem to be
higher in second molars, while Fe and S concentrations are elevated in first molars. Teeth from megalithic
graves in the Ebro river valley seem to contain much higher Sr concentrations than those found in funerary
caves in the foothills of the mountain range. This difference associated with burial types is only observed
in Sr maps. There is distinct variability between individuals from the same site, regardless of the type of
burial site (megalithic grave or funerary cave), especially in Zn and Sr results. This variation between
individuals is clearly observed when both the first and second molar from the same individual show the
same trace element pattern (see Figure 2).
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XRF profile results
Examples of µXRF trace element profiles on tooth cross sections are illustrated in Figure 3. All data
collected in µXRF profiles through all teeth are reported in S8.1. While a range of trace elements could be
quantified using µXRF profiling (see Figure 5), display of results in Figure 3 is limited to 5 common trace
elements: Mg, Pb, Fe, Zn and Sr. Profiles through the enamel of the first molar of LHUE 2i (individual 2i
from the Alto de la Huesera site) show how the concentrations of these elements vary through the enamel.
The “enamel triangles” measurement strategy allows the assessment of changes in trace element
concentrations in inward profiles both from the outside of the tooth (e.g. profile B->A and D->C) and from
the enamel-dentine junction (e.g. profile C->D). Note that profiles from A to B should record leaching from
the outside of the tooth, but their proximity to the enamel-dentine junction may cause them to be influenced
by leaching from the dentine. The results show clear sigmoid leaching profiles into the enamel for both Zn
and Sr. Profiles for Pb and Fe are less clear due to the comparatively low concentrations (10-150 µg/g) of
these elements and the associated higher measurement uncertainties (see also Figure 5). Profiles of Mg
in this tooth are hard to interpret, even though Mg concentrations are quite high (1000-3000 µg/g) and
measurement uncertainty low. Sigmoid-shaped profiles reflect trace element leaching into the enamel both
from the outside of the tooth as from the dentine. Contrary to Sr, Zn, Fe and Pb profiles, Mg profiles seem
to lack the typical shape of leaching profiles with a sigmoid shape with increasing (or decreasing)
concentrations towards the edge of the enamel. Clear leaching profiles, such as those observed in Zn and
Sr measurements in Figure 3 allow the separation of concentrations associated with the edge of the
enamel from those measured at the center. The latter are thought to represent parts of the tooth less
effected by diagenetic leaching. In the example in Figure 3, high Sr (700-800 µg/g) and Zn (250-300 µg/g)
concentrations at the edge of the enamel (e.g. left-hand side of the AB profile) are distinguished from lower
concentrations of Sr (600-650 µg/g) and Zn (30-70 µg/g) in the middle of the enamel. However, incomplete
or less well-developed leaching profiles, such as those in Fe and Pb profiles (Figure 3) are less
straightforward to interpret. The DA model fitted through trace element data in Figure 3 reflects these
observations and shows that the model fits profiles of Sr and Zn much better than those of other elements.
Confidence levels on the model fits calculated by Monte Carlo simulation show that the DA model explains
a large portion of the variation in these trace element profiles and that the remaining variability falls within
the measurement error. Even in Fe and Pb profiles, fitting of the DA model allows information about
differences in concentrations between areas of the enamel that are affected and those that are less
affected by trace element leaching.
Model results
Attempts were made to fit the DA model to all trace element data collected in µXRF profiles measured
in “enamel triangles” through all 63 molars (S8.2). In cases where leaching profiles are not recognizable
in the trace element profiles, the fitting algorithm of the DA model will not converge towards a stable result
and no data is produced, meaning that not all quantified elements in all profiles on all teeth yielded
estimates of fitted model parameters. A total of 4539 leaching fronts were modelled this way, and statistics
and resulting parameters of DA models fitting all trace element profiles are reported in S8.3. However, for
sake of brevity, the discussion of DA models will be limited to those successfully applied to profiles of Fe,
Pb, Sr and Zn. Figure 6 gives an overview of the modelled leaching parameters and a quantitative
assessment of the result of model fitting for these element. Large variations in data quality, tooth
preservation and measurement uncertainty cause the results of model fitting to be highly variable, as is
illustrated by the boxplots in Figure 6. Nevertheless, patterns in the model results could still be discussed
when discarding outliers caused by less successful model fitting attempts.
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Figure 30: Box-whisker plots giving an overview of the results of fitting the DA model to XRF profiles of Fe (orange), Zn (purple), Sr (blue)
and Pb (red). Different sub-plots represent data of different parameters (e.g. [M] 1 and x0) obtained by fitting the model to the XRF data as well as
the R2 value of the model fit. Colored bars of boxplots represent interquartile range (IQR, containing 50% of the data) while vertical lines in the
bars show the median value. Outliers are plotted as colored dots above and below the box-whisker plots. Results were considered outliers if they
plot more than 1.5 times the IQR away from the top or bottom of the IQR (colored box). The number of successful DA model fits (N) is given in
the bottom right part of the figure and differ per element due to variations in the degree of success of model fitting.

The DA model fits the XRF data well in general, with goodness-of-fit (R2) values exceeding 0.7 in more
than 75% of the fitting attempts on Fe, Zn and Sr data. The best results are obtained for Zn profiles, with
a median R2 value of 0.98. Median R2 values of Sr and Fe are 0.91 and 0.90 respectively, while Pb profiles
achieved the worst results with more than 75% of fitting attempts failing to reach R 2 values above 0.7
(median R2 = 0.49). The same results broken down per site in Table 3 show that R2 values are not very
variable between sites except for bad model fits (median R2 = 0.44) for Fe results in the Peña Large site
(CPL). Most of the variation in goodness-of-fit of the model is explained by differences between modelled
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elements. A comparison with other parameters shows that the difference in Pb concentration between
modelled endogenous concentrations (C0) and diagenetic concentrations (C1) is very low (8 µg/g)
compared to the measurement error (9-19 µg/g; Table 2; Figure 3). Table 4 shows a comparison of the
result of modelling leaching fronts in different profiles constituting the “enamel triangles”. These results
show that, while comparing profiles of the same element, the best model fits are generally obtained in
records on the CD profile (both from the dentine side, C, as from the outside, D). In addition, records along
the AB profile also yield good model fits when leaching from the outside on the bottom side of the tooth
(from point A) is considered (see Figure 3).

Table 3: Overview of the results from DA model fitting on records of Fe, Zn, Sr and Pb from all teeth sorted by site. Median values of modelled
endogenous concentrations (C0), diagenetic concentrations (C1), pore water concentrations (C2), depth of leaching front (x0), time required for
leaching (t) and the goodness-of-fit of the model (R2) are listed. Errors (1σ) given are those resulting from model fitting uncertainty.
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Table 4: Goodness-of-fit of the model (R2) listed by element and by transect. In general, transects from C to D, from D to C and from A to B
show the best fit with the DA model, illustrating that these transects have better developed sigmoid-shaped leaching fronts.

While there is some spread in modelled endogenous (C0) and diagenetic (C1) concentrations, the
majority of modelling attempts show similar results between teeth from the same site. The effect of
diagenesis (e.g. the difference between C0 and C1) on Fe and Zn is easily observed, while the effects on
Sr and Pb are more ambiguous. Breaking down the results per site shows more distinct patterns in
modelled concentrations (Table 3). The effect of diagenesis on Fe and Zn is larger in funerary cave sites
while megalithic grave sites show a larger diagenetic increase in Sr. As mentioned above, the difference
between endogenous and diagenetic Pb concentrations is very small and falls within the measurement
error. This effect of diagenesis is illustrated in Figure 7, which shows the direction of diagenetic alteration
in the trace element concentrations per site. Consequently, modelled pore fluid concentrations (C2) yield
relatively high (±300 µg/L) Sr concentrations in megalithic grave sites compared to lower concentrations
(±150 µg/L) in funerary cave sites, mirroring the more extensive Sr diagenesis in megalithic grave sites.
Modelled pore fluid Fe and Zn concentrations are higher in funerary cave sites (±80 µg/L and ±90 µg/L
respectively) than in megalithic grave sites (±60 µg/L and ±30 µg/L respectively). The difference in Sr
concentrations between funerary caves and megalithic graves is also visible in the µXRF maps (Figure
2), while the observed variation in Fe and Zn is not clearly observed in µXRF maps.
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Figure 31: Cross plots of modelled endogenous and diagenetic concentrations of Fe vs. Zn and Sr vs, Pb for different sites. The arrow points
towards diagenetic concentrations and illustrates the pathway of diagenesis. Note that diagenetic alteration always results in increased values of
Fe, Zn and Sr. Megalithic grave sites show less increase in Zn and more increase in Sr during diagenesis. Error bars on Pb results are too large
to discern the direction of diagenesis. Medians and error bars are the same as those reported in Table 3.

Interestingly, modelled endogenous concentrations (C0) show that not all difference in trace element
composition between sites is a result of diagenesis. Endogenous Zn concentrations in tooth enamel are
higher in funerary caves (±55 µg/g) than in megalithic graves (±45 µg/g). The opposite is true for
endogenous Sr concentrations, which are generally higher in megalithic graves (±600 µg/g) than in
funerary caves (±450 µg/g). No significant difference is observed in endogenous Fe and Pb
concentrations. The latter is likely a result of higher relative measurement errors, lower concentrations of
Pb and less successful model fitting (lower R2).
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In general, modelled leaching fronts of Pb and Sr seem to penetrate deeper into the enamel than those
of Zn and Fe, as is evident from the modelled leaching depths (x0; Figure 6). However, care must be taken
while interpreting these results, as the errors of the model prediction (Table 3) increase quickly when
model fit (R2) decreases. This results in high uncertainties on x0, especially in Pb records. Uncertainties
are lower for Fe, Sr and especially Zn leaching models. No difference is observed in the depth of Zn and
Fe leaching between funerary caves and megalithic grave sites, but a Sr leaching fronts penetrated deeper
in funerary cave sites (±400 µm) than in megalithic grave sites (±300 µm). This result seems
counterintuitive, as diagenetic enamel and pore fluid Sr concentrations were higher in megalithic grave
sites.
The time it took to establish leaching fronts in the enamel (t) could also be modelled using the DA model
proposed in this study. However, even more so than the depth of the leaching front, the reliability of this
result is strongly dependent on the quality of the model fit. As a result, leaching times of all elements show
some variability (Figure 6). Errors on individual leaching times can be extensive, but the amount of
leaching profiles analyzed in this study allows discussion of differences in average leaching time per
element and between different burial types. Modelled times needed to establish Fe leaching fronts (±100
yr) are almost always shorter than for Zn, Sr and Pb (±300 yr). Like leaching depth, leaching times also
seem to be larger in funerary cave sites than in megalithic grave sites.
Discussion
X-Ray Fluorescence Analysis on tooth enamel
Results presented in this study highlight the potential of lab-based µXRF scanning for the determination
of lateral variations in trace element composition in tooth enamel. When correcting results using a matrixmatched certified reference material, reproducibility relative standard deviations better than 10% can be
reached when integration time is long enough for the time of stable reproducibility (TSR, de Winter et al.,
2017) of 60 seconds per analysis to be reached (Table 2). This allows up to 1300 data points to be
collected in a 24h timespan without damage to the sample, giving µXRF advantages over other methods
such as ICP-OES, ICPMS and LA-ICPMS. Trace element concentrations down to tens of µg/g could be
determined by µXRF measurements, allowing several elements of interest in bioapatite studies (e.g. Ca,
Mg, Sr and Ba; see Table 2) to be quantified. The addition of long-term reproducibility monitoring and
calibration with multiple reference materials ensures quality control on the accuracy and reproducibility of
measurements (Figure 4). We therefore strongly suggest that µXRF laboratories adopt this strategy to
facilitate intra-lab comparison of trace element data.
The combination of XRF mapping and profiling along “enamel triangles” allows for detailed analysis of
the lateral variability of trace elements in tooth enamel. XRF mapping using commercial lab-based µXRF
devices presently only allows the semi-quantitative visualization of trace element concentrations. However,
the small (25 µm) spot size and comparatively short measurement time (up to 5 tooth surfaces can be
mapped per hour) makes lab-based XRF mapping a very useful non-destructive tool for screening samples
for diagenesis. Furthermore, combining µXRF maps of several teeth into an image, as was done in this
study, creates a very quick overview of the concentrations of common trace elements in the teeth which
can help guide further sampling (Figure 2). In this study, µXRF mapping revealed that dentine, the pulp
cavity of the teeth and the outer edges of enamel are more susceptible to diagenetic alteration over
archaeological timescales. This is a result of the higher porosity of these material and/or their closer
contact with pore fluids outside the tooth (LeGeros, 1990). XRF mapping also reveals a difference in
susceptibility to diagenesis between first and second molars. Diagenetically altered parts of first molars
were distinctly more enriched in Fe and S than second molars of the same individuals, while second molars
were more enriched in Al. Perhaps higher susceptibility to diagenesis in first permanent molars may be
linked to dental wear, as they erupt earlier in life and are usually more worn than second permanent molars
(Gleiser and Hunt, 1955). Wear causes enamel to become thinner or to wear away locally, causing pore
fluids to penetrate the tooth more easily. However, the fact that differences in Fe and S concentrations
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between first and second molars are also observed in specimens which showed no dental wear (LYII29,
LHUE34, LHUE52, LHUE53, CH94, CH96, see Figure 2) shows that reduced enamel thickness due to
dental wear cannot fully explain these differences. Elevated Al concentrations in second molars are hard
to explain in terms of diagenetic processes. Al fluoresces with comparatively low energy X-rays at the edge
of the detectible spectrum, making it hard to measure using the applied µXRF setup (e.g. de Winter and
Claeys, 2017). Therefore, XRF maps of Al should not be over-interpreted. It is possible that differences
between the compositions of first and second permanent molars arise from original differences in in vivo
tooth composition. These may reflect differences between breastfeeding (infant) and fully weaned
(childhood) diet, since the first molar mineralizes during the first 0-3 years of life while the second molar
mineralizes during year 2.5-8 (AlQahtani et al., 2010). However, since XRF maps are semi-quantitative
and because of the aforementioned difficulties in detecting Al, the distinction between paleodiet and
diagenesis cannot easily be made based on mapping results. Comparison between stable isotope ratios
(δ13C and δ15N) of sequentially sampled tooth dentine (formed during infancy) and bone collagen (formed
later in life) shows that dietary differences between these life stages are observed and could potentially
explain the observed variations in trace element composition (Fernández-Crespo et al., 2018).
Typical sigmoid-shaped trace element profiles measured using µXRF profiling suggest that leaching of
trace elements from surrounding pore fluids in the soil and the dentine play a dominant role in the alteration
of trace element composition of buried teeth on archaeological timescales (see Figure 3). Shapes of these
leaching profiles resemble the error function-shaped profiles that result from DA models adapted from
Fick’s second law (Millard and Hedges, 1996; Kohn and Moses, 2013; Figure 1). Characteristic flat
concentration profiles on the outside (C1) and inside (C0) of the tooth divided by sharp concentration
slopes, such as those found in Zn and Sr concentrations in specimen LHUE 2i (Figure 3) indicate that
leaching is better approximated by a DA model (diffusion-absorption) than by a double-medium diffusion
(DMD) model, which is characterized by a relatively high concentration tail (Kohn, 2008). The suitability of
the DA model is further demonstrated by the high goodness-of-fit (R2) parameters obtained from fitting the
model to Zn, Sr and Fe profiles.
Modelling of leaching profiles
Model fitting statistics show indeed that a large part of the variability in Zn, Sr and Fe concentrations in
the enamel profiles can be explained by leaching of these elements into the tooth by means of diffusion
and adsorption. R2 values of model fitting are higher than 0.7 in more than 75% of the analyzed profiles
and often exceed 0.90, meaning that this leaching explains 70 to 90% of the variability in trace element
concentrations along the profile. The majority of the residual variation can be explained by measurement
uncertainty (Table 2) and natural heterogeneity in tooth composition. Figure 3 shows that the 95%
confidence levels determined by Monte Carlo simulation of the measurement and model fitting uncertainty
encompass almost the entire variability in trace element profiles. This also explains the poor goodness-offit of DA models on Pb data, which has a higher relative standard deviation of measurement error. The
measurement error on Fe is also relatively large, but large differences between endogenous and
diagenetic concentrations still allow DA models to fit the data relatively well. This shows that the success
rate of the DA model, and therefore the accuracy of the predicted model parameters, mostly depends on
the ratio between the concentration gradient present in the tooth and the measurement uncertainty. As a
consequence, the data on successful model fitting presented in this study is slightly biased against teeth
that are either completely endogenous or fully diagenetic. In both cases, little or no difference in
concentration between the outside and the inside of the enamel will be present, causing the model to fail
to fit the data.
When successful, modelling of leaching fronts in archaeological tooth enamel can yield additional
information about the diagenetic process, such as the depth of leaching and the time it took to establish
leaching fronts. While diagenetic and endogenous concentrations could be estimated from trace element
profiles without modelling, model fitting provides an automated way to estimate these parameters without
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user bias as well as an uncertainty on the estimate. Modelling also allows more accurate estimation of
diagenetic and endogenous concentrations when the full sigmoid shape of the leaching front is not present
in the tooth and manual estimation of these concentrations is difficult. An example of this is visible in the
AD-profile of LHUE specimen 2i (Figure 3).
According to DA model fitting, leaching of Fe into tooth enamel happens during a shorter time period
(<100 yr) than Zn, Sr and Pb (±300 yr). Pore fluid concentrations and the type of burial site do not seem
to affect this leaching time. The time over which leaching occurs is about an order of magnitude shorter
than the age of the samples (ca. 5500-5500 yr). This result seems to suggest that leaching of trace
elements slows down or halts at some point during fossilization. However, the applied DA model assumes
a constant diffusion coefficient, while diagenetic processes such as secondary mineral deposition and
reduction of permeability of the bioapatite may slow down diffusion rates over time (Kohn, 2008). Since
uptake of trace elements into bioapatite has been demonstrated to continue millions of years after
deposition, it is unlikely that trace element leaching into enamel stopped after several hundreds of years
(Peppe and Reiners, 2007). Instead, diffusion rates probably slowed down over time, causing modelled
diffusion times to underestimate the actual time it took to establish diffusion fronts.
Leaching fronts of Sr and Pb penetrate marginally deeper into the enamel than those of Fe and Zn.
This is counterintuitive, because diffusion of Sr and Pb should be slower due to their larger ionic radii. This
shows that other processes counteract this effect and promote deeper penetration of Sr and Pb into the
enamel. No clear influence of ambient pore fluids or burial type is observed, except for Sr leaching, which
seems to be deeper in funerary cave sites where pore fluid concentrations are lower. The combination of
these results seems to indicate that leaching of Fe after burial happens relatively fast, while Sr and Zn
leach more slowly. However, Sr leaching penetrates deeper into the enamel and therefore affects a larger
volume of enamel than Zn and Fe. Modelling attempts seem to indicate that leaching of Pb into the teeth
is very limited, as is evident from shallow concentration gradients and poor success in fitting a DA model
to the Pb data (R2 <0.5). However, since the error on Pb µXRF measurements is of the same order of
magnitude as the observed concentration gradient, modelling Pb leaching fronts did not yield good
quantitative estimates of leaching parameters in this study. Nevertheless, the fact that the concentration
gradient of Pb in the enamel is so shallow indicates that environmental Pb concentrations were most likely
low and diagenetic leaching of Pb was limited to concentrations which were barely detectable by µXRF
(tens of µg/g). The presence of leaching fronts of Fe, Sr and Zn after thousands of years of inhumation
means that on endogenous concentrations of these elements can be retrieved from archaeological
samples. These concentrations may serve as tools for paleodiet and paleoenvironmental reconstructions.
The discrepancy between times of leaching and the actual age of the samples shows that trace element
leaching profiles (in this case of Fe, Sr, Zn and Pb) are not an accurate tool for dating archaeological
samples. This same conclusion was drawn by Kohn and Moses (2013) based on investigation of leaching
profiles in archaeological bones.
Model fitting trace element profiles in archaeological tooth enamel seems to be a successful tool for the
detection and quantification of the effect of diagenesis on trace element compositions (Figure 7).
Comparison of endogenous and diagenetic trace element concentrations reveals statistically significant
differences in the extent of diagenetic alteration between different burial types. Figure 7 shows that teeth
from funerary caves are characterized by higher diagenetic Zn concentrations while Zn concentrations in
megalithic graves are less altered. There seems to be less difference in alteration of Fe concentrations.
The exception are teeth from the Peña Larga site (CPL), which exhibit very high (≥1000 µg/g) Fe
concentrations in both altered and endogenous values, though only 4 teeth were available from this site
and R2 values for fitting of CPL Fe profiles are low (0.44). The latter leads to the assumption that DA model
fitting on Fe profiles of CPL was not successful and the modelled parameters are unreliable. Interestingly,
most of the osteological assemblage from the Peña Larga site was found charred, suggesting that samples
from this site were exposed to high temperatures. It is known from studies of cremated remains that enamel
tends to develop pores and fissures when exposed to increased temperatures (Shipman et al., 1984). This
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process may explain why Fe concentrations are high (>900 µg/g; see Figure 7) throughout the enamel in
specimens from the CPL site, as fractures may have facilitated increased migration of Fe into the enamel.
However, it remains unclear why such a process would only affect concentrations of Fe while leaving
concentrations of other trace elements (e.g. Zn; see Figure 7) unaffected. Results for Sr show an opposite
trend, with lowland sites showing much stronger diagenetic increases that mountain sites. Despite
differences between sites, diagenesis causes Sr, Zn and Fe concentrations to increase in all sites,
meaning teeth absorb these trace elements from their surroundings. The trend in both Sr and Zn
diagenesis is most likely a result of differences in soil composition which would have affected
concentrations of these elements in the pore fluid, which is indeed reflected in modelled pore fluid
concentrations (C2; Table 3). No direct measurements of soil composition are available to test this
hypothesis, but the effect of varying trace element concentrations in the soil on diagenetic trace element
uptake in bioapatite has been demonstrated (Millard and Hedges, 1997; Kohn and Moses, 2013).
Burial-type differentiation between trace element patterns
The difference between endogenous concentrations of Sr and Zn in teeth of funerary graves and
megalithic sites may hold clues to differences in life history and environment between the peoples living in
these different sites. The differences in endogenous Sr concentrations between megalithic graves and
funerary caves found by DA model fitting are in agreement with those found by bulk Sr concentration
measurements on tooth enamel from the same sites reported in Fernández-Crespo et al. (in prep). The
latter study ascribes elevated Sr concentrations to a difference in diet and to people interred in megalithic
graves having more privileged access to valued resources (e.g. salt) than people interred in funerary
caves. This result, together with meaningful differences in stable isotope ratios suggests socioeconomic
inequalities between those interred in distinct burial locations (Fernández-Crespo et al., in prep). A
difference in diet may also explain the opposite trend observed in endogenous Zn-concentrations. Higher
Zn concentrations may point towards a higher contribution of meat in the diet, while higher Sr
concentrations may indicate a higher contribution of leafy greens and legumes (Burton and Wright, 1995;
Subar et al., 1998). This interpretation is in agreement with paleodietary reconstructions, suggesting a
more agriculture-based lifestyle with a more plant-based diet in lowland communities and potentially a
pastoral lifestyle with a more meat-based diet in mountain communities in the Rioja Alavesa region
(Fernández-Crespo et al., in prep). Endogenous Zn concentrations found by DA model fitting (40-60 µg/g)
are in good agreement with typical Zn concentrations found in modern human tissues (Underwood, 2012),
showing that the presented technique from separating diagenetic from endogenous trace element
concentrations yields reliable results that aid in paleodietary reconstructions.
Implications for sampling strategies
Results presented in this study show that trace element leaching during diagenesis has a strong effect
on the distribution of trace elements in archaeological tooth enamel. If DA model fitting is reliable, the
comparatively short times (< 500 yr) required to establish leaching fronts means that Zn, Sr and Pb
concentrations in almost all archaeological sites will be affected by trace element leaching. Leaching fronts
in Fe concentrations seem to form even faster, with typical leaching times <100 years. Diagenesis of trace
element concentrations happens fast regardless of the type of burial site examined in this study. These
results should, however, be interpreted with care, as it is well possible that modelled leaching times
underestimate the actual time needed for the formation of leaching profiles because diffusion coefficients
are not constant through time. Depth of leaching (300-400 µm) is substantial compared to the typical
thickness of enamel in cross section (1-3 mm), and leaching occurs both from the outside of the tooth and
from the more porous dentine into the enamel (see Figure 3). If these results are representative for
archaeological sites in general, they indicate that only a small part of the enamel in archaeological teeth
may be used for the determination of endogenous (in vivo) trace element concentrations. Considering a
leaching penetration of 300 µm from the outside of the tooth and the enamel-dentine junction, only the
central part of the enamel where enamel thickness is greatest (at the location of CD-profiles, see Figure
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3) may be used for the determination of endogenous trace element concentrations. It must be noted that
the teeth used for this investigation were not subject to any pretreatment methods. Such pretreatment
procedures may successfully remove (part of) trace elements leached into bioapatites during diagenesis,
especially when diagenesis is in an early stage (McMillan et al., this volume). However, such pretreatment
procedures have been shown not to be fully efficient (Snoeck and Pellegrini, 2015). The best way to avoid
contamination due to leaching is to drill off the outer 300-400 µm of enamel and to avoid sampling the
enamel-dentine junction. Differences in DA model fitting success show that the best results are obtained
in CD profiles, which cross the part of the enamel most likely to be unaffected by diagenesis (Table 4).
Sampling trajectories along the enamel-dentine junction (profile AB) and along the edge of the tooth (profile
DA) often fail to capture the full transition from diagenetic concentrations to endogenous concentrations,
explaining reduced success in DA model fitting and higher uncertainties on the estimates of associated
parameters.
The construction of “enamel triangles” on tooth cross sections and subsequent fitting of DA models to
extract endogenous trace element concentrations ensures the separation of diagenetic from endogenous
concentrations and should be favored over bulk measurements. This illustrates that in situ measurement
techniques like µXRF and LA-ICPMS offer more control on sampling for trace element concentrations than
dissolution-based techniques such as ICPMS and ICP-OES. The large differences in trace element
concentrations between altered and endogenous enamel (up to hundreds of µg/g; Table 3) demonstrates
the need for careful sampling using such in situ techniques if trace element concentrations are to be used
as proxies for diet and life history in archaeological studies. The same holds true for isotopic studies, since
a large diagenetic input of Sr and Zn from the direct surrounding may skew results of isotopic analysis.
Even a 10% mixing of diagenetic enamel (±525 µg/g Sr; ±260 µg/g Zn; ±180 µg/g Fe) with 90%
endogenous enamel (±425 µg/g Sr; ±50 µg/g Zn; ±50 µg/g Fe) would cause 12% of Sr, 37% of Zn and
25% of Fe in the sample to originate from diagenetically altered enamel. This would significantly affect the
result of isotope analysis on these elements and would, for example, bias provenance studies towards
values found locally in the burial locality. Smaller diagenetic leaching gradients in Pb profiles are most
likely a result of comparatively low concentrations of Pb in the samples close to the detection limit of µXRF
analysis (Figure 3). Comparison with previous studies shows that error function-shaped leaching gradients
can also be observed in Pb profiles, and that other measurement techniques (e.g. LA-ICPMS) should be
used to quantify Pb concentrations in archaeological tooth enamel to aid sampling for Pb concentration
and isotope ratio measurements for archaeological reconstructions (Kohn and Moses, 2013; Müller and
Fietzke, 2016).
Perspective
The results of measurements and DA model fitting presented in this study reveal that leaching of trace
elements into tooth enamel is an important process controlling trace element concentrations on
archaeological timescales. The presented dataset shows that leaching depths for Fe, Sr and Zn are
generally in the order of hundreds of micrometers. This implicates that this outer part of the enamel should
be avoided when sampling preserved enamel for trace element and stable isotope analysis. Further
research is needed to investigate whether pretreatment procedures are successful in removing leached
trace elements from the outer part of the enamel. Beyond this outer rim of affected enamel, it has been
demonstrated that original trace element concentrations are preserved and modelling diffusion-adsorption
fronts allows these concentrations to be reconstructed with confidence. Modelling leaching of Sr, Fe and
Zn also shows that these elements are almost always increased in enamel during diagenesis. This means
that decreasing trace element profiles likely indicate preserved trends in life history or environment rather
than diagenesis. Leaching times modelled in the specimens in this study are an order of magnitude lower
than the age of the specimens. This shows that either diagenetic leaching only takes place over a few
hundreds of years after burial and then stops or that diffusion coefficients decrease during the fossilization
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process due to secondary mineralization and decreasing porosite. Analyzing trace element concentrations
in teeth of various ages and environments is required to confirm this observation and to understand why
the process of trace element leaching does not continue during the entire burial period.
Conclusions
Results in this study demonstrate the versatility of micro X-Ray Fluorescence scanning and its
application in the study of variability of trace element compositions in tooth enamel. The combination of
semi-quantitative XRF mapping and quantitative XRF profiling according to the “enamel triangles”
sampling strategy on cross sections through archaeological molars allows a detailed investigation of the
variability of trace element concentrations throughout the enamel. The results of these analyses shed light
on the post mortem leaching of trace elements into the enamel from both the outside of the tooth and from
the more porous dentine, and aid in developing sampling strategies to determine in vivo trace element
concentrations. Diffusion-Advection models explain a large part (70-90%) of the spatial variability observed
in the enamel profiles and fitting DA models to trace element profiles allows accurate estimation of in vivo
and diagenetically altered concentrations. Furthermore, model fitting also sheds light on the timing and
depth of diagenetic trace element leaching and can be used to reconstruct pore water compositions in the
burial environment. Leaching of Fe, Sr and Zn into enamel is likely being slowed down by fossilization
processes which cause modelled leaching times to underestimate fossilization times and sample age.
However, leaching fronts penetrate to a depth of about 300-400 µm in archaeological teeth with an age of
±3000 years, meaning endogenous concentrations can still be reconstructed from these samples. The
extent to which enamel seems to be affected by these leaching processes shows that great care should
be taken in sampling archaeological enamel for trace element concentration and isotope analysis. Since
Fe, Zn and Sr are all demonstrated to leach into the tooth from the surrounding sediment and/or the
enamel-dentine junction, provenance studies using (isotope ratios of) these elements may be biased
towards values found in the soil of the burial location when sampling diagenetically altered enamel. Studies
aiming to determine endogenous enamel trace element and stable isotope compositions should therefore
either include in situ measurement techniques such as µXRF and LA-ICPMS scanning, or apply careful
sample preparation and avoid the outer 300-400 µm of the enamel and the enamel-dentine junction while
sampling for bulk analyses.
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3.3 Seasonal cyclicity in trace elements and stable isotopes of modern horse enamel

This chapter has been published in an international peer-reviewed journal
de Winter, N.J., Snoeck, C., Claeys, P. 2016. Seasonal cyclicity in trace elements and stable isotopes of
modern horse enamel PLoS One 11:11, e0166678.
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Abstract
The study of stable isotopes in fossil bioapatite has yielded useful results and has shown that
bioapatites are able to faithfully record paleo-environmental and paleo-climatic variables from
archeological to geological timescales. In an effort to establish new proxies for the study of bioapatites,
intra-tooth records of enamel carbonate stable isotope ratios from a modern horse are compared with trace
element profiles measured using laboratory micro X-Ray Fluorescence scanning. Using known patterns
of tooth eruption and the relationship between stable oxygen isotopes and local temperature seasonality,
an age model is constructed that links records from six cheek upper right teeth from the second premolar
to the third molar. When plotted on this age model, the trace element ratios from horse tooth enamel show
a seasonal pattern with a small shift in phase compared to stable oxygen isotope ratios. While stable
oxygen and carbon isotopes in tooth enamel are forced respectively by the state of the hydrological cycle
and the animal’s diet, we argue that the seasonal signal in trace elements reflects seasonal changes in
dust intake and diet of the animal. The latter explanation is in agreement with seasonal changes observed
in carbon isotopes of the same teeth. This external forcing of trace element composition in mammal tooth
enamel implies that trace element ratios may be used as proxies for seasonal changes in paleoenvironment and paleo-diet.
Introduction
Records from fossil tooth bioapatite have often been used to reconstruct paleo-diet and paleoenvironment (e.g. Frick et al., 1998; Balasse et al., 2002; 2005; Bocherens et al., 1999; 2015; Tornero et
al., 2015). Because of the resistance of enamel bioapatite to geochemical alterations after burial, stable
oxygen and carbon isotope ratios in this biomineral are featured in various studies (e.g. Shemesh, 1990;
Quade et al., 1992; Kohn et al., 1999; Tütken et al., 2008). Mammal tooth enamel has proven to be an
ideal recorder of paleo-seasonality thanks to this high resistance to diagenesis and its incremental growth,
allowing the recovery of records with high temporal resolution (Blaise and Balasse, 2011; Fricke and
O’Neil, 1996; Sharp and Cerling, 1998). In addition, geochemical proxy records of teeth from humans and
other mammals have been used in a range of archaeological studies to answer questions about past diet,
cooking practice, mobility and environmental change (Balasse et al., 2001; Balasse et al., 1999; Pike-Tay
and Cosgrove, 2002; Quinn et al., 2008; Warinner and Tuross, 2009; Chenery et al., 2010). An added
advantage of using mammal teeth for sub-annual environmental reconstructions is the possibility of
combining multiple teeth of the same individual to create a composite time series. This combination allows
the construction of longer continuous records of seasonal variations in paleo-environments during the
years in which the teeth mineralized (Balasse et al., 2001; Kohn and Cerling, 2002; Frémondeau et al.,
2012). In this study, a tooth row from a modern horse is used as environmental recorder to investigate the
robustness of new paleo-seasonality proxies in tooth enamel that can be applied to fossil samples. More
specifically, conventional stable isotope analysis is combined with µXRF analysis on the same samples to
study the changes in trace element concentrations in horse enamel over seasonal time scales. The use of
trace element concentrations in tooth enamel as proxies for paleo-environmental and paleo-dietary
conditions of the animal during tooth formation is evaluated.
The practice of paleo-seasonality reconstruction based on the analysis of stable carbon and oxygen
isotopes is established in various common domestic mammal taxa (e.g. cattle: Passey and Cerling, 2002,
pig: Frémondeau et al., 2012, sheep: Blaise and Balasse, 2011; Balasse et al., 2003 and horse: Sharp
and Cerling, 1998; Bryant et al., 1996). However, the use of trace element analysis for this same purpose
remains largely unexplored. While combining trace element records and stable isotope profiles is common
practice in paleo-seasonality reconstructions from other, often invertebrate, paleo-seasonality archives,
such as bivalves and corals (e.g. Sinclair et al., 1998; Steuber, 1999; Lazareth et al., 2003; Elliot et al.,
2009 and references therein), the use of such a multiproxy approach in the study of enamel archives
remains rare (Tütken et al., 2008; Domingo et al., 2009). Various new methods of fast, high-resolution and
non-destructive elemental analyses are now widely available (e.g. Phung et al., 2013; Garrevoet et al.,
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2015; de Winter and Claeys, 2016), enabling the measurement of trace elements in fossil material without
altering the samples. The application of trace element proxies for paleo-environmental reconstructions
from tooth enamel using these new methods opens up a whole range of opportunities to reconstruct paleoseasonality, most noteworthy in terrestrial ecosystems where data for seasonality reconstruction is sparse.
In order to investigate the use of trace element analyses as a proxy for paleo-seasonality, results of trace
element concentrations analyzed using a novel laboratory micro X-Ray Fluorescence (µXRF) scanning
method are combined with conventional stable isotope analysis on the carbonate fraction of horse enamel
in an effort to study the expression of seasonality in trace elements. In addition, this study reports the first
use of the µXRF line scanning method for non-destructive, high-resolution measurements of trace element
abundances in mammal teeth and discusses the reliability of this method for quantitative trace element
analysis in bioapatite.
Background
Modern horse dentition
Modern horses (Equus caballus) have a hypsodont dentition (Stirton, 1941; Kaiser and Fortelius, 2003)
causing them to grow high-crowned cheek teeth. Horse molars and premolars grow to about 8-9 cm length
and their relatively fast growth rate of 3-4 cm/yr (Hoppe et al., 2004) allows the construction of multi-year
geochemical records with a high (monthly) temporal resolution. The evolution of equids is well-studied,
and modern horses form the extant species in a long lineage of fossil equid ancestors (Wang et al., 1994;
MacFadden, 1994). The nearest living relative principle justifies the use of modern horse as an analogue
for its ancestors and allows the extrapolation of proxy relationships established on modern horses for the
interpretation of fossil equid tooth records (e.g. Van Dam and Reichart, 2008; Bendrey et al., 2015; Harris
et al., 2014). This makes horses an interesting modern analogue taxon potentially enabling terrestrial
paleo-climate reconstruction from the Early Eocene up to modern times (Sharp and Cerling, 1998; Van
Dam and Reichart, 2008; Bendrey et al., 2015; D’Ambrosia et al., 2014; Zanazzi et al., 2015).
The eruption and mineralization sequence of modern horses varies between races, but the timing of
mineralization of horse cheek teeth is known within a 1 to 3 months range (Hoppe et al., 2004). This
knowledge allows construction of a composite time series from multiple individual teeth. The eruption
sequence of modern horses is described in Levine (1982) and Hillson (1986) and the mineralization
scheme was more recently studied by [34]. The first molar (M1), the first permanent tooth to be formed,
erupts around month 11. It is followed by M2 around month 23, the second premolar (P2) appears around
month 30 and P3 around month 34. Finally, P4 (eruption around month 46) and M3 (erupting around month
48) mineralize almost simultaneously. Mineralization of enamel is known to continue after eruption and
after the maximum length of the tooth is reached, especially in molars (Hoppe et al., 2004). The total
sequence of teeth covers a timespan of over 4 years Hoppe et al., 2004; Bendrey et al., 2015).
Bioapatite in mammal tooth enamel
Mammal tooth enamel is composed of an inorganic mineral fraction of crystalline bioapatite, with
organic matter and water. The chemistry of the bioapatite is well studied and its composition can be
approximated by the chemical formula: (Ca, Na, Mg, Ba, Fe, Sr, Zn, [ ])10(PO4, HPO4, CO3)6(OH, F, Cl,
CO3, O, H2O, [ ])2 (LeGeros, 1986; Skinner, 2005; Wopenka and Pasteris, 2005; Yoder et al., 2012) where
[ ] represent potential vacancies in the crystalline structure. This formula shows that there are three phases
in the bioapatite structure: cations (mostly Ca), phosphate, and the so-called channel-filling ions (e.g. OH).
In enamel bioapatite, phosphate and the channel-filling ions are partly replaced by carbonate (CO3)
(Skinner, 2005; Wopenka and Pasteris, 2005; Pasteris et al., 2004). A range of trace element cations can
substitute for Ca in the bioapatite structure, while anions like F- and Cl- are present in traces in the channels
between the calcium and phosphate groups, replacing the hydroxyl-groups. Besides these groups, there
is also room in the hydration layers between bioapatite crystals in enamel where water, organic matter and
carbonates can be found (LeGeros, 1990). The presence of carbonates and organic matter in and between
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the bioapatite crystals causes defects in the hexagonal structure of bioapatite, which makes the more
substituted bioapatites (such as bone and tooth dentine) prone to degradation and less stable in the
archeological and fossil record compared to enamel bioapatite (LeGeros, 1990; Lee-Thorp and
Sponheimer, 2003).
Isotopes in bioapatite
Oxygen isotope ratios in the carbonate fraction of tooth bioapatite (δ18Oc) are shown to be related to
the oxygen isotope composition of the animal’s body fluid, which in large mammals is approximately 2-3‰
more enriched than the isotope composition of ingested water (Kohn and Cerling, 2002; Balasse et al.,
2003; Gat, 1980; Longinelli, 1984; Luz et al., 1984; Bryant et al., 1996; Stowe and Sealy, 2015), which is
driven by local precipitation and evaporation (Gat, 1980; Dansgaard, 1964). In coastal Northern Europe,
the oxygen isotope composition of surface water is 18O-depleted (δ18O ≈ -10 ‰) in winter and enriched in
18
O (δ18O ≈ -6 ‰) in summer (Mook, 1970; Gat, 1996; Gourcy et al., 2005; Kevin De Bondt (VUB), personal
communication). This seasonal signal is reflected in δ18Oc of horse tooth enamel and enables the
reconstruction of paleo-seasonality. For juvenile mammals, the δ18Oc values of teeth mineralized during
the weaning period can be higher, because the water ingested through milk is enriched in 18O with respect
to the drinking water of the mother (Bryant et al., 1996; Wong et al., 1987). In case of modern feral horses
and zebras, which wean their young within the first 8-9 months after birth (Gill, 1987), the only permanent
teeth mineralizing during the weaning period are the first molars (Hoppe et al., 2004;Luz et al., 1984). As
a consequence of weaning, only a part of the first molar of horses that mineralizes during weaning may
show elevated δ18Oc values.
Carbon isotope composition (δ13Cap) in mammal teeth are related to the diet of the animal (Cerling and
Harris, 1999; Passey et al., 2005). They have yielded good results in studies of long-term variation in floral
ecosystems, such as changes between dominance of C3 and C4 vegetation in diet (Quade et al., 1992;
Vogel and Van der Merwe, 1977; MacFadden et al., 1996; 1999). In studies of (intra-tooth) bioapatite,
measurements of carbon isotope compositions yield valuable insights into seasonal changes in paleo-diet
and migration patterns (Balasse et al., 2005; Lee-Thorp and Van der Merwe, 1991; Sponheimer et al.,
2006). In case of domesticated animals, where no migration takes place, δ13Cap variations indicate
changes in (paleo-)diet (Cerling and Harris, 1999; Zazzo et al., 2010).
In seasonally migrating taxa, seasonal stable carbon and oxygen isotope profiles from tooth enamel
are expected to be in phase as migration changes the provenance and type of diet as well as the local
environment of the animal, affecting both stable isotope proxies synchronously (Van Dam and Reichart,
2008; Feranec et al., 2009). However, as shown by earlier studies, in domestic taxa these proxies need
not be in phase since a seasonal change in diet can lag or lead the environmental seasonality (Balasse et
al., 2002; Frëmondeau et al., 2012; Hoppe et al., 2004)
Trace elements in bioapatite
While stable isotope values in bioapatite carbonate have been used for paleo-environmental and paleodietary reconstruction, the meaning of trace element concentrations in bioapatite archives remains poorly
understood (Ezzo et al., 1995; Darrah et al., 2013). There is a significant body of work focusing on the post
burial incorporation of these elements (e.g. Kyle, 1986; Price et al., 1992; Trueman and Tuross, 2002).
The incorporation of trace elements in bone and teeth through diagenesis is so prominent that trace
element signatures in fossil bone have been proposed as a proxy for fossil provenance (Kohn et al., 1999;
Trueman and Benton, 1997; Ségalen et al., 2008; Tütken et al., 2011; Herwatz et al., 2013; Kohn and
Moses, 2013). Though some elements seem to be taken up post mortem by diagenetic processes,
calculations of diffusivities show that this pathway does not fully explain trace element abundances found
in fossil bioapatite and that a significant portion of the trace element concentration taken up in vivo is
retained in fossil bioapatite (Kohn and Moses, 2013). The mechanisms by which trace elements are
included in bone and teeth are not well understood and are likely to vary per element (Burton and Price,
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2002; Kohn et al., 2013). It has been proposed that trace element concentrations in mammal bioapatite
reflect the diet and trophic level of the individual (Kohn et al., 1999; Kyle, 1986; Sillen, 1992; Sponheimer
et al., 2005; Sponheimer and Lee-Thorp, 2006; Underwood, 2012). Uptake of trace elements through
drinking water is regarded to be too low to explain the concentrations found normally in teeth, and it is
instead suggested that, in addition to diet, ingested soil and dust accounts for the trace elements
incorporated into mammal bone and teeth (Kohn et al., 2013). If trace elements found in bioapatite are
ingested through food or dust, changes in trace element concentrations are expected to occur through
seasonal migration patterns, changes in diet or variation in the availability of dust.
Seasonality in environmental trace elements
Both the amount of airborne dust (airborne particles with a diameter >4 nm and <100 µm, Weinzierl et
al., 2009) and its trace element composition vary seasonally (e.g. Kubilay and Saydam, 1995; Moulin et
al., 1998; Norra and Stüben, 2004). These changes could affect trace element abundances in the body of
mammals either through direct soil and dust ingestion (Kohn et al., 2013) or indirectly through ingestion of
drinking water or plants that take up these trace elements from precipitated dust. A peak in the amount of
dust deposition in Northern Europe in summer is strongly correlated with peaks in the deposition of trace
elements such as Sr (Norra and Stüben, 2004), suggesting that airborne dust is an important source of
these trace elements in this area. Combined with large rainfall events in Belgium being concentrated in
summer (Ntegeka and Willems, 2008; Evrard et al., 2008), a significant increase in the deposition of trace
element enriched dust particles occurs in the summer months.
Resulting changes in trace element concentrations in local ground and surface water could influence
both the trace element concentrations in drinking water and that of ingested food, especially if the food is
grown locally from the same water source used for drinking water. Changes in trace element
concentrations in coastal ground water show a seasonal pattern, but besides dust precipitation they are
also related to changes in water influx, groundwater level, redox state, pollution and exchange with ocean
water (Von Gunten et al., 1991; Helena et al., 2000; Michael et al., 2005). Trace element concentrations
in surface and ground water, like those of dust particles, are shown to peak in summer (Von Gunten et al.,
1991).
The seasonal pattern of these sources of trace elements points towards higher trace element
concentrations in the environment of the horse during the summer period (Von Gunten et al., 1991). This
seasonality signal can be incorporated into the body fluid of mammals by ingestion either through food or
water and incorporated in the teeth. In this case, trace elements are incorporated in larger concentration
into dentine and deeper enamel layers through the pulp cavity, causing trace element concentrations to
increase with enamel depth (Curzon and Featherstone, 1983). Trace elements can also be incorporated
into the enamel from the outside of the tooth. This post-eruption incorporation would cause a profile of
decreasing trace element concentrations with depth (Lane and Peach, 1997; Reitzernova et al., 2000;
Teruel et al., 2015). Both mechanisms are in agreement with depth profiles of several trace elements (e.g.
Zn, U and Sr) found by Kohn and Moses (2013) and Kohn et al. (2013) in modern teeth of domesticated
cattle and wild mammal taxa. It is shown that trace element concentration and isotope ratios are more
stable in enamel than in dentine, as part of the dentine (secondary dentine) is continuously deposited after
initial deposition (Goodman et al., 2004). Records of seasonal changes in trace element availability
preserved in tooth enamel, either during mineralization or post-eruption, therefore constitute promising
proxies for seasonal variations in diet or in environmental variables such as dust availability during tooth
formation.
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Materials and methods
Studied specimen
The teeth used in this study are from a single adult male Belgian draft horse (race: Brabançon) kept in
the region of Eastern Flanders, Belgium, born in May 2008 and deceased in August 2014. The horse lived
outdoors on a cool-season grass pasture (C3) situated on the Eocene sand deposits of northern Belgium,
allowing it to graze year-round. The fraction of fruit-bearing trees or C4 vegetation in the part of the diet
ingested by grazing was negligible. Draft horses have an efficient metabolism compared to other races
and are usually sustained on a diet consisting almost exclusively on foraged raw food (Kentucky Equine
Research, 2016). Due to their vulnerability to obesity, the proportion of diet consisting of molassescontaining food supplements and starch-rich maize is usually avoided or strongly limited in draft horses
(<10% of diet, or ~0.2% of the animal’s weight per day in winter, Prof. Paul Simoens, personal
communication; Kentucky Equine Research, 2016). It can however not be excluded that, besides abundant
amounts of hay, the horse’s diet was supplemented with small amounts of concentrated food pellets (oats
and barley (C3) with added vitamins and minerals usually mixed with molasses from local sugar beet
refineries; Lewis, 1996) and possibly small amounts of maize (C4) in the winter season (December,
January and February), when fresh grass is less available (Prof. Geert Janssens and Prof. Richard
Ducatelle, personal communication).
Drinking water was supplied from local meteoric water and was subject to quality checks of the Flanders
Institute for Animal Health (DGZ) as summarized in S9.7. These quality guidelines restrict the maximum
concentration of common trace elements to the mg/L level (up to tens of ppm by weight). The animal had
been euthanized at Ghent veterinary science department for reasons unrelated to this study. The owner
of the animal has given his personal consent for the use of its remains for research and permission for the
use of the material was given by Prof. Paul Simoens of UGent’s veterinary science department.
The full upper right row of cheek teeth was removed from the animal and cleaned using cold water
maceration (Rowley, 2015) for 72 hours at 35°C in a SW22 shake bath (Julabo GmbH). The outer surface
of cheek teeth was cleaned with milliQ water, abraded superficially with a diamond-coated polishing disk,
and left to dry in an oven at 50°C. Cleaning by abrasion was done to rid the surface of the teeth of any
varnish or other superficial contamination that was visible and not to produce a smooth surface. The
thickness of enamel removed by this process was not visible with the naked eye (< 0.1 mm).
µXRF measurements
µXRF line scans were executed on the cleaned and abraded mesial enamel surface of all cheek teeth
(P2-4 and M1-3). Measurements from the uppermost part of the crown and lowermost part of the enamel,
which showed discoloration that was not removed by aforementioned superficial cleaning, were excluded.
All line scans were done on a Bruker M4 Tornado µXRF scanner (Bruker, Germany) using a Rh source
tube at 50 kV and 600 µA. All XRF analyses were carried out at the XRF lab of the Vrije Universiteit
Brussels (VUB, Brussels, Belgium). The X-Ray beam was focused with a polycapillary lens and
fluorescence X-Ray spectra were recorded using a Si drift detector. A continuous line of individual points
of 25 µm diameter with an integration time of 10 seconds per point were combined into line scans of up to
90 mm. The line-scan method thus produced a straight line of circular points with a diameter of 25 µm.
Total measurement time was approximately 10 hours per tooth. During the measurements, teeth were
kept horizontal in a container filled with 3 mm glass beads (Carl Roth GmbH). For some teeth, line-scans
had to be composed of several line segments to accommodate irregular or sloping tooth surfaces. This
way, samples need not be completely flat to allow for reliable measurements, as the X-ray beam could be
refocused between line segments. The attenuation length of X-Ray photons (penetration depth after which
X-ray intensity drops to 1/e times the original intensity) into bioapatite can be calculated by the BeerLambert Law (Bouguer, 1729). It varies with the X-ray photon energy and is therefore different for each
element. The attenuation lengths of elements measured in this study range from 10 µm (Mg) to 600 µm
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(Sr). An overview of the attenuation lengths of X-rays of the different energies associated with analyzed
elements into bioapatite is given in S9.9. Point spectra were deconvoluted and quantified using Bruker
Esprit software and the errors of deconvolution introduced in the conversion of spectra of XRF counts to
trace element concentrations (hereafter: deconvolution errors) were calculated using Bruker’s ARTAX
spectral analysis software (de Winter and Claeys, 2016). All measured concentrations that were below a
detection limit of three standard deviations of deconvolution were rejected. Correction factors needed to
compensate for matrix effects in the X-Ray Fluorescence Fundamental Parameters quantification
algorithm were determined for all elements using one-point calibration with the ISO certified BAS-CCB01
bioapatite standard (Bureau of Analysed Samples Ltd., Middlesbrough, UK, for certified values please see
S9.8). All elemental concentrations were recalculated from mass to molar percentage and trace element
concentrations were divided by the concentration of calcium and given in mmol/mol. Individual µXRF point
measurements were checked based on P/Ca ratio. All points with a P/Ca ratio deviating more than one
standard deviation from the mean P/Ca value were rejected. The Si concentration was higher on the edges
of the teeth where Si was measured in the glass beads supporting the teeth during the measurement,
driving the average of all Si measurement to an (for bioapatite samples) unreasonable value of 4%. Close
observation of the data showed that the transition of measurements from the glass beads to the sample
was sharp and took place in about 15 measurements (375 µm). A conservative threshold value of 5% was
chosen to reject measurements that were contaminated by the glass beads while avoiding the removal of
bioapatite measurements. Measurements with Si concentrations higher than 5% were rejected. Repeated
point measurements (N = 30) on the BAS-CCB01 cremated bone bioapatite standard were used to
calculate repeatability standard deviations (hereafter: measurement errors) of µXRF measurements. The
BAS-CCB01 standard is chosen for having same matrix as the samples that were measured (bioapatite),
allowing the error of matrix effects in the XRF measurements to be included in the reproducibility testing.
Isotope ratio mass spectrometry
Samples for stable isotope analysis were drilled on the same mesial side of the teeth as used for µXRF
analyses, using a dental drill with a diamond coated drill bit. About 40 mg of enamel powder was collected
from lines with an average width of 0.8 mm and length of 20 mm drilled perpendicular to the growth axis
of the tooth. Care was taken to exclusively sample the enamel layer as the dentine has a larger organic
matter content and may therefore have a different isotope signature (Stack, 1955; Driessens and
Verbeeck, 1990).
Samples for stable isotope analysis were subject to a conservative pretreatment in order to facilitate
comparison of stable isotope results with those of archaeological and paleontological studies, where
pretreatment is necessary. Approximately 11 mg of sample were pre-weighed for pretreatment and
subsequently treated with a 1 M calcium acetate-buffered acetic acid (CH3COOH) solution in excess for
30 minutes (Snoeck and Pellegrini, 2015). After treatment, samples were rinsed three times with milliQ
water and dried overnight at 50°C. Dried pretreated samples were weighed to determine weight loss during
the pretreatment procedure. Compared to conventional pretreatment procedures (e.g. Koch et al., 1997),
acid treatment time was shortened and no agent for organic matter removal was used. This decision was
made based on results from multiple studies showing that care should be taken in applying conventional
pretreatment methods (especially using long reaction times) and that the use of oxidizing agents for the
removal of organic matter in enamel is likely to be superfluous and might introduce error in stable isotope
measurements (Snoeck and Pellegrini, 2015; Zazzo et al., 2006; Pellegrini et al., 2011; Pellegrini and
Snoeck, 2016).
On average ±1 mg of pretreated sample was weighed for stable carbon and oxygen isotope (δ13Cap and
δ18Oc) measurements of the carbonate fraction on a Nu Perspective Isotope Ratio Mass Spectrometer
(IRMS) with a NuCarb carbonate preparation device in the stable isotope lab of the Vrije Universiteit
Brussel (VUB, Brussels, Belgium). Samples of ±1 mg of bioapatite were reacted for 10 minutes with
phosphoric acid (H3PO4.H2O) at 70°C and produced CO2 was led into the mass spectrometer using a dual
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inlet device. Mass spectrometry results were corrected for variations in the amount of produced CO 2 and
instrumental drift and then corrected using a three point calibration with the in-house MAR2 carbonate
standard (δ13C: 3.41‰ ± 0.10‰; δ18O: 0.13‰ ± 0.20‰, calibrated using the NBS-19 standard; Friedman
et al., 1982), the in-house Enf enamel standard (δ13C: -9.83‰ ± 0.08‰; δ18O: -5.41‰ ± 0.30‰) and the
in-house CBA calcine bone standard (δ13C: -14.77‰ ± 0.18‰; δ18O: -9.97‰ ± 0.21‰). The Enf and CBA
standards were calibrated using NBS18, NBS19 and IA-R022 Calcium Carbonate (Iso-Analytical Ltd,
Crewe, UK; δ13C: -28.63‰ ± 0.09‰; δ18O: -22.69‰ ± 0.11‰). Repeatability of independent MAR2
measurements (N = 68) yielded a standard deviation of reproducibility of 0.07‰ and 0.08‰ for δ13Cap and
δ18Oc, respectively. All isotopic values are reported relative to Vienna Pee Dee Belemnite (VPDB).
Carbonate content was calculated from sample weight and CO2 pressure, using a linear relationship
observed between CO2 pressure in the dual inlet and weight of pure carbonate (MAR2) samples. All
samples with insufficient CO2 production for a reliable stable isotope measurement were rejected. The
standard deviation of reproducibility of CO3 content measurements was 0.50% for the ENF standard (N =
29) and 0.12% for the CBA standard (N = 30). Stable isotope records were compared to monthly mean
temperature data measured in Vlissingen (Netherlands), obtained from the open database of the Royal
Netherlands Meteorological Institute (KNMI, Netherlands).
Results
µXRF line scanning
Table 1 shows that the deconvolution errors (referred to as machine errors) are lower than the
measurement errors calculated from repeated measurements on the BAS-CCB01 standard (measurement
errors). These repeated measurements show that only Na, Mg and Ni have standard deviations above half
their mean value. Therefore, the values obtained for these elements are not statistically significant
(statistically separable from zero) within a 95% confidence level of two standard deviations of
measurement error. Correction factors determined using the BAS-CCB01 standard show large variations
between elements. Relatively low measurement errors show that the method yields reproducible results
for elements heavier than Mg with concentrations above 1 ppm. Accuracy for these elements was <5%
(for CRM01 certified values see S9.8).

Element

Mean value:

O

62.41%

Ca

20.74%

P

Machine error

Measurement
error

Correction
factor

2.06%

1.00

38.4 ppm

0.67%

0.99

16.40%

25.3 ppm

0.49%

2.88

Si

0.24%

6.81 ppm

0.01%

1.86

Na

0.03%

4.05 ppm

0.09%

2.11

Mg

0.13%

10.5 ppm

0.10%

4.50

Al

108 ppm

0.74 ppm

22.1 ppm

0.19

Fe

64 ppm

0.64 ppm

3.80 ppm

0.62

Zn

68 ppm

0.29 ppm

3.07 ppm

1.00

Sr

183 ppm

1.21 ppm

2.24 ppm

0.84
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Cu

6.0 ppm

0.50 ppm

1.61 ppm

1.00

Ni

0.3 ppm

0.01 ppm

0.5 ppm

1.00

Ba

61 ppm

1.10 ppm

7.11 ppm

5.00

Pb

7.7 ppm

0.84 ppm

0.74 ppm

1.00

Ti

3.6 ppm

0.02 ppm

0.98 ppm

0.25

Cr

7.7 ppm

1.02 ppm

2.05 ppm

1.00

Table 1: Table showing the standard deviations of deconvolution (machine errors) and reproducibility (measurement errors) of elemental
abundances measured with the µXRF, as well as correction factors implemented to correct the values using the BAS-CCB01 standard (see S8).

Fig 1 shows average values and ranges of elemental abundances measured on the bioapatite after
excluding points with deviating Ca/P ratio and high Si concentrations (see above). Major elements are
present in a Ca:P:O molar ratio of 10 : 4 : 20. The most abundant trace elements are cations (e.g. Mg, Rb,
Sr, K, Al), while Cl and S are also present in relatively high abundance. Concentrations of trace elements
Zn, Sr and Ba are ~300 ppm, ~100 ppm and ~30 ppm respectively. Relatively high concentrations are
found for the so-called “bone-seeking elements” Zn, Sr, Ba and Pb as well as other common trace
elements, such as Na, Mg, Cl and K. Concentrations of Si, Mn and Al are 0.3%, 200 ppm and 0.07%
respectively.

Figure 1: Overview of mean molar concentrations (black dots) and concentration ranges (green areas) of all elemental abundances detected
and quantified with µXRF. Red bars show standard deviations of reported reproducibility tests on the BAS CCB01 standard (see Table 1). Not all
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elements have red bars because concentrations of only a few elements were certified for the BAS-CCB01 standard. Note that red bars in this Fig
are standard deviations on the BAS-CCB01 standard, while means and ranges of concentrations indicated in green are from the horse bioapatite.

Lighter elements show more variation and have higher measurement errors than elements heavier than
Al (Fig 1). Values for Ti and Ni show a very large range, and a large portion of the values for these elements
are below 1 ppm. A large part of the Ni, Ti and Cr concentrations is below the measurement error, and is
not statistically significant. Therefore, even though mean values of these elements are above the
confidence level of two standard deviations of measurement error, most results of Ni, Ti and Cr were not
reliable enough for the records to be interpreted. Measurement errors for other more abundant trace
elements (Table 1) are between 1% and 5% of the measured value.
Stable isotopes and pretreatment
Mass spectrometry results (Fig 2) show that δ13Cap varies between -19‰ and -13‰. δ18Oc ranges
between -7‰ and 0‰. Weight loss caused by the pretreatment procedure ranges between 14% and 48%
(Fig 2A, 2C and 2E). Carbonate content of enamel samples exhibit a variation between 1% and 6% (Fig
2A, 2B and 2D).
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Figure 2: Cross plots of all combinations of the four variables obtained by pretreatment and mass spectrometry: carbonate content (%CO 3),
weight loss during pretreatment (%), carbon isotope composition (δ13Cap) and stable oxygen isotope composition (δ18Oc). Dashed lines show linear
regressions through the cross plots and p-values and coefficients of determination (R2) of the regressions are given.

Linear regressions between all measured variables have low (<0.01) p-values indicative of a significant
linear trend in the data. The R2 values calculated for these linear trends are below 0.25 for all regressions
except for the regression between δ18Oc and carbonate content. With a coefficient of determination (R2) of
0.48, stable oxygen isotopes show a weak negative relationship with carbonate content (Fig 2D). Fig 2F
shows that there is no correlation between the two stable isotope proxies, and Fig 2C and 2E show that
there is no linear correlation between the loss of sample weight in the pretreatment procedure and
measured isotope ratios. Weight loss by pretreatment shows no significant correlation with carbonate
content in the sample after pretreatment (Fig 2A).
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Tooth records
A selection of trace elements with relatively high abundances in the studied teeth (Sr, Zn, Fe, K, S and
Mg) is discussed in terms of variations through time in the measured sample. Results for individual teeth
of the modern horse show the full potential of µXRF for high resolution trace element abundance line
scanning (Figs 3A and 3B). These figures also document the spread of data between individual points as
a result of small variations in surface conditions and concentrations in the sample. Larger irregularities on
the sample surface were accommodated by refocusing the X-ray beam between line segments. In order
to visualize the mm-scale trends of XRF records through the tooth length, a 50 point moving average was
constructed by averaging, for every point that was measured, the measured value on this location with
values of 49 measurements directly above and below the measurement. The smoothed records thus
obtained illustrate that mm-scale variations in the records of trace element concentration are larger than
the measurement error, and therefore statistically significant.
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Figure 3: Records of carbonate content (green bars), stable isotope compositions (δ13Cap in red and δ18Oc in blue) and trace element ratios
(dots, colored lines represent moving averages) of all molars (A) and premolars (B). Larger vertical bars indicate the specific measurement error
for each tooth and each element. The black line on top shows how Ca/P ratios vary over the line-scan. Vertical error bars plotted on the inside of
y-axes mark the tooth- and element-specific measurement errors (σ). Unprocessed measurement results are given in S9.1-S9.6
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The measurement error (shown on Figs 3A and 3B as vertical error bars) varies between different
elemental ratios and between different teeth depending on the surface conditions, and is relatively high for
elements with a lower abundance, such as Sr (see also Fig 1 and Table 1). Figs 3A and 3B show that
the record of Mg, which has a relatively high abundance, contains considerable spread with various high
amplitude mm-scale shifts. These mm scale shifts in the Mg/Ca 50 point moving average seem to correlate
to mm-scale shifts in other records of element ratios, but have a larger amplitude in Mg/Ca. Mg/Ca records
are shown for all teeth except for P4, where the Mg peak was too small to produce a continuous record.
These Mg/Ca records show that deconvolution of an insignificant XRF peak produces a record with large
(artificial) mm-scale shifts in abundance.
For paleo-environmental reconstruction purposes, the larger-scale variations that occur on a spatial
resolution in the order of multiple centimeters are more interesting. On this scale large shifts in elemental
abundance take place, which are significant with respect to the reported measurement errors. Comparison
with Mg/Ca records also shows that the larger cm-scale variations observed in other trace element records
are not present in Mg/Ca. Fig 3A and 3B show that most cm-scale variations in trace element ratios are
of the same order of magnitude through different teeth (M1-3 and P2-4). Exceptions are the K/Ca and Zn/Ca
ratios of P2 and the Fe/Ca ratio of P3, which are plotted on a separate scale to illustrate the variations
observed in these records. The K/Ca and Zn/Ca values as well as other trace elemental concentrations in
P2 are higher than in other teeth. The Fe/Ca values from P3 are lower than in the other tooth records.
Figs 3A and 3B show that carbonate content in the individual tooth records is always lowest in the
oldest part of the tooth, closest to the tip. These low values for carbonate content coincide with high δ18Oc
values in all teeth except for P2. The tip of most teeth is also associated with low δ13Cap values, although
the trend is less pronounced than in the δ18Oc record. Samples with lower carbonate content further down
the teeth do not show higher δ18Oc values or lower δ13Cap values. The oldest 15-20 mm of the M1 δ18Oc
record shows the highest values of all records, exceeding 0‰ (Fig 3A). The cm-scale trend observed in
the δ18Oc of M1 is increased by these high δ18Oc values but is still visible if these samples are removed
from the record.
The spatial resolution of stable isotope measurements is not good enough to show mm-scale variations
in the teeth, but cm-scale trends are observed. Comparison on centimeter scale shows that trace element
records and oxygen isotope records show a similar trend, with trace element records shifted horizontally
by approximately 20 mm compared to oxygen isotope records. The Sr concentration record seems to be
more in phase with the δ18Oc record than the other trace elements, but still lags the isotope record by about
10 mm. To compare and interpret variability in the multiproxy records from horse teeth, multiple teeth from
the individual are combined to create an age model.
Age model
Using the eruption pattern of horse teeth (Levine, 1982; Hoppe et al., 2004), stable isotope plots for
individual teeth can be superimposed on the monthly mean temperature record (Fig 4). A first tentative
age model based on eruption times of the teeth shows that the oxygen isotope record lines up with the
monthly temperature record. This shows that a positive relationship between precipitation, seasonal
temperature and stable oxygen isotope ratios in mammal teeth, as proposed in other studies (Balasse et
al., 2005; Stevens et al., 2011), is valid in this study as well. Maxima and minima in both δ18Oc and
temperature are used as additional tie points to constrain the age model. According to the age model,
tooth mineralization occurred over a period of 4-5 years, which is in agreement with Hoppe et al. (2004).
This age model is applied on the isotope data as well as on the trace element records.
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Figure 4: Stable oxygen (blue to purple) and stable carbon (red to brown) isotope records of all teeth of the modern horse correlated to a local
monthly mean temperature curve (Vlissingen, Netherlands, Royal Dutch Meteorological Institute). Dots represent individual measurements. The
standard deviation of reproducibility is contained within the dot. Different colors are associated with different teeth. Tooth records are labeled in
the same color as their measurements. Arrows (in the same color as stable oxygen isotope measurements) indicate the approximate eruption
times of the teeth according to Hoppe et al. (2004). The age model used for the remainder of the study is based on these eruption patterns and
on the linkage of δ18Oc record to the temperature record using a positive correlation between the two.

Seasonal variations
Stable carbon isotope ratios measured in horse enamel seem to be in antiphase with respect to oxygen
isotopes, even though there is no linear correlation between the two proxies (Fig 2). A seasonal cyclicity
is observed in δ13Cap values with lower δ13Cap values in the summer and higher δ13Cap values in the winter
season. When all trace element records are plotted on the same time axis using the age model, a clear
seasonal pattern emerges in all plotted records (Fig 5). It must be noted that the K/Ca and Zn/Ca records
of P2 and the Fe/Ca record of P3 are plotted on individual scales, but they follow the same seasonal pattern.
Patterns in both oxygen and carbon isotope ratios measured in different teeth mineralizing in the same
time period (e.g. P2/P3 and P4/M3) show a very similar pattern. Overlapping µXRF records (plotted as
different lines in Fig 5) match as well, even on small spatial scales. The cm-scale annual cyclicity in the
trace element ratios is best expressed in the middle part of the record, where records from multiple teeth
overlap and more tie points are available to create a more reliable age model. Towards the oldest and
youngest parts of the composite record the age model has to be extrapolated resulting in a slight mismatch
of elemental abundance records with the monthly temperature record. To illustrate differences in the
seasonal extent of trace element composition between individual teeth, seasonal ranges and annual
averages of all tooth records are shown in Table 2. The offset of trace element values in P2 and P3 with
respect to other records is not similar (e.g. variation and absolute values are higher than average in P 2,
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but lower in P3). Seasonal variations in S/Ca, Sr/Ca and both stable isotope proxies are of the same order
of magnitude in all teeth.

Figure 5: Records of stable isotope ratios and trace element ratios plotted against time using the age model based on the relationship between
oxygen isotopes and temperature seasonality. Dots represent individual stable isotope measurements. The standard deviation of reproducibility
of these measurements is contained within the dot. Different colors are associated with different teeth. Tooth records are labeled in the same color
as their measurements Note that three of the trace element records are plotted on a different scale (see also Table 2). These three trace element
records are shown in a different color and their scales are shown to the side of the record in that same color.
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Elemental
ratio

S/Ca

K/Ca

Fe/Ca

Zn/Ca

Sr/Ca

Values
mmol/mol

in

P2

P3

P4

M1

M2

M3

min value

2

4

2

2

2.8

1.8

max value

7

5

4.5

5.5

6

6

5

4.5

3.5

3.5

4.5

4

min value

2

1

1

4

3

2

max value

16

10

12

13.5

10

9

10

6

7

9

6

5

min value

0.2

0.1

0.2

0.2

0.25

0.1

max value

1.5

0.6

1

1.3

1.2

1.3

0.8

0.4

0.5

0.8

0.7

0.6

min value

0.5

0.7

0.4

0.5

0.75

0.6

max value

2.4

1.3

1.2

1.2

1.1

1.2

1.5

0.9

0.7

0.9

0.9

0.8

min value

0.2

0.15

0.12

0.14

0.13

0.12

max value

0.32

0.32

0.28

0.28

0.27

0.27

0.26

0.22

0.2

0.22

0.2

0.19

mean value of
cycle

mean value of
cycle

mean value of
cycle

mean value of
cycle

mean value of
cycle

Table 2: Summary of the seasonal variation observed in all trace element records from all teeth and the observed annual average. Trace
element concentrations indicated in orange (K/Ca and Zn/Ca of P 2 and Fe/Ca of P3) have different values from the same records in other teeth.

Discussion
Pretreatment and carbonate content
The lack of correlation of weight loss during pretreatment with CO3 content as well as with stable isotope
results shows that the amount of material removed from the samples during pretreatment does not
influence the resulting stable isotope ratios and measured carbonate contents in a systematic way. The
observation of seasonal patterns in stable isotopes and the fact that all isotopic values fall within the
expected range for modern teeth indicates that contamination of the samples after pretreatment is unlikely,
or at least that it has no effect on the interpretation of these seasonal cycles.
Figs 3A and 3B shows that carbonate content is lowest in the oldest, most mature parts of the enamel
of all teeth. This can be explained by a decrease in carbonate content in older enamel related to its
maturation process (Sydney-Zax et al., 1991). Higher δ18Oc and lower δ13Cap values are observed in the
oldest parts of all teeth except P2. This exception and the fact that carbonate content in younger parts of
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tooth records does not correlate with δ18Oc and lower δ13Cap shows that the relationship between stable
isotopes and carbonate content is only valid for samples from the tips of the teeth. Since all reported stable
isotope measurements were corrected for variations in produced CO2 during the acid reaction and all
samples yielded enough CO2 for measurement, fractionation during the measurement cannot account for
the observed correlation. Such a fractionation would also have driven δ18Oc and δ13Cap values in the same
direction (Emrich et al., 1970; Kim and O’Neil, 1997), while observations show that the correlation with
carbonate content is negative for δ18Oc values and positive for δ13Cap values. The correlation with stable
isotope values is instead driven by the fact that all teeth except P2 started mineralizing in the summer
season and therefore have high δ18Oc at their tip. As a consequence, we argue that variations in carbonate
content are a result of tooth development, while stable isotope ratios vary according to environmental and
dietary variables.
Seasonality in stable isotope ratios
A seasonal range of 3‰ observed in carbon isotope ratios is much smaller than that found in studies
of mammal enamel in which a seasonal change in diet from C3 to C4 vegetation is suggested (Balasse et
al., 2005;Frémondeau et al., 2012; Balasse et al., 2006), in which case a seasonal range of 6‰ was
reached. The range obtained is in good agreement with seasonal shifts of 3‰ found in horse enamel by
Sharp and Cerling, 1998, which indicate comparatively small annual variations within a diet composed
almost exclusively of C3 vegetation. The mean of δ13Cap value of -16‰ is also in agreement with a diet
consisting exclusively of C3 vegetation (Wang et al., 1994; Lee-Thorp and Van der Merwe, 1987). This is
to be expected from a domestic horse fed on a constant diet of fresh grass supplemented with small
amounts of cereal grains. The 3‰ seasonality in δ13Cap indicates that there were small seasonal changes
in diet through the year. Such a change resulted from an increase in grazing in summer while in winter a
larger part of the diet consisted of dry food. A larger relative proportion of grass at the expense of dried
cereal (e.g. barley) would explain more negative δ13Cap values in enamel in summer, since grass has a
more depleted δ13C signature (Passey et al., 2005). Incorporation of minor amounts of maize (a C4 plant)
into the dry food that made up to winter diet probably explains the higher (less negative) carbon isotope
signature in this season. Several factors, such as water availability, amount of sunlight and growth rate,
can also cause seasonal changes in the δ13C value of plants (O’Leary, 1988; Farquhar et al., 1989). These
factors could change the δ13C value of grass consumed by the individual and amount to part of the
seasonality observed in δ13Cap values of horse teeth.
Oxygen isotope values reported here exhibit a seasonal range of 4-5‰, which is similar to the seasonal
variation observed in horse teeth from mid-latitude setting of North Dakota by Sharp and Cerling (1998).
Ranges are larger than the 2‰-3‰ found in studies of sheep from Orkney Island (Balasse et al., 2005;
2006) and pig teeth from Corsica (Frémondeau et al., 2012). Variation in seasonal δ18O amplitude of the
rainwater on these different locations explains the observed difference in seasonal amplitude of δ18Oc
between this study and those mentioned above. The sheep and pig teeth originate from island specimens
where marine influence may lower the seasonal amplitude of the isotope composition of precipitation
compared to more terrestrial environments (Gat, 1996). The horse in the present study lived at a distance
of ~60 km from the North Sea coast and ~450 km from the Atlantic Ocean, it is expected that marine
influence on the continental mainland will presumably be less important than on an island setting. Indeed,
the seasonal amplitude of rainwater in coastal Northern Europe is approximately 4‰ (Mook, 1970; Keven
De Bondt (VUB), personal communication) Another explanation for the difference in seasonal amplitude
might be that differences in the uptake of water or the formation of the teeth between species cause
differences in seasonal amplitude in oxygen isotopes between sheep, pig and horse teeth. Absolute δ18Oc
values are in good agreement with seasonal variations in oxygen isotopes from horse enamel reported by
Sharp and Cerling (1998) and are also in the same order of magnitude of δ18Oc values found in sheep
enamel by Balasse et al. (2005; 2006) and in pig enamel (Frémondeau et al., 2012). Furthermore, oxygen
isotope ratios measured in this study are enriched by approximately 3‰ with respect to local meteoric
water, which is in agreement with Longinelli (1984). This shows that the δ18Oc values obtained are
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reasonable for modern and archeological mammal teeth, and that the interpretation of cyclic variations in
stable isotope profiles as seasonal cyclicity is valid. The highest δ18Oc values observed in the oldest part
of the M1 record are most likely caused by effects of weaning in the first months of the animal lifetime.
Weaning can increase the δ18Oc values of tooth enamel in juvenile mammals by as much as 2-3‰ (Bryant
et al., 1996), and a similar offset in δ18Oc values is observed in this study. While feral horses wean their
young after 8-9 months depending on the race, weaning of domestic foals typically occurs between 4-6
months after birth (Waran et al., 2008). Fig 5 shows that increased δ18Oc values in the first 15-20 mm are
consistent with a weaning period of 4-6 months. Measurements of δ18Oc values from the tip of M1 that are
exceeding 0‰ are for this reason excluded from the age model graphs and from further seasonality
interpretation (Fig 4).
The approximate antiphase relationship between δ13Cap and δ18Oc values is opposite from the in-phase
pattern found by Sharp and Cerling (1998), but is in agreement with other studies (Frémondeau et al.,
2012; Balasse et al., 2006). The latter explain seasonal variation in δ13Cap values of 6‰ as a result of
changes in diet with incorporation of C4 plants or fruits in winter, which occurred in this individual only to a
small extent. The low δ13Cap values observed here are indicative of a diet consisting primarily of C3 plants,
leading to the assumption that changes in δ13Cap observed in these horse teeth are caused at least partly
by changes within a C3 diet. The 3‰ seasonality in δ13Cap observed by Sharp and Cerling (1998) in North
Dakota is attributed to seasonal aridity affecting the water use efficiency (WUE) of plants in the animal’s
diet (Waran et al., 2008). In regions with seasonal aridity, reduced WUE diminishes the carbon isotope
discrimination and results in heavier δ13C values in drier summer months (Waran et al., 2008; Maghaddam
et al., 2013). However, the horse studied here lived in a coastal temperate climate with limited seasonal
drought and the WUE of the grass is most likely not a leading factor driving its δ13C values. It is more likely
that δ13Cap seasonality is primarily driven by small changes in the composition of the diet, and that changes
in δ13C of the ingested plants (grass) explain only a small fraction of the carbon isotope seasonality. Since
the exact composition of the supplemented winter food and the relative proportion of isotopically heavy
maize in the diet is unknown, no reliable mass balance for carbon isotopes could be made for this study.
An actual culture experiment in which food and water sources are carefully controlled may shed more light
on the effect of dietary supplements on carbon isotope. Such a study would, however, be expensive and
time consuming and is beyond the scope of this paper. It cannot be excluded that added maize in winter
drove the shift to heavier carbon isotope values in the enamel studied here. The fact that the maxima in
δ13Cap are recorded during the late winter season (between January and March) shows that the dietary
change towards relatively higher amounts of dry food (including C4 maize with higher δ13C values) is
recorded within 2 months (December – February). Such a lag can be explained by the combined effects
of the response time of body fluid in mammals (15 days to a month; Sharp and Cerling, 1998) and time
lag introduced due to mineralization of the teeth (1-2 months; Passey and Cerling, 2002; Hoppe et al.,
2004; Zazzo et al., 2010). The seasonal shift in oxygen isotopes is expected to start earlier, as stable
oxygen isotope values of rainwater start to drop significantly as early as October (Mook, 1970). A phase
lag of 2 months of stable carbon isotope seasonality relative to the seasonality of stable oxygen isotopes
can therefore be explained by a delayed change in diet.
Reliability of µXRF results
The large variation in correction factors required to calibrate the quantification of µXRF measurements
for bioapatite shows that the matrix effect in apatite samples has a big impact (Table 1). This demonstrates
that it is always necessary to do a standard calibration specifically for the matrix of the samples that are
analyzed, and that failure to do so results in large inaccuracies in the quantified values. The deconvolution
error found for µXRF data using the ARTAX software is a gross underestimation of the real measurement
error determined by reproducibility tests (Table 1). This shows that it is always necessary to calculate the
measurement error on a certified standard with the same matrix composition as the samples (in this case:
the BAS-CCB01 bioapatite standard) to determine the standard deviation on the result. Measurement
errors obtained for elements heavier than Mg and with a concentration >1 ppm (1 to 5% of the measured
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value) are comparable with standard deviations reported for LA-ICPMS and ICP-OES (Vander Putten et
al., 2000; Lorrain et al., 2005; Yan et al., 2013; Sørensen et al., 2015).
The comparison of elemental records with the Mg/Ca record shows that deconvolution of small XRF
peaks leads to noisy records with artificial mm-scale variations. Similar small-scale fluctuations
superimposed on the larger seasonal trend of records of other trace elements (Fig 3A and 3B) may also
be attributed to errors in the deconvolution of XRF spectra. The larger cm-scale variations observed in
horse enamel trace element records represent real changes in chemical composition of the teeth. They
reveal a seasonal pattern in trace element ratios in horse enamel that is in antiphase with δ13Cap and shows
a 2-3 months phase lag with respect to the δ18Oc values and monthly temperature records.
Trace element abundances in horse teeth
Observed Ca:P:O proportions obtained by µXRF are in agreement with the formula of bioapatite, (Ca,
Na, Mg, Ba, Fe, Sr, Zn, [ ])10(PO4, HPO4, CO3)6(OH, F, Cl, CO3, O, H2O, [ ])2, in which part of the PO4 and
OH groups are substituted by CO3. The spread in both Ca and P concentration is low, showing that
measurements on the tooth surface sampled almost exclusively bioapatite. Figs 3A and 3B furthermore
show that the Ca/P ratio remains relatively constant through all line scans. The most abundant trace
elements found in horse teeth are cations substituting for Ca, although Cl and S are also present in
relatively high concentrations (>0.1%, see Fig 1). Zn, Sr and Ba are present in the same order of
magnitude as those found in other studies of trace elements in enamel (Kohn et al., 2012). These results
are in agreement with other studies reporting relatively high concentrations of so-called “bone-seeking
elements” Zn, Sr, Ba and Pb (Kohn and Moses, 2013) as well as other elements found commonly in
bioapatite, such as Na, Mg, Cl and K (Kohn et al., 1999). Elemental concentrations that do show a
significant offset from values reported in other studies include Mn and Al, which are higher in this study
compared to earlier work (Kohn et al., 1999; 2013). An enrichment in Mn and Al may be a result of different
provenance of the animal or a difference in preferential enrichment of the abovementioned elements in
horse enamel compared to the other taxa studied in Kohn et al., (1999; 2013). A possible source of Mn or
Al might be airborne dust, but concentration data from other specimens and their environment would be
needed to pinpoint the source of these elements in horse enamel and determine why concentrations are
elevated in the current specimen.
Some small mm-scale variations in trace element records are repeatable through different teeth and
are probably linked to small weekly to monthly scale variations in growth rate or enamel thickness (Burke
et al., 1995). These differences in enamel growth rate can influence trace element concentrations (Hoppe
et al., 2004). Since the integration depth of the µXRF remains constant for each given element (see
Methodology section), variations in the enamel thickness can result in variations in the trace element
concentrations measured when these concentrations change with depth in the enamel (Kohn et al., 1999).
Seasonality in trace elements
The consistency between different trace element records suggests a single mechanism for in vivo
uptake of all reported trace elements into the enamel. The seasonal cyclicity observed in all records
suggests that the variation in trace element concentrations in teeth is driven by environmental and/or
dietary factors rather than by internal changes in the trace element uptake mechanism during enamel
formation. It has been suggested that a large part of the trace elements is acquired in mammal tissues
from environmental sources and therefore vary with the rate of environmental uptake (Underwood, 2012;
Leibscher and Smith, 1968).
The use of a domestic horse in this case effectively rules out changes in trophic level or migration as
drivers for trace element variations in teeth. An increase in grass consumption at the expense of cereal
grains, hay and maize, indicated by the small but significant seasonal variation in δ13Cap values, shows
that a small seasonal change in diet could explain the seasonality in trace element ratios as well as carbon
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isotopes, especially since trace element and δ13Cap records are almost exactly in antiphase (Fig 5). A
seasonal change in the intake and composition of soil and dust constitutes an additional mechanism that
could explain the observed seasonal pattern in trace element ratios (as suggested in Kohn et al., 1999).
Both trace element concentrations in dust particles in the atmosphere and abundance of these particles
in Europe are highest in the summer period and could lead to the observed seasonal signal in enamel
trace elements for several months (Kubilay and Saydam, 1995; Norra and Stüben, 2004). Such an
increase in trace element deposition through dust particles provides a possible explanation for the higher
concentration in trace elements in horse teeth in the months directly following summer. Dust could enter
the animal by direct ingestion (Kohn et al., 2013) or indirectly through uptake in local plants and surface
water (Robinson et al., 2007). The latter pathway is plausible, since trace elements dissolved in surface
water peak in summer (Von Gunten et al., 1991) just like trace element concentrations found in enamel in
this study. Furthermore, the trace element concentrations of drinking water were disregarded in earlier
studies on the basis of them being too low to affect the concentrations of body fluids in mammals (Kohn
et al., 1999). The quality control mentioned in the Materials and Methods section further restricts the trace
element concentrations of drinking water to values much below the values measured in tooth enamel (see
S7). Seasonal variations within these low concentrations (ppm level) would have little effect on the larger
changes in trace element concentrations in tooth enamel. We therefore reject drinking water as the source
for trace elements in horse enamel and assume that trace element ingestion through dust and/or changes
in diet explain a large part of the seasonality in trace element ratios in enamel found in this study.
The observed phase lag of trace element records of 2-3 months with respect to the seasonal oxygen
isotope signal could indicate that the total lag between trace element uptake and incorporation into the
tooth enamel was 2-3 months slower than that of oxygen isotopes. Such a lag could be explained by a
longer residence time of bone-seeking trace elements in the body of horses compared to that of lighter
and more abundant oxygen and carbon atoms (O’Flaherty, 1991). The response time of body fluids
suggested as a source of time lag in the uptake of carbon and oxygen isotopes (Sharp and Cerling, 1998)
might be longer for trace elements. The lower concentrations of these elements in the animal’s body or
their larger atomic weight may explain a longer residence time, causing a time lag in the apparent seasonal
signal (as in Sharp and Cerling, 1998). Another explanation might be that the moment of uptake of trace
elements lags the temperature seasonality and that the highest concentrations of trace elements are
actually taken up 2-3 months later than the oxygen isotopes (near the end of summer). A lag of 2-3 months
due to reservoir effect in the horse body on trace element incorporation into horse tooth enamel would
place the moment of ingestion of highest concentrations of trace elements in the middle of the summer (in
phase with high δ18Oc). If the trace element seasonality is caused by changes in diet, this would suggest
that diet in summer would be more enriched in trace elements than in winter. The fact that trace element
seasonality is in antiphase with δ13Cap seems to suggest such a relationship and favors the hypothesis that
trace elements are driven by diet. An increase in trace element uptake in the summer season also favors
the hypothesis that increased dust input forces higher trace element concentrations in the environment in
summer, which are then incorporated into the enamel with a slight (2-3 month) lag in time (Kubilay and
Saydam, 1995; Norra and Stüben, 2004). The time lag can in this case be explained in part by longer
residence times of trace elements in the environment, as part of the trace element input will be taken up
by the horse indirectly through the vegetation (Underwood, 2012; Robinson et al., 2007; O’Flaherty, 1991).
The data provided here seems to suggest that both dust input into the environment and changes in diet
over the year are sources of trace element variations in the horse specimen. Further research into the
pathways of trace element uptake and incorporation into bioapatite would be needed to confirm the most
important mechanism explaining trace element seasonality in horse molars. The best way to conduct such
a study for large mammals would be to allow growth of the animals under fully controlled circumstances
and to measure stable isotope ratios and trace element concentrations of all sources of food and water.
Such a study would be time consuming and potentially ethically complicated.
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Enamel thickness and depth integration
The offset of K/Ca and Zn/Ca values of P2 and Fe/Ca of P3 shown in Table 2 could indicate that the
rate of incorporation of trace elements is variable with tooth position. However, this is unlikely because the
offset is not observed equally in all elements and is not consistent within one tooth. Another reason for the
difference is posed by Kohn et al. (2013) who found cross sectional gradients in trace element
concentrations through mammal teeth. If such gradients exist in horse teeth, a variation in the thickness
of the enamel between different teeth is expected to significantly change the trace element abundance
measured with µXRF. Since the attenuation depth of X-Ray radiation increases with atomic weight (De
Boer, 1991; Vo-Dinh and Gauglitz, 2003), lighter elements are measured more superficially than heavier
elements. A change in the inward gradient of trace element concentrations resulting from a thinner (more
condensed) enamel layer or the removal of the outer (more trace element-rich) part of the enamel will
therefore result in a larger change in the measurements of lighter elements compared to heavier elements.
The effect of enamel thinning is dampened in measurements of heavier elements because they are more
depth-averaged. The fact that trace element ratios in P2 are higher than in other teeth while Fe/Ca in P3 is
lower (Table 2) may therefore indicate that the enamel layer measured in P2 was thicker than average and
that of P3 was thinner and more condensed than in the other teeth. Table 2 reveals that the other trace
element records of P2 also have elevated concentrations, supporting the hypothesis of a thicker enamel
and a relatively bigger contribution of the trace element-enriched outer enamel layer. The preparation of
the teeth for XRF scanning by cleaning off the most contaminated outer layer of the tooth could also result
in differential loss of outer enamel between different teeth. However, since the amount of enamel removed
by this cleaning procedure is very limited (<0.1 mm) it is not likely to cause the large offset in trace element
concentration reported in Fig 5 and Table 2. For future studies it is recommended that such pre-cleaning
of teeth for XRF, or any other surface-based analysis, is done by air-abrasion to allow even more control
on the amount of enamel to be removed. Another possibility is that analysis are executed on enamel cross
sections, although this does compromise the non-destructive character of the XRF measurement and
might as such not be a favorable procedure on precious samples. Cross-sectional transects through
modern horse teeth could also reveal whether an inward gradient in trace elemental abundance is present
in horse enamel, supporting this hypothesis.
Because the enamel mineralization front in mammal molars is not perpendicular to the growth direction
of the tooth, variations in depth integration between elements also influence time averaging in the sample
volume (Balasse, 2003). Work by Passey and Cerling (1998) elegantly shows how samples taken
perpendicular to the tooth surface combine enamel that mineralized over a larger period of time. Based on
their work and information about the slope of the mineralization front in horse molars (5 to 10 degrees;
Hoppe et al., 2004) and their growth rate (3-4 mm/yr; Hoppe et al., 2004), measurements of heavier
elements like Sr and Zn with attenuation lengths of 100s of microns will average about 2-3 months of
enamel formation while lighter elements like Mg and Si with attenuation lengths of a few microns will
average only several days of enamel formation. As a result, seasonality curves for heavier elements are
more smoothed than those of lighter elements. Besides, shallower samples (lighter elements) also sample
comparatively younger enamel than deeper samples (see also modelling and discussion in Passey and
Cerling, 1998). The difference in average age is around 1-2 months and may explain a lag of the
seasonality of heavier elements like Zn and Sr with respect to lighter elements like Fe and S. Other, less
penetrative, techniques for determining trace element abundance can be attempted to show whether
depth-integration causes the offsets observed between teeth.
Broader implications for further research
The discovery of seasonally fluctuating trace element concentrations in mammal teeth opens up the
possibility for the development of new paleo-dietary and/or paleo-environmental proxies. The preliminary
results presented in this paper clearly show that the measurement of trace element profiles in mammal
tooth enamel with the new µXRF line-scanning technique is feasible within a short timeframe without
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physical alteration of the samples. While further investigation is required to confidently interpret seasonal
trace element profiles in mammal enamel, the current study clearly shows that there are seasonal patterns
in several common trace elements that will be of interest for future archaeological and paleontological
research. Once established, trace element proxies in bioapatite could be used in combination with or as a
replacement of stable isotope analyses as they have often been used in studies of seasonally resolved
carbonate archives (e.g. Sinclair et al., 1998; Steuber, 1999; Lazareth et al., 2003; Elliot et al., 2009;
Fairchild et al., 2000 and references therein). Trace element profiles in tooth enamel could then play a role
in a wide range of paleo-dietary and paleo-environmental studies aiming to solve questions of past human
and animal migration, paleo-diet and seasonal variations in paleo-environment.
Conclusions
µXRF scanning on the cleaned surface of mammal molars and premolars yields repeatable values for
trace elements heavier than Mg and with a concentration of 1 ppm or higher. Lighter elements and lower
concentrations cause reduced repeatability of the quantification of µXRF results. Results of stable oxygen
isotope ratios indicate that seasonal changes in temperature and consequently in the oxygen isotope ratio
of precipitation are faithfully recorded in this modern horse molars and premolars. This relationship can be
used together with eruption patterns to construct an age model allowing the creation of a composite multiyear record from multiple teeth of the same individual. Such a composite record shows that records of
Sr/Ca, Zn/Ca, K/Ca, Fe/Ca and S/Ca in all teeth reflect the same seasonal pattern. This seasonal
fluctuation in elemental abundance records seems to be in phase for all elements and shows a slight phase
lag of approximately 2-3 months with respect to oxygen isotopes and temperature seasonality. Carbon
isotopes from the same teeth exhibit seasonality in approximate antiphase with respect to oxygen and
trace elements and are related to diet.
Two possible mechanisms for the seasonality in trace elements are proposed. On the one hand,
seasonal fluctuations in the composition of the horse’s diet can influence the amount of trace elements
taken up by the animal on a seasonal scale. One the other hand, a seasonal fluctuation in the amount of
available dust and the concentration of trace elements in dust particles could be incorporated into the
animal either through direct dust intake, as suggested by Kohn et al. (2013) or indirectly through leaching
of trace elements from dust into the local environment and incorporation into the animal’s diet (e.g. through
consumed grass). This external forcing of trace element composition in mammal tooth enamel implies that
trace element ratios may be used as proxies for seasonal changes in paleo-environment and paleo-diet.
This discovery potentially opens up a whole set of new proxies in bioapatite that are relatively easy and
rapid to measure and yield information that is complementary to conventional isotope proxies. Further
research is recommended to determine the dominant pathway of trace element incorporation into mammal
tooth enamel and to determine whether the same seasonal patterns in trace element concentrations can
be found in archaeological or fossil tooth samples.
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4

Conclusions and perspectives

This thesis takes a critical look at the techniques and archives available to paleoclimatologists for
reconstructing high-resolution climate change in deep time (pre-Quaternary). The work presented here
demonstrates that, while myriads of paleoclimate archives exist, only a few of them meet the criteria for
reconstructing sub-annual to decadal-scale climate variability in deep time. The main focus of this thesis
has been the application of multi-proxy analyses on bivalve shells and tooth enamel for high-resolution
climate reconstruction. In Chapter 2, chemical analyses were applied on bivalve shell archives to
develop techniques for generating high-resolution proxy records and to discuss the interpretation of these
proxies in terms of paleoclimate reconstruction. Chapter 3 explored the issues that have to be overcome
before the enamel bioapatite archive can be used for seasonality reconstructions in deep time. Several
techniques for preparing bioapatite samples for isotope analysis were compared, and the effect of
diagenetic leaching on a range of trace elements (e.g. Mg, Sr, Zn and Fe) was discussed by using highresolution profiling using the µXRF method developed in 2.1. The results of these studies pave the way
for seasonality reconstructions based on stable isotope and trace element records from tooth enamel
archives, as is demonstrated for modern horse specimen in 3.3. This chapter summarizes the conclusions
of the research projects that make up this PhD thesis, provides general conclusions for paleoclimate
research, and formulates some perspectives on future research. Table 1 gives a schematic overview of
the state of the art of proxies for climate and environmental reconstructions in bivalve shells and tooth
enamel archives.
Table 1: Overview of the state of the art of stable isotope and trace element proxies in bivalve and tooth enamel archives at the end of this
PhD thesis. The rightmost column briefly states some ideas for recommended follow-up research that could allow the respective proxies to be
interpreted with more confidence. Note that the majority of open questions concern the interpretation of proxies in terms of paleoclimate or
paleoenvironment rather than the development of analytical techniques to further improve measurement quality.
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4.1 General conclusions
The development of (chemical) proxies for climate and environmental variables used for climate
reconstruction in a plethora of climate archives has greatly improved the accuracy of paleoclimate
reconstructions over the last decades (Swart et al., 1993; Fricke and Wing, 2004; Birks and Birks, 2006;
Gocke et al., 2014). These developments have allowed reconstructions of climate far back in time,
revealing extreme changes in climate and long-term climate trends that put the change of climate on a
human timescale in its proper context (e.g. Schulte et al., 2010; Tripple et al., 2011; Abels et al., 2012; see
1.1). One of the biggest challenges of paleoclimate research is the search for reliable archives for highresolution climate change in pre-Quartenary times. Many climate archives have the potential to record
such high-resolution changes. The success of these archives is evident from the large amount of studies
reconstructing climate in the Quaternary (e.g. PAGES2k, 2017; see 1.3). However, a closer look at
individual climate archives reveals that each of them comes with its own limitations when applied to preQuaternary reconstructions. Results presented in this thesis (and in other recent sclerochronology studies)
demonstrates that the analytical goals (summarized in 1.2 and 1.8) that enable us to sample chemical
proxy records from high-resoution archives have been met: Modern techniques allow us to obtain stable
isotope (micromilling for IRMS) and trace element profiles (LA-ICP-MS or µXRF) of sufficient resolution to
document seasonal or in some cases even daily variability in proxy records. Therefore, the main hurdle
that needs to be overcome if high-resolution paleoclimate archives are to be used for climate
reconstruction is the interpretation of the proxy records. The two main issues complicating this
interpretation are the low preservation potential over long timescales and our lack of understanding of how
proxies are incorporated into these archives. The former problem renders many archives (e.g. tree rings,
ice cores, coral archives and speleothems) unsuitable for pre-Quaternary reconstructions.
However, archives exist, such as tooth enamel bioapatite and bivalve shell calcite, which preserve well
enough to allow pre-Quaternary reconstructions of high-resolution climate change (see 1.5 and 1.6).
Results presented in this thesis demonstrate that both these archives preserve original trace element and
stable isotope compositions over long timescales. When applying the proper methods, these original
compositions can be extracted from fossil enamel and calcite, leading to a wealth of unexplored proxies
for climate and environmental parameters such as paleotemperature, sea water composition, diet and
precipitation patterns. It must be noted, however, that the success of these measurements depends heavily
on the application of the proper screening and pretreatment methods to ensure that the material that is
measured is actually well-preserved and not affected by diagenetic processes (see 2.2, 3.1 and 3.2).
The work presented in this thesis brings us a few steps closer to solving the uncertainties in proxy
incorporation in tooth bioapatites and bivalve shells. An important tool for determining the role of climate
proxies is the application of the multi-proxy approach, which is popular in long-term reconstruction studies
(e.g. Van Os et al., 1994; Hodell et al., 2013; De Vleeschouwer et al., 2013; Sinnesael et al., 2016), in
high-resolution paleoclimate studies. Results in Chapter 2.4 and 2.5 demonstrate that the comparison
between multiple proxy records in fossil samples can help with the interpretation of climate proxies. This
is the only way to interpret proxies in enamel and shell calcite from extinct organisms, which cannot be
grown under controlled circumstances to test the relationship between proxy and environment. Culture
experiments on extant organisms remain an important source of information on climate proxies. The only
way we can interpret chemical proxies in bivalve shells and tooth enamel is by studying the expression of
these proxies in organisms grown under controlled or otherwise very well studied circumstances and
construct quantitative transfer functions that directly relate individual proxies to environmental conditions.
The uniformitarian principle allows us to extrapolate these relationships to closely related fossil specimens
with some confidence (see 1.4). However, when applying these transfer functions to attempt highresolution climate reconstruction in deep time, there always remains some degree of assumption as to
whether transfer functions established on modern taxa will really be applicable to fossil specimens. The
uncertainty about this application of transfer functions for quantitative reconstructions is impossible to
quantify. Nevertheless, we can safely say that it will increase when applying the transfer functions on taxa
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more distantly related to the calibration taxon, let alone when attempting reconstructions on taxa with no
living relatives (e.g. rudist bivalves, see 2.4). Given this persistent uncertainty, quantitative reconstructions
of seasonality can only be successful if we can tap into the vast potential of fossil remains of extinct
organisms and compare the results based on different independent proxies. This will create independent
lines of evidence lending more certainty to reconstructions of this kind. The work presented here combining
multiple proxies and multiple species is therefore the most certain way to access the wealth of climate data
recorded in archives such as extinct rudist bivalves or the teeth of non-avian dinosaurs. The interpretations
of multi-proxy records in Chapter 2.4, 2.5 and 3.3 represent the first steps towards applying trace element
and stable isotope proxies in tooth enamel and shell calcite for deep time reconstruction of high-resolution
climate variability in the Mesozoic and further back in time. These reconstructions help us to form a more
complete understanding of the continuum of climate variability over different timescales (Huybers and
Curry, 2006; see 1.1). Furthermore, they also allow us to solve questions concerning changes in Earth’s
climate that take place on the long-term, such as the conundrum about decreasing δ18O values back into
the early Phanerozoic (Veizer et al., 2000; see also Jaffrés et al., 2007 and 1.1) and the ongoing debate
surrounding preservation of the original chemical composition of fossil carbonates over long (>100 Myr)
timescales and their value in paleoclimate reconstructions (Brand, 2004; Jaffrés et al., 2007; Veizer and
Prokoph. 2015; Henkes et al., 2018).
An important development for the interpretation of trace element concentrations in bivalve carbonate is the
trace element uptake model presented in Chapter 2.3. By integrating the total uptake of trace elements
into the bivalve shell, the model demonstrates a new approach for linking trace element concentrations in
the shell to environmental concentrations. Not only does this approach offer promising new ways to
calculate transfer functions for trace element proxies in cultured bivalves, it also allows uptake rates of
trace elements to be calculated from well preserved fossil bivalves regardless of the species. This allows
changes in trace element uptake rates in shells of extinct bivalves to be modelled, yielding information on
the mechanisms by which trace elements are taken up by these species. As a result, the confidence of
trace element proxies is improved and high resolution climate reconstruction based on the shells of these
extinct organisms is made possible. The model is more than merely a tool for the reconstruction of growth
and trace element uptake rates in fossil bivalves. It also demonstrates the importance of taking into account
lateral heterogeneities in trace element concentrations in bivalve shells (e.g. Freitas et al., 2008; 2009),
which are often overlooked in conventional trace element studies. The new µXRF technique developed
and applied in this thesis allows these heterogeneities to be resolved by rapid, non-destructive trace
element mapping. Such two-dimensional analyses are rare in the bivalve sclerochronology literature
because existing techniques for resolving trace element concentrations in two dimensions were expensive
and time consuming (e.g. Thorn et al., 1995). The methodological advancements presented here allow
two-dimensional trace element mapping to be carried out routinely (see 2.2), paving the way for the study
of trace element distributions in large amounts of bivalve shells. In combination with the model presented
in Chapter 2.3, heterogeneities in trace element distribution can be taken into account in the development
of trace element proxies. This leads to much more reliable trace element proxies, which can be applied for
high-resolution climate reconstruction in deep time. The approach is not limited to bivalve shells, but the
idea can be applied to the study of trace element distributions in other biogenic carbonates (e.g.
gastropods, belemnites, foraminifera) or to tooth bioapatites. The idea of modelling the growth and isotopic
composition of mammal teeth has already been proposed (Green et al., 2018), so the step towards trace
element modelling can be made in the near future.
The methods developed and applied in this work allow the determination of trace element concentrations
at very high resolutions, pushing the limits of the maximum temporal resolution that can be resolved in
these archives. Except for short, identifyable hiatuses in growth, bivalve shells and tooth enamel grow
continuously (Jones, 1983; Ten Cate, 1994). Therefore, the temporal resolution that can be achieved by
analyzing chemical changes in these archives is limited by the spatial resolution of the technique. The
results presented in Chapter 2.6 demonstrate that an improvement in the measurement resolution of LA268
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ICPMS in an exceptionally preserved rudist shell allows the characterization of daily cycles in trace element
concentrations. This shows that the temporal resolution of high resolution climate reconstructions in deep
time is not limited to annual variability. Indeed, the improved spatial resolutions of trace element analysis
techniques presented in this thesis will allow the reconstruction of climate variability on a tidal, daily or
even hourly scale, millions of years in the past, if applied on the right samples. This development, again,
is not limited to the shells of bivalves, but can be applied on any incrementally mineralized biogenic skeletal
material that preserves in the fossil record. Chapter 4.2 therefore offers a view into the future of highresolution paleoclimate research, where these techniques will allow sub-annual variability in climate to be
resolved in several deep time archives. The study in 2.6 (like the ones reported in Sano et al., 2012; Warter
and Müller, 2017; Warter et al., 2018) serves as a demonstration of the resolution of proxy records that
can be achieved from these archives. However, before such records can become relevant for paleoclimate
reconstructions, we require more research into the mechanisms that control the recording of stable isotope
ratios and trace element compositions into bivalve shells at this ultra-fine temporal scale and how it relates
to daily environmental changes. If these records can be properly interpreted, it would provide a new type
of information about climate in deep time, which can be placed in the context of long-term climate trends
together with seasonality reconstructions to further expand our knowledge about climate variability on
different time scales.
The studies carried out within the scope of this PhD thesis unmistakenly show that the future of highresolution paleoclimate studies relies heavily on the use of trace element proxies for climate and
environmental variables and microstructural analyses. While the use of stable isotope ratios is popular in
paleoclimate studies and the new clumped isotope proxy for absolute temperature reconstruction is rapidly
gaining attention, the amount of sample material needed for the analysis of these proxies (>50 µg for stable
isotope ratios, >2 mg for clumped isotope ratios) severely limits the achievable sample resolution (>100
µm; e.g. Schmidt and Bernasconi, 2010; Van Rampelbergh et al., 2014; see Chapter 2.1.2 and 4.1). The
development of these stable isotope proxies over the last decades has mostly resulted in improved
measurement precision and a better understanding of the fractionation of isotopes into the climate archives
(e.g. Dettmann et al., 1999; Kohn and Cerling, 2002; Michener and Lajtha, 2008). While some techniques
such as nanoSIMS and SHRIMP allow high-resolution in situ stable isotope measurements (e.g. Sano et
al., 2008), these techniques are not readily available for climate researchers and their precision is often
unsuitable for resolving high-resolution climate variability (Ickert et al., 2008; Valley and Kita, 2009). As a
result, the achievable spatial resolution of stable isotope proxy records generally does not allow sub-annual
variability to be resolved. Trace element analyses, however, have seen rapid improvement in sampling
resolution. The arrival of state-of-the-art techniques such as (synchrotron) µXRF and (Time of Flight) LAICPMS allow variabilities in trace element concentrations to be resolved at the level of several micrometers
or even at the sub-micron level (e.g. Yoshimura et al., 2013; Van Malderen et al., 2017). Similarly,
microstructures in biogenic climate archives (e.g. shells and teeth) can be recognized at the micron level
using (polarized) light and electron microscopy (Carter and Clark, 1985; Surge and Walker, 2006). The
importance of these microstructural changes for the interpretation of proxy records is widely appreciated
in the sclerochronology community (Shirai et al., 2014; Schöne et al., 2010) and is also illustrated in
Chapter 2.3 and 2.5. If higher frequency variability in climate (e.g. tidal and daily cycles) is to be
reconstructed in future paleoclimate studies, these reconstructions are likely to be made using a
combination of high-resolution in situ trace element analyses and detailed structural analysis of
continuously growing biogenic archives such as tooth enamel and bivalve shells. Only if major technical
advances in mass spectrometry allow the precise in situ analysis of stable (clumped) isotope ratios to be
widely available to paleoclimatologists in the near future, then stable isotope measurements can play an
important role in these sub-annual resolution climate studies. Otherwise, the role of stable isotope
measurements will be limited to providing a seasonally-resolved framework to higher resolution trace
element and microstructural analyses (as in 2.6).
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4.2 Perspectives
Since the research presented in this thesis is mostly of developmental nature, its focus has always been
on providing tools and ideas for future research (both analytical and with respect to climate proxy
interpretation). In this chapter, I will attempt to disseminate the results of the research presented above for
future studies and to provide perspectives on the future of high-resolution paleoclimate reconstructions.
4.2.1 Challenges and opportunities for using bivalve shells for high-resolution climate reconstruction
Multi-proxy records in modern and fossil bivalve carbonate show that it is possible to recognize seasonal
and even daily variability in the chemistry of bivalve shells. The combination of a multitude of proxies in
this thesis was shown to be successful in disentangling the effect of different environmental variables on
shell composition. However, a large deal of uncertainty still surrounds the incorporation of trace elements
into bivalve shells, posing limits on the application of the multi-proxy approach on fossil bivalve shells for
quantitative high-resolution climate reconstruction (e.g. Weiner and Dove, 2003; Freitas et al., 2009).
Based on the research presented in this thesis, two approaches may be used to amend this problem:
The trace element uptake model presented in 2.3 (see also discussion above) shows that rethinking how
we measure trace element concentrations in bivalve shells may hold the key to better understanding their
incorporation mechanisms. This idea should be further explored by thoroughly testing the model on
modern bivalves grown in a known environment and attempting to link uptake rates of trace elements to
concentrations in the shell. The link between the rates by which the elements are taken up and
environmental concentrations can be more thoroughly explored in these studies as well. More detailed
measurements of trace element composition changes in three dimensions in modern bivalve shells (e.g.
Freitas et al., 2009; Schöne et al., 2010) are needed to test whether such complete-shell reconstructions
are reproducible between individuals and species from the same environment.
A second approach should focus on linking the concentration of trace elements in newly formed shell
material to environmental changes in culture studies. These type of comparisons are already being made
in bivalve culture studies (Gillikin et al., 2005; Goodwin et al., 2013; Füllenbach et al., 2015), but they can
be improved by applying new techniques for in situ trace element analysis in multiple dimensions through
the shell (e.g. µXRF and (ToF-)LA-ICPMS; see 3.1 and e.g. Golitko et al., 2012; Neff and Lee, 2012). Once
the origin of lateral differences in trace element concentrations of contemporary parts of bivalve shells is
better understood, these techniques will allow characterization of trace element concentrations in multiple
dimensions from fossil bivalve shells, shedding light on the variability of trace element proxies in these
shells while avoiding diagenetic alteration.
Culture experiments on modern bivalves will also allow us to better understand the daily variability in
bivalve shell calcite. In order to test how this daily variability occurs, both photosymbiotic (e.g. tridacnids;
Warter et al., 2018) and heterotrophic bivalves (e.g. oysters, cockles and Arctica islandica) should be
grown under conditions where light and other environmental variables are controlled. The chemistry of
their shell on a daily scale can then be linked to environmental changes, allowing these to be used in
reconstructions over geological timescales.
Once the confidence of bivalve shell proxies has improved, high-resolution climate reconstructions should
focus on the effect of long term fluctuations in climate on the seasonal or daily cycle. In terms of
applications for improving climate models, the effect of rapid climate perturbations such as the Eocene
hyperthermal events (Zachos et al., 2010; Abels et al., 2012) and the end-Cretaceous mass extinction
event (Schulte et al., 2010; Vellekoop et al., 2016) on high-resolution climate variability is of high
importance. Another important direction for this type of reconstruction should be to investigate the effect
of more regular cycles in climate (e.g. Milankovitch cycles; Berger, 1988) on high-resolution climate
variability. The precession cycle deserves special attention in this regard, because changes in Earth’s
precession should directly influence the seasonality of insolation on any specific locality on Earth
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(Ruddiman, 2001). It would be very interesting to test whether this change is reflected in high-resolution
climate records placed at different phases of the precession cycle.
4.2.2 Challenges and opportunities for using bioapatite archives for high-resolution climate reconstruction
The observations discussed above point towards a range of new applications for the multi-proxy approach
on enamel bioapatite archives. The seasonality observed in trace element concentrations in modern horse
teeth shows that it is possible to link trace element compositions in tooth enamel to changing environmental
conditions. From these results, it seems that a range of trace elements (e.g. Mg, S, K, Fe, Zn, Sr) vary
following seasonal variability in the environment. While it is likely that food and dust intake control this
variability, the exact mechanism for the incorporation of trace elements in enamel is not fully understood.
In order to isolate the different variables influencing trace element composition, controlled feeding
experiments may be employed. Such experiments were previously applied successfully to distinguish
fractionation of stable carbon and oxygen isotopes in bioapatites (e.g. Sharp and Cerling, 1998; Passey
et al., 2005). The testing of trace element proxies through these feeding experiments should not be limited
to horses, or even mammals, but should ideally encompass species more closely related to taxa that are
well represented in the fossil record (e.g. modern birds as analogue for dinosaurs).
Studies carried out on archaeological samples revealed that trace element concentrations can be
preserved over longer timescales (see 3.2). However, whether these proxies are conservative over
geological timescales remains to be seen. While some studies have shown that determination of the
original trace element composition in fossil enamel is compromised (Kohn et al., 1999; Kohn, 2008),
detailed studies of trace element profiles into enamel, such as the ones carried out in 3.2, are needed to
verify whether leaching profiles, and therefore original compositions, can be reconstructed. Such studies
should be carried out on a range of tooth enamel fossils with different diagenetic history and from various
taxa with different enamel structures and thicknesses.
The potential for tooth enamel archives to be applied to reconstruct high-resolution climate in the context
of longer term climate change is great. As in bivalve shell archives, the focus of these reconstructions
should be on the potential to study the effect of rapid climate shifts and common climate cycles on the
seasonal cycle. There are several localities where continuous terrestrial sequences with rich fossil
assemblages provide the conditions and the integrated stratigraphic context necessary to carry out these
studies. One example is the IIli basin in southeastern Kazakhstan, which consists of a long succession of
well-dated terrestrial strata with rich fossil mammal assemblages from Miocene down to Eocene age
(Lucas et al., 2000; Verestek et al., 2018). Another promising locality that has already yielded some
paleoseasonality work within a long term climate change context is the Bighorn Basin in Wyoming (USA;
Fricke et al., 1998; Abels et al., 2012; Abigail et al., 2017). Other good examples include the Late
Cretaceous Tremp Basin (Riera et al., 2009) and the Late Jurassic dinosaur fossil-rich Morrison and Cedar
Mountain formations in North America, where tooth fossils are found within a well-dated stratigraphic
context (Currie, 1998).
4.2.3 Challenges for paleoclimate in the future
Integrating high-resolution paleoclimate data within the context of existing longer timescale reconstruction
forms a challenge for paleoclimatologists in the future. Since the difference in scale between variations in
geological successions (thousands to millions of years) and high-resolution paleoclimate archives (days
to decades) is so vast that it is impossible to precisely align these different records. For example, the
sampling resolution of long term climate archives is so low that the inter-sample difference cannot be
bridged by the comparatively short high-resolution records. This problem is overcome by placing the highresolution records in an integrated stratigraphic framework. This approach comes with caveats though,
since the precision of dating of this stratigraphic framework is rarely good enough to resolve the phase of
the precession cycle (Berggren et al., 1995; Strasser et al., 2006). This problem is partly inherent to the
field of stratigraphy and exists because of the lack of strong climate cycles that have periods between
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those of the orbital precession and seasonality cycle (Mitchell, 1976). Since the precession cycle has such
a strong influence on the extent of seasonality, failure to resolve changes in orbital forcing on a precession
scale results in increased uncertainty about the interpretation of changes in high-resolution climate
variability. In other words, it is impossible to ascribe changes in paleoseasonality to longer term climate
changes if the effect of precession on these differences cannot be ruled out. This problem calls for
successions to be dated to a sub-precession level of precision for the proposed integrated high- and lowresolution climate change reconstructions to reach maximum potential. Finding these precisely dated
stratigraphic successions, which also contain the fossils necessary for high-resolution climate
reconstructions is a big challenge for paleoclimatology in the future. However, the creation of detailed
integrated stratigraphic framework for some excellent fossil localities (e.g. Bighorn Basin) demonstrates
that such challenges can be overcome given the right circumstances (Aziz et al., 2008; Abels et al., 2013;
2015; see 4.2.2). The might be another possible solution for this problem of integrating high-resolution
paleoclimate reconstructions into the framework of longer timescale paleoclimate records or records from
different latitudes or environment. It is possible to measure several seasonally-resolved records to
represent certain time intervals (e.g. specific stratigraphic beds) and compare them to quantify the
variability in high-resolution climate in this time interval. This approximation of high-resolution climate
variability in these intervals can then be compared to discuss differences in short term variability in the
context of climate change on a longer timescale (e.g. Ivany et al., 2008; Sessa et al., 2012).
Another challenge complicating the use of high-resolution paleoclimate records is that they have the
tendency to record local environmental change (Bemis and Geary, 1996). The translation of such changes
to infer changes on a global scale may bring with it some challenges. The most straightforward way to
verify whether observed changes in high-resolution paleoclimate variability constitute a change in local
conditions or a global change is to compare (approximately) contemporary records from different localities.
This can be done by laterally correlating stratigraphic sequences in which the high-resolution climate
archives (tooth or shell fossils) are placed (e.g. Abels et al., 2015). Another way to solve this issue is to
compare results with those from contemporary archives in a different environment. Good examples exist
of such intra-archive comparison studies that yield much information about the effect of the same climate
variations in different environments (Black 2009; Black et al., 2009; Yan et al., 2015). The best example
of such an integration of data from various high-resolution archives is perhaps the PAGES2k database,
which combines multiproxy temperature reconstructions from high-resolution climate archives all over the
world to allow discussion of regional and global changes in climate in the Common Era (PAGES2k
Consortium, 2017). This practice of comparing records from different environments (e.g. marine vs.
terrestrial records; e.g. Tipple et al., 2011; Abels et al., 2012) has already shown to yield valuable insight
into the global character of climate perturbations in deep time. The combination of bivalve fossil bearing
marine strata with terrestrial successions containing tooth fossils may make this type of comparison
possible for high-resolution climate variability. Such comparisons will shed light on the differences between
local and global climate variability in the future and give more confidence to high-resolution climate
reconstructions.
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Supplementary chapters
A1 Sedimentary archives
One of the greatest benefits of reconstructing paleoclimate in high resolution is that it provides context to
longer timescale reconstructions, for example by showing the extent of seasonality that surrounds a
reconstruction of mean annual temperature (e.g. Fricke and O’Neil, 1996; Dettman et al., 2001, see 1.1).
However, the relatively short time period (generally less than 100 years) documented in these highresolution archives is smaller than the error on dating methods used for geological samples. Short, highresolution paleoclimate records must therefore remain floating time series, anchored on longer timescale
records. Short- and long-term paleoclimate reconstructions complement each other, and high-resolution
climate archives provide snapshots of climate variability that fit into integrated stratigraphical studies (e.g.
Fricke et al., 1998). Combining long- and short-timescale paleoclimate records to reconstruct changes in
high-resolution climate in the context of long-term climate change requires precisely dated sedimentary
archives. These records form the framework of the integrated stratigraphy approach. In the studies below,
results are reported of two studies revealing timing of, and environmental change in, periods marked by
fast changes in climate and environment. These studies serve as examples of environmental perturbations
of which high-resolution climate changes can provide additional information.
The first study in this subchapter makes use of some of the techniques developed within the scope of this
PhD thesis (see subchapter 2.1) to characterize geochemical changes in the famous Bottaccione Gorge
pelagic limestone succession (Italy) that records environmental changes associated with the endCretaceous mass extinction. A combination of trace element and stable isotope analyses reveal the impact
of this event on the biosphere and ocean water chemistry. This study also provides a calibration for the
portable X-ray fluorescence technique that can be used to quickly determine trace element compositions
of rocks in the field. I contributed to this study by providing a multi-standard calibration for the portable
XRF results, producing and interpreting µXRF results and assisting with interpretation of the multi-proxy
data and with writing the manuscript. Results of this study were published in the journal Cretaceous
Research.
The second study in this subchapter applies the multi-proxy approach on pelagic carbonate successions
in the Tortonian (late Miocene) Monte dei Corvi section (Italy). This section records the effects of an
asteroid breakup on the marine environment and sea water temperature. The effect of such asteroid
breakup events has recently gained more attention because they can cause an increase in the flux of
extraterrestrial dust particles into Earth’s atmosphere (Farley et al., 2006). The supply of these dust
particles is recorded in sedimentary successions through the concentration of cosmogenic 3He
radionuclides (Farley et al., 1998; Fritz et al., 2007). The effect of an increased flux of interplanetary
particles on Earth’s climate and environment is not thoroughly understood, but the presence of an external
forcing mechanism on Earth’s climate could have far reaching consequences for our understanding of past
changes in climate. In this study, paleoenvironmental proxies such as stable isotope ratios are combined
with records of the 3He-concentration to shed light on the effect of the Tortonian Veritas astroidal breakup
on climate and deep marine environment. I contributed to this study by preparing samples, measuring all
the stable isotope ratios, carrying out statistical tests contributing to the writing process. The results of this
study were published in the Geological Society of America Bulletin.
While not directly within the scope of this thesis, these two studies illustrate the applications of trace
element and stable isotope proxies for longer timescale reconstructions. The (micro)XRF and stable
isotope analysis techniques used in this PhD researched proved very useful in the analysis of pelagic
carbonate successions for long-term paleoclimate reconstructions. An integrated study into the latest
Cretaceous strata of the Bottaccione Gorge in Gubbio (Italy) demonstrated that a portable XRF system
can be used to obtain reproducible trace element records from these successions when calibrated with
standards. This makes portable XRF a valuable tool in stratigraphic studies, since trace element
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concentrations give much more detailed information of geochemical changes through time than
conventional proxies such as magnetic susceptibility. In addition, the combination of trace elements with
preexisting stable isotope records from this section revealed the role of diagenesis on the stable isotope
record. Detailed micro-XRF mapping of polished pieces of the rock showed how millimeter-scale variations
in diagenetic alteration greatly influence bulk measurements done on these carbonate successions. When
these diagenetic processes are taken into account, stratigraphic series of geochemical changes produced
by the techniques proposed in this research can help to determine the timing of climate events such as
the end-Cretaceous mass extinction and the Veritas breakup event studied in this thesis. These
reconstructions provide context for rapid and high-resolution climate variability such as the endCretaceous mass extinction event and the effect of asteroid breakup events on Earth’s environment. In so
doing, these long-term climate reconstructions improve our knowledge of rapid changes in Earth’s history
and provide the framework on which high-resolution climate reconstructions, such as those reported in
2.4, 2.5 and 2.6 are superimposed.
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A1.1 An integrated pelagic carbonate multi-proxy study using portable X-ray fluorescence (pXRF):
Maastrichtian strata from the Bottaccione Gorge, Gubbio, Italy

This chapter has been published in an international peer-reviewed journal:
Sinnesael, M., de Winter, N.J., Snoeck, C., Montanari, A., Claeys, P. 2018. An integrated pelagic
carbonate multi-proxy study using portable X-ray fluorescence (pXRF): Maastrichtian strata from the
Bottaccione Gorge, Gubbio, Italy. Cretaceous Research 91 (2018): 20-32.
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Abstract
Pelagic carbonate sections constitute common archives for paleoclimatological and stratigraphical
research. This study evaluates the use of portable X-ray fluorescence (pXRF) measurements on pelagic
carbonates and applies the method to the well-studied latest Maastrichtian in the Bottaccione Gorge
section from Gubbio, Italy. A calibration with carbonate reference materials makes it possible to acquire
absolute elemental concentrations, and allows for comparison with results from previous geochemical
studies, which used more expensive and time consuming conventional techniques, such as neutron
activation or Inductively Coupled Plasma Mass Spectrometry (ICPMS). With adequate measurement
strategies and careful calibration, pXRF measurements can be a reliable, non-destructive, cheap, fast and
easy to use alternative to acquire multi-elemental concentration data (Ca, Fe, Mn, Sr) in pelagic
carbonates. These pXRF elemental concentration data represent valuable additions to classical proxies
such as magnetic susceptibility and calcium carbonate content used in the study of pelagic carbonates.
Furthermore, the potential of the portable pXRF method for applications in cyclostratigraphical (e.g. using
Fe-concentrations) and chemostratigraphical (e.g. using Mn and Sr concentrations) investigations is
demonstrated. A strong covariation between the measured Sr concentration profile obtained by pXRF and
the existing δ18O record, in combination with micro-XRF mapping, demonstrated the sampling of calcite
veins in some of the samples. The first 87Sr/86Sr isotope measurements for the latest Maastrichtian in the
Bottaccione Gorge section seem to be little affected by this sampling effect.
Introduction
Multiple studies have measured major, minor and trace elemental concentrations at the well-known
Cretaceous-Paleogene boundary interval at the Bottaccione Gorge, Gubbio, Italy (e.g. Alvarez et al., 1980;
Renard et al., 1982; Smit and ten Kate, 1982; Calderoni and Ferrini, 1984; Lowrie et al., 1990; SosaMontes de Oca et al., 2017). These elemental concentrations were obtained using various analytical
techniques, such as neutron activation analysis, laboratory scale X-ray fluorescence (XRF), Inductively
Coupled Plasma Mass Spectrometry (ICPMS) or Inductively Coupled Plasma Emission Spectrometry
(ICP-OES). These conventional techniques are expensive and require extensive sample preparation and
measurement time. Recently, Quye-Sawyer et al. (2015) and de Winter et al. (2017a) demonstrated that
certain major, minor and trace elements in carbonates (e.g. Ca, Mn, Fe and Sr) can be measured
accurately using a portable X-ray fluorescence spectrometer (pXRF). Ibáñez-Insa et al. (2017) showed
that the pXRF could be used to pinpoint the Cretaceous-Paleogene boundary clay in the marly sections of
Agost and Caravaca. The present study applies pXRF to the Bottaccione Gorge section in Gubbio, Italy,
in an attempt to quickly obtain reliable major and minor element data that can then be used in
chemostratigraphy or cyclostratigraphy studies.
The potential advantages of pXRF are multiple: e.g. the non-destructive nature of the technique, the
possibility of in-situ analysis, the requirement of little to no sample preparation, the relative ease of use,
and the fact that it is a less expensive and much faster alternative to more conventional devices such as
ICPMS. However, the pXRF method typically has higher limits of detection for most elements, lower
accuracy and lower precision compared to more conventional XRF or ICPMS applications (e.g. Young et
al., 2016; de Winter et al., 2017a; Thibault et al., 2017). Also, for in-situ pXRF measurements (e.g. on
geological sections), the role of specific aspects such as outcrop weathering and surface effects needs to
be taken into consideration (e.g. Potts et al., 2006; Quye-Sawyer et al., 2015).
The goal of this study is to investigate how, and for which elements, the pXRF can be used reliably to
collect high-resolution reproducible elemental concentration records from a stratigraphic interval of pelagic
carbonates. In the field, pXRF measurements carried out directly on the surface of the selected interval of
the Bottaccione Gorge gave non-reproducible results – mainly because of the weathered and rough
topography of the outcrop, preventing a solid and steady contact between pXRF nozzle and the measured
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sediment. Therefore, we moved to the laboratory and use the pXRF to measure powdered samples
collected and described by Sinnesael et al. (2016a). To calibrate these pXRF measurements, seven
certified carbonate reference materials are used. The calibrated elemental concentrations measured by
pXRF are compared with results from other studies, which use a range of conventional analytical
techniques for measuring trace element concentrations (Renard et al., 1982; Smit and ten Kate, 1982;
Sosa-Montes de Oca et al., 2017). Besides these elemental concentration data, there is an abundance of
other available geochemical and sedimentological proxy data for this well-studied interval: magnetic
susceptibility, calcium carbonate content, Helium (4He and 3He) isotopes, Osmium (187Os/188Os) isotopes,
bulk oxygen (δ18O) and carbon (δ13C) stable isotopes (e.g. Corfield et al., 1991; Mukhopadhyay et al.,
2001; Robinson et al., 2009; Voigt et al., 2012; Husson et al., 2014; Sinnesael et al., 2016a). This wealth
of data produces a detailed integrated multi-proxy study where the relationship between various proxies
can be investigated. As such, we compare the well-established magnetic susceptibility and calcium
carbonate content proxies with the Fe and Ca concentrations obtained by pXRF. Furthermore, we evaluate
the robustness of pXRF data for cyclostratigraphical analysis by comparing results in this study with those
of the numerous cyclostratigraphical studies that have been carried out in the Umbria-Marche basin
sections (e.g. Herbert et al., 1986; Cleaveland et al., 2002; Husson et al., 2012; Husson et al., 2014;
Galeotti et al., 2015; Batenburg et al., 2016; Sinnesael et al., 2016a, b; Giorgini et al., 2017; Montanari et
al., 2017). As proxies for cyclostratigraphical analyses we use proxies which reflect the (climate sensitive)
transport of clasts and particles from the continent towards the basin (detrital input). Examples of such
proxies are: magnetic susceptibility and elements such as Potassium (K), Titanium (Ti) and Iron (Fe)
versus the biogenic input or CaCO3 content Additionally, we explore the potential of pXRF to carry out
chemostratigraphy on pelagic carbonates; this in combination with looking at existing δ13C data and
presenting the first 87Sr/86Sr results for the classic terminal Maastrichtian in Gubbio.
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Figure 1: Geographical location of the stratigraphic sections near the town of Gubbio, Italy (43°21’58’’ N, 12°34’57’’ E). BOT = Bottaccione
Gorge section; COH = Contessa Highway section.

Geological and stratigraphic setting
The classical sections of Gubbio (Fig. 1, Umbria region, Italy) are well-known from a variety of studies,
in particular the Bottaccione Gorge where the K-Pg boundary was biostratigraphically defined for the first
time by Luterbacher and Premoli Silva (1964). It is also in the Bottaccione Gorge section that Alvarez et
al. (1980) first reported the iridium anomaly that led to the hypothesis of an asteroid impact causing the KPg boundary mass extinction.
The section of the Bottaccione Gorge (BOT) investigated in this work is part of the continuous UmbriaMarche Basin succession of pelagic carbonates spanning the early Jurassic to the late Miocene. It is
located in the R2 member of the Scaglia Rossa Formation (Montanari et al., 1989), which is characterized
by pink biomicritic limestone made up of planktonic foraminiferal tests suspended in a coccolith matrix with
a terrigenous component of silt and clay considered to be of eolian origin (Arthur and Fischer, 1977;
Johnsson and Reynols, 1986; Savian et al., 2014; Sinnesael et al., 2016a). The reported biostratigraphy
is from Coccioni and Premoli Silva (2015) which for this specific interval largely agrees with the
biostratigraphy of Gardin et al. (2012), and the magnetostratigraphy from Lowrie et al. (1982) (Fig. 2). This
study deals with the same stratigraphic interval (7.2 continuous meters of section below the K-Pg
boundary, sampled every 5 cm) discussed in detail (integrated bio-, magneto-, chemo- and
cyclostratigraphy) by Sinnesael et al. (2016a, and references therein).
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Materials and methods
Sinnesael and co-authors (2016a) collected a total of 145 powdered samples from the upper 7.2 m of
the Maastrichtian in the BOT section, sampled at regular 5 cm intervals using an electric drill. These same
samples are measured at the Vrije Universiteit Brussel (hereafter: VUB, Brussels, Belgium) using a Bruker
Tracer IV Hand Held portable XRF device (HHpXRF, hereafter: pXRF) equipped with a 2 W Rh anode Xray tube and a 10 mm2 Silicon Drift Detector (SDD) with a resolution of 145 eV (Mn-Ka). The X-ray beam
is focused on a 6 mm by 8 mm integrated area, using a Pd collimator. X-ray spectra from the pXRF are
deconvoluted and quantified using the standard factory “Soil Fundamental Parameters” method. The
fundamental parameters method makes use of the theoretical relationship between X-ray fluorescence
and material composition as determined by Sherman (1956). The factory-calibrated quantification method
of the pXRF uses this fundamental principle with a correction based on the matrix effect observed in soil
and rock samples. All pXRF measurements are carried out by putting the pXRF nozzle directly (without
films) on the powder surface. All analyses are duplicated with a measurement time of 30 seconds and
concentrations reported in this study are averages of two measurements.
The pXRF results are calibrated using the following set of 7 certified carbonate powder standards: CCH1 (Liège University), COQ-1 (United States Geological Survey, USGS), CRM393 (Bureau of Analysed
Samples, BAS), CRM512 (BAS), CRM513 (BAS), ECRM-782-1 (BAS) and SRM-1d (National Institute of
Standards and Technology, NIST). The carbonate standard powders were loaded in open plastic sample
containers and measured in the same way as the BOT samples. The results of pXRF measurements on
the carbonate reference materials as well as certified values and their documented errors are given in
S10.1. Besides their potential as paleoenvironmental proxy, the selection of elements Potassium (K),
Calcium (Ca), Titanium (Ti), Manganese (Mn), Iron (Fe), Strontium (Sr) is based on the available certified
values of used reference materials for calibration and the specific pXRF set-up in this study, which does
not allow for the reliable detection of light elements, like Magnesium (Mg), Aluminum (Al) and Silicon (Si).
Since both certified concentrations of standards and concentrations measured by pXRF possess a known
error, a Deming regression is applied using the “Deming” protocol available in the open source
computational software package R (R Core Team, 2008) to establish the calibration curve. The complete
R-script used to execute the Deming regression for every calibration is also given in S10.3. The Deming
regression incorporates uncertainties on both the dependent and the independent variable in the
calculation of the linear regression curve, as opposed to more commonly used simple linear regression
model, which only considers uncertainties on the dependent variable (Adcock, 1878; Kummel, 1879;
Deming, 1943; Thiel, 1950). Based on Deming regression, calibration curves are established for
concentrations of K, Ca, Ti, Mn, Fe and Sr measured by pXRF. Table 1 lists the resulting slopes and
intercept values of the calibration curves for every element including their errors (1 σ) and Pearson’s
coefficients of the regressions. Deming regression curves of a selection of elements (Ca, Mn, Fe and Sr)
are shown in Fig. 3. The calibrated elemental concentrations of the pXRF measurements carried out for
K, Ca, Ti, Mn, Fe and Sr are available in S10.2.
Micro-XRF measurements were carried out at the VUB using the Bruker M4 Tornado micro XRF
(hereafter: µXRF) under vacuum conditions (20 mbar). The µXRF is equipped with a 30 W Rh anode
metal-ceramic X-ray tube and two 30 mm2 Silicon Drift Detectors with a resolution of 145 eV (Mn-Ka). The
X-ray beam was focused by using poly-capillary lens on a spot with a diameter of 25 mm (Mo-Ka). MicroXRF line scanning was done according to the point-by-point scanning method outlined in de Winter et al.
(2017b), using an integration time of 60 seconds. This integration time was sufficient for Time of Stable
Reproducibility (TSR) and Time of Stable Accuracy (TSA) to be reached for individual point spectra for all
elements considered in this study (see de Winter et al., 2017a). X-ray spectra were deconvoluted and
quantified with Bruker Esprit software using FP quantification relative to the CRM393 limestone standard.
Results for individual points on the line scans were calibrated using the same range of carbonate reference
materials used for calibration of the pXRF results in this study. Micro-XRF mapping was carried out on the
Bruker M4 in mapping mode using short integration time (1 ms) per pixel. These conditions allowed
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concentrations of major and trace elements to be characterized only semi-quantitatively (see de Winter et
al., 2017b). The sample measured with µ-XRF was a polished hand sample taken around level -1.50 m in
the BOT section, which contained a clear calcite vein (Fig. 6).
Stable isotope measurements of the bulk carbonate rock for δ13C (‰ Vienna Pee Dee Belemnite,
VPDB) and δ18O (‰ VPDB) were also carried out at the VUB using a Nu Perspective isotope ratio mass
spectrometer (IRMS, Nu Instruments, UK) interfaced with a Nu Carb automated carbonate device.
Acidification of the samples occurred at a temperature of 70 °C. Calibration was carried out using an inhouse Carrara marble (MAR2_2) standard (+3.41 ‰ VPDB, -0.13‰ VPDB), which is calibrated against
NBS-19. On the basis of replicated measurements of the MAR2_2 standard, the error on the δ13C and
δ18O was estimated as <0.05‰ (1 σ) and <0.10‰ (1 σ), respectively. Three different types of sample were
drilled from the acquired hand sample around level -1.50 m and are their locations are indicated on Fig.
6. One sample contained pure calcite from a calcite vein, another sample contained a pure pink micritic
matrix and one more sample contained a mix of a calcite vein and matrix material. Every sample was
measured in duplicate. The corrected δ13C and δ18O carbonate isotope values are available in the S10.2.
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Figure 2: Detail of the Bottaccione section (BOT), with the reported magnetic susceptibility (MS), calcium carbonate content (CaCO3), and
bulk δ18O & δ13C from Sinnesael et al. (2016a). The same upper Maastrichtian powdered samples are analyzed with the pXRF in this study (7.2
continuous meters of section below the K-Pg boundary, sampled every 5 cm).
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Table 1: Deming regression parameters for the pXRF calibration curves.

The Sr isotopes (87Sr/86Sr) of 12 samples taken at ± 50 cm intervals from the terminal Maastrichtian in
the Bottaccione Gorge were measured by Multi-Collector Inductively Coupled Plasma Mass Spectrometry
(MC-ICPMS) at the GTime laboratory of the Université Libre de Bruxelles, Belgium (hereafter ULB). To
extract the Sr present in the carbonate fraction of the samples and avoid the Sr from the silicate and other
fractions, about 50 mg of powdered sample were placed in Savillex® reaction tubes together with 2mL of
1M HCl at room temperature and left to react for 24 h. The supernatant was recovered and centrifuged to
eliminate any non-carbonate residue. The supernatant is then evaporated on a hotplate at 105 °C for 12
h. The entire acid digestion process and subsequent Sr purification were achieved under a class 100
laminar flow hood in a class 1000 clean room atULB. The dried residues were digested in subboiled
concentrated 14M HNO3 at 120 ˚C for 2 h, before purification of the Sr analyte by a chromatographic
technique using ion-exchange resins, as detailed in Snoeck et al. (2015). The isotope ratios of the purified
strontium samples are then measured on a Nu Plasma MC-ICP mass spectrometer (Nu Instruments Ltd,
Wrexham, UK) at ULB. During the course of this study, repeated measurements of the NBS987 standard
solution yielded a value of 87Sr/86Sr = 0.710214±40 (2 σ for 15 analyses), which is consistent with an
average of 0.710252±13 (n=88; 2 σ) obtained by Thermal Ionization Mass Spectrometry (TIMS, Weis et
al. 2006) on the same standard. All the data are corrected for mass fractionation by internal normalization
to a 86Sr/88Sr ratio of 0.1194. In addition, after the measurements all the raw data are normalized using a
standard-sample bracketing method with the recommended value of 87Sr/86Sr = 0.710248 for NBS987
(Weis et al. 2006). For each sample the 87Sr/86Sr value is reported with a 2 σ error (absolute error value of
the individual sample analysis – internal error). The corrected Sr isotope values are available in the S10.2.
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Figure 3: Calibration curves for pXRF measurements from the 7 certified carbonate powder standards (CCH-1, COQ-1, CRM393, CRM512,
CRM513, ECRM-782-1 and SRM-1d) for Ca (dark green), Fe (orange), Sr (magenta) and Mn (light green). Error bars (1 σ) for both certified and
pXRF measured values are given. Small error bars are contained within the symbol.

To evaluate the potential for cyclostratigraphic analyses, we carried out sliding window (window size =
2.5 m) fast Fourier transformations (FFT) in Matlab® on records of the classical proxies of MS and calcium
carbonate content and pXRF measurements of Fe, Ca, Ti and K concentrations along the 7.2 m long
section. The algorithms were modified from Muller and MacDonald (2000) and are explained in detail by
Bice et al. (2012). The data were linearly detrended and padded with zeros prior to analysis.
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Figure 4: Multi-proxy record containing new pXRF elemental data and well established magnetic susceptibility and calcium carbonate content
records measured by Sinnesael et al. (2016a). Elemental data (Ti-blue, K-brown, Fe-orange, Ca-green) are measured on the powdered samples
with the pXRF. ICPMS bulk data from the same stratigraphic interval as measured by Sosa-Montes de Oca et al., (2017) are indicated with
diamond symbols between 0 and -0.2 m.

Results
The calibration for the Sr concentrations based on the reference materials measured by pXRF in this
study shows the highest Pearson’s r coefficient (ρ =1.00) and a slope close to one (0.94) (Tab.1; Fig. 3).
The only Sr concentration that does not fall within one standard deviation (1σ) error of the regression is
that of the COQ-1 standard, which also has the highest Sr concentration (Tab. S1 Carbonate Reference
Materials). High Pearson’s r coefficients (ρ > 0.99) are also found for the concentration calibration curves
for Ca, Mn and Fe, for which all measured values of the elemental concentrations of the reference
materials fall within 1 σ errors (Tab. 1). A lower Pearson’s r coefficient (ρ = 0.95) is found for the calibration
curve of Ti concentrations, because only five reference materials had certified values for Ti concentrations
and for only 4 of these reference materials the pXRF measurements are above the detection limit. The
less good calibration curve for the Ti concentrations is also evident from the large relative error on the
slope for Ti, which is higher than those of the Ca, Mn, Fe and Sr calibrations (Tab. 1). The correlation for
the K concentration calibration is the weakest with a Pearson’s r coefficient of 0.54 in combination with a
large error on the slope (0.17 ± 9.04).
The pattern of the elemental concentrations profiles of K, Fe and Ti shows the same pattern of the MS
signal (Fig. 4). Pearson’s r coefficients of 0.56, 0.72 and 0.63 are found for linear regressions between K,
Fe and Ti on the one hand against MS on the other hand. Both records are characterized by two intervals
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of high variation (around -2 and -5.5 m relative to the K-Pg boundary) and intervals with less variation
around -1, -4 and -7 m. Although the correlation for the K concentration calibration is much weaker than
for Fe and Ti, their relative variations remain similar. The calcium carbonate content also shows increased
variation around -2 and -5.5 m, and intervals with less variation around -1, -4 and -7 m (Fig. 4). Minima in
calcium carbonate content correspond with maxima in MS, K, Fe and Ti. The Pearson’s r coefficient
between MS and calcium carbonate content (-0.66) is closer to -1 than the Pearson’s r coefficient between
calcium carbonate content and the pXRF Ca record is (-0.30). The Mn concentration record displays two
maxima around -2 and -5.5 m and a minimum around -1, -4 and -7 m, which is similar – though slightly
shifted downwards stratigraphically– to the δ13C signal (Fig. 5). While the variation in Sr concentrations is
rather limited in the lower part of the record (between -4 and -7.2 m), the upper part (between 0 and -4 m)
is characterized by peaks of up to 200 ppm relative to the baseline values around 700-800 ppm (Fig. 5).
The variation in the Sr record shows an antiphase correlation with the δ18O signal (Pearson’s r coefficient
= -0.85), i.e. levels with enrichments in Sr correspond to lower bulk δ18O values; which is illustrated by
running correlation coefficient as plotted in Fig. 5.

Figure 5: 20-point running correlation between bulk δ18O (blue line, inverted axis) and calibrated Sr concentrations (pink line). Sr-isotope
(87Sr/86Sr) data are indicated in red, the axis is inverted. Mn (green) and Sr (magenta) concentrations are shown, as well as Sr/Ca ratios (thin
purple line) and bulk δ13C ratios (black). The concentrations for Sr and Mn are calibrated and compared with ICPMS bulk data from the same
stratigraphic interval as measured by Sosa-Montes de Oca et al., (2017) (diamond symbols between 0 and -0.2 m).

Results for the 87Sr/86Sr analyses vary between 0.70788 and 0.70776 with a baseline value around
0.70785 (Fig. 5). These values fall within the range of those previously published for the upper
Maastrichtian from various sections worldwide (e.g. Sugerman et al., 1995; Vonhof and Smit, 1997;
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McArthur et al., 1998; Bralower et al., 2004). The two lowest values (at -3.50 and -2.45 m) correspond to
levels with enrichments in Sr concentration and pronounced negative δ18O values (Fig. 5 with an inverted
y-axis for the 87Sr/86Sr values).

Figure 6: A polished hand sample containing a clear calcite vein taken around level -1.50 m in the BOT section and analyzed for stable isotope
and trace element signature. The calcite veins show lower δ18O values and unaltered δ13C values compared to the matrix. The calcite veins are
also enriched in Ca and Sr, and dpleted in Fe, K and Ti.

The µXRF mapping and line scanning of the polished hand sample (BOT, -1.50 m) show enrichments
in the calcite veins (relative to the surrounding pink matrix) of Ca and Sr concentrations (Fig. 6). The µXRF
Sr concentration map shows that the large calcite vein is relatively more enriched in Sr than the smaller
veins. The Sr concentration line scan over the large calcite vein shows a doubling to tripling of the Sr
concentrations compared to the surrounding pink matrix. All calcite veins are depleted in concentrations
of Fe, K and Ti. The δ18O value of the drilled pink matrix (-2.4 ‰) is close to the maximum values of the
general bulk δ18O record in the same interval (Fig. 2 & 6). The δ18O of the pure calcite coming from the
calcite vein is about 12 ‰ lower (-14.2 ‰), while the sample with mixed calcite vein and surrounding pink
matrix has a δ18O signature (-5.7 ‰) that resembles the minimum values found in the bulk δ18O record.
The δ13C values for all tree samples are undistinguishable within the error (2.3 ± 0.1 ‰) and correspond
with the bulk δ13C record in the same interval (Fig. 2 & 6).
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Discussion
Portable XRF calibration
To evaluate the pXRF calibration, we compared our calibrated elemental concentrations with the results
obtained on the same section by neutron activation, ICPMS and ICP-OES by Renard et al. (1982), Smit
and ten Kate (1982), and Sosa-Montes de Oca et al. (2017; Tab. 2). For this comparison, we looked at the
range of values for the bulk measurements carried out in the uppermost 20 cm of the BOT Maastrichtian
(Tab. 2). Comparisons at specific stratigraphic levels with the recent Sosa-Montes et al. (2017) data are
indicated by diamond symbols on Fig. 4 and Fig. 5 (Mn and Sr concentrations from personal
communication Claudia Sosa-Montes de Oca). The K concentrations are substantially different than those
in the other studies (Tab. 2), which could be related to high uncertainties in the calibration for the K (see
Tab. 1) and/or the high detection limit for K of the pXRF. The acquired absolute concentrations of Ca, Mn,
Fe and Sr from this study overlap with previous independent studies, except for the Fe concentrations
compared to Sosa-Montes de Oca et al. (2017; Tab. 2). The other studies did not provide any results for
Ti, which hampers comparison for this element. A commonly used alternative XRF method is core
scanning. For example, Giorgioni et al. (2017) used a XRF core scanner on the Piobbico core from the
Marne a Fucoidi Formation (consisting mainly of pelagic marlstone, marly limestones, interbedded with
black shales) of the Umbria-Marche Basin and reported statistically confident results for Al, Si, K, Ca, Ti,
Cr, Mn, Fe and Ba. Reliable Al and Ba measurement are possible with the core scanner because of its
higher excitation energy compare to the pXRF. Si was not quantified properly with this pXRF setup
because the (soil) fundamental parameter quantification of the pXRF uses SiO2 mass fraction to sum the
total weight to 100%. Cr was measured with the pXRF but the used reference materials did not include
certified values for Cr not allowing for a proper calibration to absolute concentrations. Overall, in
comparison with afore mentioned studies, the calibration of pXRF results to absolute concentrations
appears to yield good results for Ca, Mn, Fe and Sr (ρ > 0.99, Tab. 1), while different pXRF setups or other
methods like ICPMS and XRF core scanning could provide reliable results for other elements (e.g. Al, Si,
Ti, Cr, Ba).

Table 2: Comparison of the elemental concentrations of K, Ca, Mn, Fe and Sr between different studies for the uppermost (20 cm)
Maastrichtian strata of the BOT section.

Detrital proxies and Cyclostratigraphy
The studied sediments consist primarily of biogenic calcite (foraminifera and coccoliths) with a fine
fraction (clay to silt) most likely consisting of windblown dust (Arthur and Fischer, 1977; Johnsson and
Reynols, 1986; Savain et al., 2014). Based on the study of magnetic properties, Savain et al. (2014)
proposed eolian dust deposition for the Eocene sediments of the Umbria-Marche basin. Calderoni and
Ferrini (1984) also showed that the K-feldspars and Fe-content of the Scaglia Rossa sediments are
associated with the residual (i.e. non-carbonate, non-soluble) fraction. The detrital elements (K, Ti, Fe)
and MS all show a similar pattern and track the presence of the eolian dust component. This pattern is
opposite to that of Ca, which reflects the amount of biogenic calcium carbonate. Sinnesael et al. (2016a)
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proposed that the availability of windblown dust, and thus higher level of detrital elements, is a function of
monsoon dominated precipitation patterns over the North African continent, and hypothesized an orbital
forcing influence because of the relationship between the monsoon and the precessional configuration.
Provenance analysis of detrital zircons from the lowermost Danian in the BOT section also suggest a
North-African source for dust supply (Aguirre-Palafox et al., 2017). In this interpretation, the detrital
elements (K, Ti and Fe) can be interpreted in a paleoclimatological way and these proxy records constitute
good candidates for cyclostratigraphic analyses.
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Figure 7: Moving window (2.5 m) fast Fourier Transforms of the magnetic susceptibility (MS), calcium carbonate content (CaCO3), Fe, Ca, Ti
and K.
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The main pattern of frequency-power distribution over the record as shown on the evolutionary FFT’s
is robust for most elements (Fig. 7). This main pattern, for all elements except Ca, consists of a dominant
periodicity around 2 cycles m-1 in the lower half of the stratigraphic interval (Fig. 7). Sinnesael et al. (2016a)
interpreted this 2 cycles m-1 cycle as the result of forcing by the obliquity cycle. The power of this frequency
band with 2 cycles m-1 generally gets weaker in the upper part of the section (between 0 and -3.5 m),
whereas in the same interval the power around frequencies around 1 and 5-6 cycles m-1 get higher. The
first one is related to short eccentricity, while the latter one corresponds to the precession band (Sinnesael
et al., 2016a). There are subtle differences between the results of the different proxies. For example, the
obliquity-associated component for the MS signal is concentrated with a high power around 2 cycles m -1
(Fig. 7). However, the same power is present in two weaker peaks at slightly lower and higher frequencies
for K, Ti, Fe and the CaCO3 (Fig. 7). This can probably be explained by the fact that FFT analyses do not
have a unique solution for frequency and amplitude; as such (small) variations in the analyzed input signals
can result in slightly different decomposition into frequency and amplitude. Another dissimilarity is the
apparent continuity of the precession-associated component for the potassium proxy over the whole
record, instead of only for the upper part of for example MS and Fe (Fig. 7). It could be explained by K
having the worst calibration of all investigated elements (Tab. 1 and Fig.3). However, despite the offset in
absolute values, the relative variation in the K concentration signal can still be used for cyclostratigraphic
analyses. As such, for cyclostratigraphic applications which mainly look at relative variations, one could
work with uncalibrated results for K or other elements (e.g. the net counts of the spectrum). A more
pronounced difference in the moving window FFT pattern can be observed in the Ca than in the detrital
elements, where a 4-5 cycles m-1 dominates the spectrum (Fig. 7). In contrast with K, the calibration for
the Ca concentrations with the pXRF measurements calibration is reliable (Table 1 and Fig. 3). Potentially,
the relative smaller difference in relative variations in the Ca signal compared to for example the MS signal
could cause this discrepancy (Fig. 4).
In general, results of the cyclostratigraphical analysis are similar for most investigated proxies and the
actual resemblances and differences between them enable the evaluation of the robustness of signals and
the validity of their interpretations. The Fe concentrations show the highest correlation with MS, and yield
the most reliable results in pXRF measurements (ideal in spectrum range, detectable concentrations),
therefore, we advocate that pXRF measured Fe concentrations constitute a suitable alternative for the
classical MS measurements for cyclostratigraphic analyses in pelagic carbonate settings, such as the one
described in this study. The aim of this study is not to replace classical MS or calcium carbonate content
measurements, but to investigate the advantages of using pXRF, as an alternative compared to the
conventional methods. The asset of the pXRF approach is that concentrations of several elements can be
acquired at once, the measurements are non-destructive and measurement time is relatively short,
allowing for increased sample throughput in comparison with conventional methods.
Chemostratigraphical applications
Carbon stable isotopes (δ13C), Sr/Ca ratios, Sr and Mn concentrations in carbonates are often used for
chemostratigraphical applications. The δ13C record measured by Sinnesael et al. (2016a) corresponds
well with the BOT δ13C record measured by Voigt et al. (2012) who incorporated it in a global correlation
for the upper Campanian to Maastrichtian. The test of sampling both calcite veins and micritic matrix
showed that the δ13C results are not affected by the sampling of the calcite veins (Fig. 6). The upper
Maastrichtian δ13C record from BOT was also incorporated in the Late Cretaceous compilation by Wendler
(2013), who also provided a comprehensive review on principles of carbon isotope stratigraphy. The µXRF
mapping and line scanning demonstrate clearly that peak enrichments in Sr concentrations are caused by
sampling calcite veins while drilling for sample powder (Fig. 6). This contamination makes it difficult to
interpret the fine-scale variability in the Sr record in a chemostratigraphical context, but the bulk Sr/Ca
ratios measured with the pXRF are still in agreement with previously published studies (Fig. 6; Stoll and
Schrag, 2001; Jarvis et al., 2008). The µXRF mapping, in combination with the stable isotope analysis,
also explains the observed covariation between Sr enrichments and negative δ18O excursions (sampling
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of the calcite veins) (Fig. 5). Next to variable contributions in δ18O from the micrite cement, the size of
these anomalies is also a function of the proportion (mass balance) of sampled and measured matrix
versus calcite vein. This can be an explanation for the proposed diagenetic imprint on whole rock stable
isotope analyses in the Bottaccione Gorge by Corfield et al. (1991) and suggest a more careful
interpretation of the bulk δ18O record of Sinnesael et al. (2016). This illustrates again how cautious one
has to be while sampling for bulk rock stable isotope analysis. Instead of drilling the powder straight from
the rock, we propose to continue with common practice and take hand samples first and then (micro-)drill
the fine micrite prior to isotopic and trace elemental analyses. The bulk 87Sr/86Sr seem to be little affected
by these Sr enrichments, except for potentially two samples (BOT, -2.45 m and-3.50 m) with slightly lower
87
Sr/86Sr values, although these almost overlap within the error (2 σ). Some studies also use Mn contents
in carbonates as chemostratigraphical tool, with hydrothermal activity being the dominant source of Mn in
seawater (e.g. Jarvis et al., 2001, 2008; Le Callonec et al., 2014). In general, chemostratigraphical
interpretations of Sr (Sr/Ca ratios) and Mn concentrations can be an additional benefit in a multi-proxy
approach facilitated by the pXRF.
Conclusions
This study presents an integrated multi-proxy dataset with calibrated pXRF data and interpretations for
a selection of elements (K, Ca, Ti, Mn, Fe, Sr) from the uppermost Maastrichtian pelagic carbonates of the
Bottaccione Gorge, Gubbio, Italy. The applied multi-standard calibration based on pXRF measurements
of powdered reference materials yields calibrated results of elemental concentrations, with varying
reliability (Pearson’s calibration regression coefficients > 0.99 for Ca, Mn, Fe, and Sr), which are
comparable with independent ICPMS and atomic absorption spectroscopy results from the same strata.
The detrital pXRF elemental data (K, Fe, and Ti) confirm the hypothesis that magnetic susceptibility in
these pelagic carbonates constitutes a good proxy for detrital input. Especially the Fe-content corresponds
well with the magnetic susceptibility. The detrital component (e.g. Fe) of pelagic carbonates traces climatic
variations that influenced the source and amount of detrital material transported into the basin. As such,
the suitability of detrital pXRF elemental data for cyclostratigraphy is demonstrated. Although pXRF
measurements of Ca approximate the calcium carbonate content, the signal appears less suitable for
cyclostratigraphic analysis than Fe concentrations, for example. Other elemental pXRF data such as Mn
and Sr can be used (on a local or regional scale), together with the conventional δ13C proxy (more global
scale) for chemostratigraphy. Moreover, we demonstrate enrichments in Sr concentrations and lower δ18O
values due to a calcite vein sampling bias (next to other potential variations in micrite cement) in some our
samples on the bulk δ18O signal and Sr-concentrations. However, the δ13C and Sr-isotope signals of the
uppermost Maastrichtian in the Bottaccione Gorge, Gubbio, Italy, seem little affected by this sampling
effect. Overall, with proper measurement strategies and careful calibration, pXRF measurements can be
an additional, reliable, relatively easy, non-destructive, less expensive, and relatively fast method to
acquire multi-elemental concentration data from pelagic carbonates, with numerous application in paleoenvironmental studies and cyclostratigraphy.
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A1.2 Stratigraphic record of the asteriodal Veritas breakup in the Tortonian Monte dei Corvi section
(Ancona, Italy)

This chapter has been published in an international peer-reviewed journal:
Montanari, A., Farley, K., Claeys, P., De Vleeschouwer, D., de Winter, N.J., Vansteenberge, S., Sinnesael,
M., Koeberl, C. 2017 Stratigraphic record of the asteroidal Veritas breakup in the Tortonian Monte dei
Corvi section (Ancona, Italy). GSA Bulletin 129.9-10: 1357-1376.
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Abstract
The discovery of elevated concentrations of the cosmogenic radionuclide 3He in deep-sea sediments
from Ocean Drilling Program (ODP) Site 926 (Atlantic Ocean) and ODP Site 757 (Indian Ocean) points
toward accretion of extraterrestrial matter, probably as a result of the catastrophic disruption of a large
asteroid that produced the Veritas family of asteroids at ca. 8.3 ± 0.5 Ma, and which may have had
important effects on the global climatic and ecologic systems. Here, we investigated the signatures
possibly related to the Veritas event by performing a high-resolution multiproxy stratigraphic analysis
through the late Tortonian–early Messinian Monte dei Corvi section near Ancona, Italy. Closely spaced
bulk-rock samples through a 36-m-thick section, approximately spanning from ca. 9.9 Ma to ca. 6.4 Ma,
show an ~5-fold 3He anomaly starting at ca. 8.5 Ma and returning to background values at ca. 6.9 Ma,
confirming the global nature of the event. We then analyzed, at 5 cm intervals, bulk-rock samples for
sedimentary and environmental proxies such as magnetic susceptibility, calcium carbonate content, total
organic carbon, and bulk carbonate δ18O and δ13C, through a 21-m-thick section encompassing the 3He
anomaly. Available high-resolution sea-surface temperature data (via alkenone analyses) for this site show
a temperature decrease starting exactly at the inception of the 3He anomaly. Cyclostratigraphic fastFourier-transform spectral analyses of the proxies indicate an age of 8.47 ± 0.05 Ma for the inception of
the 3He anomaly. A search for impact ejecta (analogous to what is present in the late Eocene, where both
a 3He anomaly and large-scale impact events are recorded) was not successful. Detailed cyclostratigraphic
analyses of our data suggest that the changes in the stable isotope series and environmental proxy series
through this late Tortonian time interval had a common forcing agent, and that perturbations of orbitally
forced climate cycles are present exactly through the interval with the enhanced influx of extraterrestrial
3
He. Thus, the chemostratigraphic evidence for a collisional event that created the Veritas family of
asteroids, coinciding with climate perturbations on Earth, suggests yet another form of interaction between
Earth and the solar system.
Introduction
Geologic Setting
As a consequence of the Cretaceous-to-present tectono-sedimentary evolution of the Northern
Apennines accretionary wedge, as synthetically illustrated in Figure 1A (e.g., D’Argenio, 1970; Alvarez et
al., 1974; Channell et al., 1979; Castellarin et al., 1982; Treves, 1984; Marroni et al., 2001; Cornamusini
et al., 2002; Argnani et al., 2006, and references therein), the complete and continuous Jurassic to early
Miocene pelagic succession of the Umbria-Marche Basin, for example, in the type locality of Gubbio, is
interrupted in the mid-Miocene by the arrival of the siliciclastic turbidites of the Marnoso-Arenacea Flysch.
The much-celebrated stratigraphic completeness of the classic Gubbio pelagic succession has, in the past
half a century or so, contributed considerably to the ever-improving resolution of event and integrated
stratigraphy of Earth history (e.g., Menichetti et al., 2016, and references therein). However, with the arrival
of the flysch, detailed integrated stratigraphic study cannot be extended into the Miocene. This interruption
did not occur in the easternmost part of the Umbria-Marche Basin, along the Cònero Riviera, which extends
along the anticlinal Adriatic promontory between the city of Ancona and Monte Cònero (for location, see
Fig. 1A). Here, turbidite-free, pelagic and hemipelagic carbonates covering the entire Miocene Epoch all
the way up to the early Pliocene are continuously exposed on sea cliffs. In particular, the monoclinal
sections covering the Langhian to early Pliocene portion of this pelagic succession on the eastern cliffs of
Monte dei Corvi (for location, see Fig. 1B) have, in recent years, promoted high-resolution integrated
stratigraphic studies of mid- and late Miocene events, including biostratigraphic, chemostratigraphic,
magnetostratigraphic events and their radioisotopic and astrochronologic calibrations (Montanari et al.,
1997; Cleaveland et al., 2002; Hilgen et al., 2003; Mader et al., 2004; Hüsing et al., 2010; Wotzlaw et al.,
2014; Tzanova et al., 2015). The global stratotype section and point (GSSP) for the base of the Tortonian
Stage was established in the Monte dei Corvi section by Hilgen et al. (2005). Recently, the stratigraphic
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stretch comprising the Upper Tortonian to the basal Messinian exposed in a new Monte dei Corvi Beach
section, i.e., the stratigraphical equivalent of the La Sardella section of Montanari et al. (1997) exposed up
high on the Monte dei Corvi cliff (Fig. 1B), was proposed by Hüsing et al. (2007) as a complete
Mediterranean reference section for the Tortonian Stage.
Late Tortonian Extraterrestrial Event
In addition to the constriction of the Mediterranean-Atlantic connection and consequent inception of the
Messinian salinity crisis (Hsü et al., 1973, 1978; Krijgsman et al., 1999), the late Tortonian hosted another
Figure 1: (A) Simplified geologic-structural map of the
Northern Apennines accretionary wedge, and location
of the Monte dei Corvi section. (B) Geologic map of
the Monte dei Corvi area (after Coccioni et al., 1993)
with the location of the Sardella (SAR), Monte dei
Corvi (MDC), and Monte dei Corvi Beach (MCB)
sections, and the global stratotype section and point
(GSSP) for the Serravallian-Tortonian Stage
boundary.
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exceptional event, which may have had important effects on global climatic and ecologic systems—an
extraterrestrial event consisting of the catastrophic disruption of a 140 km diameter asteroid, probably due
to a collision in the asteroid belt, which produced the Veritas family of asteroids ca. 8.3 ± 0.5 Ma (Nesvorny
et al., 2003). Further astrophysical studies by Knežević et al. (2006) indicated that the Veritas family may
actually be made up by several groups of asteroids, the origin of which may be traced back to ca. 8.9 Ma,
an age similar to, but slightly older than, the one computed by Nesvorny et al. (2003). The concept that
the Veritas family actually comprises multiple asteroid groups was also advocated by Michel et al. (2010).
In any case, the discovery by Nesvorny and coworkers predicted that, as a consequence of the Veritas
breakup, Earth would have been subjected to an enhanced flux of interplanetary dust particles, which, in
their journey from the asteroid belt to Earth, would have been enriched in the cosmogenic radionuclide
3
He. Following the study of Nesvorny et al. (2003), Farley et al. (2006) discovered a fivefold increase in
3
He concentration in late Tortonian deep-sea sediments from Ocean Drilling Program (ODP) Site 926
(Atlantic Ocean) and ODP Site 757 (Indian Ocean), seemingly fulfilling the prediction of Nesworny and
coworkers. Unfortunately, ODP core Site 757 has a poor chronostratigraphic definition (due to a very low
sedimentation rate), whereas the ODP Site 926 record does not extend sufficiently up section to establish
precisely when the anomalous 3He flux returns to a background value. Nevertheless, the extremely rapid
increase of the 3He concentration in these late Tortonian sediments appears to confirm the global nature
of this extraterrestrial event.
Methods and techniques
To search for signatures possibly related to the Veritas event, we performed a high-resolution
multiproxy stratigraphic analysis through the Upper Tortonian–Lower Messinian Monte dei Corvi Beach
section. For this, we followed the sedimentological and stratigraphic descriptions and bed numbering of
Hüsing et al. (2009), as shown in Fig. 2A. First, we collected closely spaced bulk-rock samples for 3He
analysis through a 36-m-thick section spanning from 106 m to 142 m, and we found the ~5-fold 3He
anomaly starting at ~120 m and returning to background values at ~136 m (Fig. 2B). We then analyzed,
at 5 cm intervals, bulk-rock samples for sedimentary and environmental proxies such as magnetic
susceptibility, calcium carbonate content, total organic carbon via loss on ignition (LOI) analysis, δ18O, and
δ13C, through a 21-m-thick section encompassing the 3He anomaly. Alkenone analyses on closely spaced
samples were obtained to derive a high-resolution sea-surface temperature (SST) profile (Fig. 2C) for this
Mediterranean site from the same Monte dei Corvi Beach section by Tzanova et al. (2015). Finally, we
used the five high-resolution proxy series plotted in Figures 3C–3D to perform cyclostratigraphic spectral
analysis. The magnetic susceptibility (MS) series, which yielded the most stationary frequency power
spectra (see later herein), led to the identification of long and short eccentricity cycles, and the tuning of
the Monte dei Corvi Beach section using the solution of Laskar et al. (2004), which indicated an age of 8.5
Ma for the inception of the 3He anomaly (Fig. 2D).
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Figure 2: Synoptic stratigraphic scheme of the Monte dei Corvi Beach section. (A) Chronostratigraphy, magnetostratigraphy, and
lithostratigraphy after Hüsing et al., (2007, 2009). (B) 3He stratigraphy (this work; in 10-12 cm3 per gram of bulk sample [pp/g]) compared to Ocean
Drilling Program (ODP) Site 926 of Farley et al. (2006). ET—extraterrestrial. (C) Sea-surface temperature (SST) profile after Tzanova et al. (2015),
highlighting major environmental events recorded in the Monte dei Corvi Beach section. (D) Astronomical time scale and tuning of the Monte dei
Corvi Beach magnetic susceptibility (MS) series (this work) to the Laskar et al. (2004) eccentricity curve by means of band-pass (B-P) curves.

Helium isotope analyses were performed at the California Institute of Technology (Pasadena,
California) following the method of Mukhopadhyay et al. (2001). The analytical results are shown in Table
DR1 in the GSA Data Repository.1
MS analyses were performed on ~40 g, <5-mm-grain-size dry-crushed (in brass mortar and pestle) bulk
samples at Osservatorio Geologico di Coldigioco (OGC, Apiro, Italy) using a Bartington MS2B dualfrequency magnetometer at low frequency (0.465 kHz) and ×0.1 sensitivity, averaging three
measurements for each sample, and values were mass corrected. Results are shown in Table DR2 in the
GSA Data Repository (see footnote 1).
Calcium carbonate content (wt% CaCO3) in 420 bulk-rock samples through the 110–131 m interval was
measured at the OGC with a Dietrich-Frühling water calcimeter (±2.5% precision). Calibration was done
using a Carrara marble standard. Results are shown in Table DR2 in the GSA Data Repository (see
footnote 1). Total organic carbon in weight percent was obtained at OGC by LOI of dried (at 110 °C in an
oven) and powdered ~5 g bulk samples in a large Tornati Forni electric kiln with programmable pyrometer
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(400 samples at a time in aluminum caps), at 360 °C for 6 h. The LOI was obtained by weight difference
measured with a 1-mg-precision electronic scale. Results are shown in Table DR2 in the GSA Data
Repository (see footnote 1).
Stable isotope measurements for δ13C (in per mil [‰] relative to Vienna Peedee belemnite [V-PDB])
and δ18O (‰, V-PDB) were carried out on bulk-rock samples at the Vrije Universiteit Brussel using both a
dual-inlet ThermoFinnigan delta+XL isotope ratio mass spectrometer (IRMS) interfaced with an automated
Kiel III device for carbonates, and a Nu Perspective IRMS interfaced with a Nu Carb automated carbonate
device for highly sensitive, ultra-precise isotopic measurements in an automated, high-throughput
workflow. Acidification of the samples occurred at a temperature of 70 °C for both instruments. Corrections
were carried out using the in-house standard MAR-2, which is made of Marbella limestone and has been
calibrated against the international standard NBS-19. On the basis of replicated measurements on
standards and sampled material, the reproducibility for both mass spectrometers on the carbon and
oxygen isotopes was estimated at 0.05‰ (1 ) and 0.15‰ (1 ), respectively. Results are shown in Table
DR2 in the GSA Data Repository (see footnote 1).
The parts per million (ppm) and parts per billion (ppb) contents of 41 trace elements from a selected
collection of 23 samples from meter level 13.5 up to meter level 131.0 were analyzed by X-ray fluorescence
(XRF) and instrumental neutron activation analysis (INAA) at the University of Vienna following the
methods described by Mader and Koeberl (2009) for INAA and Huber et al. (2014) for XRF. Results are
shown in Table DR3 in the GSA Data Repository (see footnote 1).
We conducted spectral analyses of the 5-cm-resolution proxy series spanning from 110 to 131 m level
(CaCO3, MS, LOI, Corg, δ18O, and δ13C) in MATLAB using algorithms of Bice et al. (2011), modified from
Muller and MacDonald (2000). In short, we produced periodograms by performing fast Fourier transforms
(FFTs) of the data (detrended and padded with zeros) in the stratigraphic domain, which yielded a set of
spectral peaks representing the stratigraphic wavelengths (periods) of the cycles. We evaluated the
statistical significance of spectral peaks by generating a 95% confidence level (C.L.) from a Monte Carlo
noise simulation (Muller and MacDonald, 2000). The persistence of the spectral peaks through the
stratigraphic section was evaluated through the use of an evolutionary, or sliding window, FFT. The window
size was chosen to be about one third of the whole stratigraphic interval analyzed, which is large enough
to enable the detection of short and long eccentricity signals given the mean sedimentation rate of the
studied interval. Astronomical tuning and ultimate dating of local and global environmental and climatic
events, as well as the inception of the 3He anomaly recorded in Monte dei Corvi Beach section, was
accomplished through the use of broad band-pass filtering of the MS proxy series, which appears to be
the most consistent and least-disturbed proxy series recording Milankovitch cycles. Variations in the MS
proxy series between 300 and 500 k.y. were isolated for the long eccentricity cycle (405 k.y. period). These
filtered data were then used for correlation via constrained pattern matching with the theoretical eccentricity
curve of Laskar et al. (2004). We performed the actual tuning of the composite section by correlating the
maxima of a broad 300–500 k.y. band-pass curve of the MS time series with the maxima of the band-pass
eccentricity curve of Laskar et al. (2004). The rationale for matching maxima in MS with maxima in
eccentricity is based on the fact that marly sediments contain a higher component of magnetic terrigenous
material than limestones, thus reflecting warm and wet climate conditions in a glacio-eustatic climate
system such as the one of the midlatitude western Tethys, and these warm and wet conditions occur
during eccentricity maxima (e.g., Cleaveland et al., 2002).
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Lithological, chemicaland magnetic data
Lithostratigraphic and Sedimentologic Analysis
The Monte dei Corvi Beach section was well exposed (cleaned and completely uncovered) along the
straight and flat-surfaced littoral bluff at the foot of Monte dei Corvi until the summer of 2009, allowing
Hüsing et al. (2007, 2009) to carry out an extremely detailed lithologic log, which greatly facilitated our
effort to obtain accurate, closely spaced sampling (Fig. 3A). The overall Monte dei Corvi Beach section is
devoid of soft sediment slumping or tectonic deformations, such as faulting, kink folding, pressure-solution
cleavage, or pseudobedding stylolitization (sensu Alvarez et al., 1985). In a few places, fibrous-calcite
slickenside surfaces parallel to bedding (or at a very low angle to it) indicate mild shearing due to flexural
slip folding (see Fig. 2 in Hüsing et al., 2009). Because of the ideal exposure conditions in the late 2000s,
it was possible to subdivide what was originally termed the Tortonian Marly Member of the Schlier
Formation by Montanari et al. (1997) into a succession of lithostratigraphic members based on the detailed
lithologic logs of Hilgen et al. (2005), and Hüsing et al. (2007, 2009). Taking as reference level the GSSP
for the Tortonian in the upper part of the Calcareous Member of the Schlier Formation at meter level 63.2
(Hilgen et al., 2005), the base of the Marls-Sapropels Member can be placed at meter level 83.0, where
dark, recessive sapropelic horizons start to rhythmically alternate with gray, prominent marl and marly
limestone layers (Fig. 3A). These lithologies represent midbathyal pelagic sediments, the carbonate
component of which is mostly made up of high-Mg biogenic calcite from planktonic foraminifera and
coccoliths, with minor benthic calcareous foraminifera and rare ostracods, whereas the siliciclastic
component is made up of hemipelagic, terrigenous silt and clay of probable eluvial origin; i.e., it originated
from the erosion and runoff of the emerging Alpine orogen. Marls and marly limestone layers are strongly
bioturbated, showing conspicuous fossil traces of Planolites, which suggest a fairly well-oxygenated and
nutrient-rich paleoseafloor. Good preservation of planktonic foraminiferal tests and calcareous
nannofossils in these carbonate sediments, including sapropelic marls, through the Tortonian and early
Messinian portion of the Monte dei Corvi succession (Montanari et al., 1997) suggests high pH conditions
in the depositional and diagenetic environments.
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Figure 3: (A) Panoramic view of the upper Monte dei Corvi Beach section as it was excellently exposed in 2009, showing the location of the
Tortonian-Messinian boundary, and the succession of lithostratigraphic members described in the text. The sample-to-sample series of 3He
abundance is plotted over the detailed lithologic log of Hüsing et al. (2009). (B) Extraterrestrial (ET) 3He (in 10 12 cm3 per gram of bulk sample
[ppc/g]). (C) Magnetic susceptibility (MS), (D) CaCO3 (wt%), (E) loss on ignition (LOI) Corg (wt%), (F) δ18O (‰), and (G) δ13C (‰) series are
plotted according to the same lithologic log of Hüsing et al. (2009). MES—Messinian; TOR—Toronian.

At meter level 116, the last visible sapropelic marl marks the top of the Marls-Sapropels Member, which
is overlain by a 7-m-thick plain Marly Member (Fig. 3A). In this interval, Hüsing et al. (2009) reported only
four thin sapropelic horizons between 117.9 and 119.7 m. From meter level 119.7 to 122.9, the Marly
Member loses evident bedding and is completely devoid of visible sapropelic horizons.
Clear bedding, as defined by alternating, more or less recessive marls, reappears above meter level
122.9, where these sediments assume a light-brown tinge, which Hüsing et al. (2009) referred to as the
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“brownish interval” up to meter level 127.8. The lower part of this Brownish Member actually consists of
an alternation of gray-blue and brown marly layers, whereas the upper part is made up of practically
homogeneous or very faintly bedded brown marls (see Fig. 3b in Hüsing et al., 2009).
Above the Brownish Member, an ~7.5-m-thick package of well-bedded, hard, whitish marly limestones,
called the Rossini Member by Montanari et al. (1997), contains eight volcanosedimentary layers (Hüsing
et al., 2009; Wotzlaw et al., 2014), some of which have abundant biotite. An equivalent unit is also present
in Upper Tortonian–Lower Messinian sections in the Romagna Apennines near Faenza, some 160 km NW
from Monte dei Corvi (Vai, 1997; Odin et al., 1997a; Laurenzi et al., 1997; for location, see Fig. 1A).
Although the provenance of the Rossini tephra is not yet known, it provides evidence of rather intense
explosive volcanism in the vicinity of the Umbria-Marche Basin. The Tortonian-Messinian
chronostratigraphic boundary was traced by Hüsing et al. (2009) along the sixth volcanosedimentary layer
at meter level 132.5, and approximated to the first regular occurrence of planktonic foraminifer Globorotalia
miotumida (Globorotalia conomiozea group). At about the same stratigraphic level in the Sardella section,
Montanari et al. (1997) placed the Tortonian-Messinian boundary at the first occurrence of G. conomiozea.
Vai (1997), Odin et al. (1997a), and Laurenzi et al. (1997) did the same in their Faenza sections.
At about meter level 135.3, some 40 cm below the eighth volcanosedimentary layer, the first black shale
layer, actually a planktonic foraminiferal marl with a relatively high concentration of organic carbon
(kerogen), marks the base of the Euxinic Shales unit. This unit consists of a rhythmic alternation of more
or less biogenic carbonate-rich sapropelic marls, giving it the visual appearance of a striped black-andwhite succession.
Extraterrestrial Signatures
The extraterrestrial 3He profile in Fig. 3B shows a fairly regular background abundance around a mean
of 0.06 ± 0.04 10 12 cm3 per gram of bulk sample (pcm3/g) up to meter level 119.5 and then a sharp
increase in the next sample at 120.0 m up to 0.35 pcm3/g. It is in between these two samples, thus at
119.75 ± 0.25 m in the Monte dei Corvi Beach section, where we place the inception of the high influx of
interplanetary dust particles. After a return to background level in sample 120.5 m, 3He concentration
shoots up again, reaching a peak of 0.55 pcm3/g, at 121.5 m and then gradually descend to a low of 0.2
pcm3/g at 124.0 m, which is still higher than the mean background value of ~0.06 pcm3/g. This low is
followed by yet another sharp increase reaching a third peak of 0.45 pcm3/g at 125.0 m and then return
to a value of 0.1 pcm3/g at meter level 128.0, which is close to but not quite at background level. At 129.5
m, the 3He concentration rises up again to a small peak of 1.5 pcm3/g and then descends again at 130.0
m to a mean of 0.1 pcm3/g all through the Rossini Member (see Fig. 2B). At 135 m, coinciding with the
base of the Euxinic Shales Member, the mean 3He concentration returns definitively to the initial
background level of ~0.06 pcm3/g. In summary, the inception of the extraterrestrial 3He anomaly can be
confidentially placed at 119.75 ± 0.25 m in the Monte dei Corvi Beach section, whereas the end of it is
tentatively placed at ~135.0 m.
After confirming the anomalously high 3He concentration through the Monte dei Corvi Beach section,
which indicates a higher-than-normal flux of extraterrestrial matter to Earth, we attempted to detect the
proverbial (extraterrestrial) needle in the (sedimentary) haystack (e.g., Montanari et al., 1998; Montanari
and Koeberl, 2000) by analyzing a suite of 23 samples for trace-element contents. The aim was to detect
a possible chondritic signature, i.e., elevated concentrations of platinum group elements (PGEs) such as
iridium, and other siderophile elements, including nickel and cobalt, but also chromium and gold. These
trace elements are significantly more abundant in meteorites than they are in terrestrial crustal rocks and
are thus often used as proxies for a meteoritic component (see review by Koeberl, 2014). Iridium and gold
concentrations turned out to be below the detection limit in all the analyzed samples (Table DR3 in
Repository [see footnote 1]), whereas Ni, Co, and Cr concentrations mimic fairly well the concentration of
the terrigenous component (i.e., 100 – [CaCO3 + LOI] wt%) in each sample, and that of Sc in fact serves
as a good tracer for terrestrial composition (Fig. 4A). On the other hand, when Ni, Cr, and Co are
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normalized to the terrigenous component, i.e., Ni/Sc, Cr/Sc, and Co/Sc, their excess abundance is
emphasized (Fig. 4B). In particular, the sample at 120.0 m, which corresponds to the first peak of
extraterrestrial 3He, shows a clear excess in Ni, although no apparent excess in Co or in Cr seems to be
present. On the other hand, the Ni/Sc, Cr/Sc, and Co/Sc ratios all peak in samples 121.5 m and 122.0 m,
where 3He shows the second and largest peak in the main extraterrestrial He anomaly interval. We note
that Ni/Sc and Co/Sc, and to a minor extent Cr/Sc, show distinct peaks at 128.05 m and 129.5 m in samples
from the first two volcanic ashes of the Rossini Member, while 3He/Sc is at a relative low in these samples.
All this suggests that the Ni excess at 120.0 m and 122.0 m may be due to addition of meteoritic material,
perhaps Ni-rich spinel, which is often used as a tracer of cosmic events in the sedimentary archive (e.g.,
Ferriére and Robin, 2009, and references therein). On the other hand, the excess concentrations of Ni and
Co in the two volcanic ashes are more likely due to Ni- and Co-rich mineral phases contained in the fallout
tephra. In any case, we did not find the extraterrestrial PGE needle in the Monte dei Corvi Beach section,
which suggests to us that the cascade of interplanetary dust particles during the presumed Veritas breakup
event, as represented by the 3He anomaly, was not accompanied by large meteoritic impacts, such as the
ones recorded in the late Eocene in the GSSP section of Massignano (Montanari et al., 1993; Farley et
al., 1998), nor extensive micrometeorite showers. Eventually, a search for trace amounts of PGEs on more
closely spaced samples may reveal the presence of impactoclastic layers or the influx of meteorites during
the Veritas interplanetary dust particle cascade.

Figure 4: (A) Stratigraphic plot comparing the abundance of extraterrestrial 3He (in 10 12 cm3 per gram of bulk sample [ppc/g]), terrigenous
component (siliciclastic + Corg), scandium (terrigenous), and possibly chondritic nickel, cobalt, and chromium through the Monte dei Corvi Beach
section. (B) Plot of the ratios of 3He, Ni, Co, and Cr over Sc.

Magnetic Susceptibility
The MS profile of the Monte dei Corvi Beach section (Fig. 3D) shows an overall monotonic increase
from ~4 SI m3 kg–1 to ~8 SI m3 kg–1 up to meter level 127.8 (the base of the Rossini Member). At exactly
127.8 m, the MS sharply shifts down to initial values of ~4 SI m3 kg–1 all through the lower part of the
Rossini Member. Through the Marls-Sapropels Member up to 116 m, the MS profile is characterized by
relatively low-amplitude excursions of about ±1.5 SI m3 kg–1, whereas through the Marly Member up to
meter level 127.8, MS excursions show higher amplitudes of about ±2.5 SI m3 kg–1. However, in the short
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interval between 118.3 and 119.7 m, the MS signal has mean values of ~5 SI m3 kg–1, with relatively lowamplitude excursions of about ±1 SI m3 kg–1. Our high-resolution MS profile is remarkably similar to the
more sparsely sampled MS profile of Hüsing et al. (2009) through the same Monte dei Corvi Beach section
(Fig. 5), suggesting that MS measurements were accurate.

Figure 5: The Monte dei Corvi Beach (MCB) magnetic susceptibility (MS) series of Hüsing et al. (2009) compared to the one measured at 5
cm resolution in the same section for this work.

Calcium Carbonate
The overall CaCO3 weight percent profile shown in Fig. 3C exhibits variations that mimic fairly well the
differences among the various lithostratigraphic members. Up to meter level 117.6, carbonate content in
what Hüsing et al. (2009) visually defined as gray marls, varies between 45 wt% and 73 wt%. This indicates
that they are, technically speaking, marls and calcareous marls. On the other hand, more or less distinct
(i.e., relatively more or less dark) sapropels have generally lower carbonate content down to ~37 wt%, and
so they can also be defined as marls, although they may vary in composition independently from their
more-or-less-dark visual appearance. For instance, some distinct sapropels, like those at 110.10 m,
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112.65 m, 114.60 m, and 116.00 m, have CaCO3 compositions varying between 50 and 62 wt%, whereas
the barely visible sapropel at meter level 115.70 has a composition as low as 37 wt%.
At 117.6 m, the mean CaCO3 composition drops down from ~60 wt% to ~50 wt% up to 120.0 m. Within
this interval, a couple of layers at 118.7 m have a composition rising back up to ~60 wt%, whereas a
prominent sapropel at 118.35 m has a carbonate composition of 38 wt%. Three other thin sapropelic
horizons varying from distinct to visible (according to the visual lithology of Hüsing et al., 2009) all have
CaCO3 compositions around 48 wt%. Then at 120.0 m, the carbonate profile shows another sharp positive
shift of the mean composition, rising up to calcareous marls with 65 ± 5 wt% CaCO3 all through the rest of
the Marly Member.
With the beginning of the Brownish Member, mean carbonate composition drops again to ~55 wt% and
then rises back up to ~60 wt% at 126.0 m through the upper, visually homogeneous part of the unit, where
the mean composition returns around 62 wt%, with six distinct excursions of ±8 wt%. A slight increase in
mean CaCO3 composition around 66 wt% characterizes the lower part of the well-bedded Rossini Member,
up to meter level 131.0.
LOI Organic Carbon
As expected, the concentration of organic carbon (Corg), as measured by LOI at 360 °C (Fig. 3E),
yielded high values ranging between ~8 and 14 wt% in the sapropelic horizons logged by Hüsing et al.
(2009), but the absolute value often does not reflect the visually estimated prominence. For instance,
distinct sapropel at 113.7 m has about the same Corg abundance as the prominent sapropel at 114.3 m,
but it has much more Corg than a visually defined distinct sapropel at 110.3 m. Moreover, some horizons
(i.e., at meter levels 113.5, 115.1, 117.1, and 121.35) with relatively high Corg contents do not correspond
to any visible sapropelic marl. On the other hand, prominent sapropel at 122.95 m yielded a relatively low
Corg composition of ~4.5 wt%.
Carbon and Oxygen Stable Isotopes
The δ18O and δ13C profiles through the Monte dei Corvi Beach section are shown in Figures 3F and
3G, respectively. Both profiles exhibit a series of positive and negative shifts between 0.3‰ and 0.8‰,
which are remarkably similar to shifts recorded in deep-sea calcareous benthos through the same time
interval (i.e., between ca. 8.5 and ca. 7.3 Ma) by Zachos et al. (2001), and in time-equivalent records of
terrestrial leaf wax (C31 n-alkene) δD and δ13C from ODP Site 722 (Arabian Sea) of Huang et al. (2007),
as shown in Fig. 6. It is noteworthy to point out that δ18O in the time interval across the Tortonian-Messinian
boundary evolves in a long-term positive trend, as already defined in the La Sardella section by Montanari
et al. (1997), in the oceanic record of Zachos et al. (2001), as well as in the δD of Huang et al. (2007),
which suggest a gradual cooling of global climate. This general positive trend seems to be interrupted by
a negative shift at ca. 8.7 Ma in the records of Zachos et al. (2001) and Huang et al. (2007), and then it is
followed by an interval of brief shifts up to ca. 7.2 Ma, where these profiles resume their general positive
trend all through the early Messinian. The same relevant shifts are also recorded in the Monte dei Corvi
Beach section at meter level 117.5, ~2 m below the inception of the 3He anomaly (see Figs. 3B and 6).
Similarly, the δ13C value, which exhibits a general negative trend (Zachos et al., 2001) in the oceanic deepsea record through the same mid-Tortonian to mid-Messinian time interval (and also in the La Sardella
section; Montanari et al., 1997), shifts quickly in a negative sense by as much as 0.6‰ at around 8.6 Ma.
This negative shift of the δ13C, which interrupts the general positive trend through the Tortonian-Messinian
time interval, is also recorded in the terrestrial leaf wax series of ODP 722 in the northwestern Indian
Ocean (Huang et al., 2007; see Fig. 6).
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Figure 6: Correlation between the TortonianMessinian oceanic and continental oxygen and
carbon stable isotope records, and those of the
Monte dei Corvi Beach (MCB) section. 3He is given
in 10-12 cm3 per gram of bulk sample (pp/g). ODP—
Ocean Drilling Program; G.—Globorotalia.

In summary, the δ18O and δ13C stable isotope record in the Monte dei Corvi Beach section shows trends
and shifts similar to stable isotopes in the global deep-sea record and the terrestrial plant record of
southwestern Asia through the same time interval. An important negative shift at 117.5 m in both stable
isotope records preceded the inception of the 3He anomaly by ~2 m, and it is followed by an interval of
rapid trend shifts lasting through the whole stratigraphic interval with elevated 3He. This suggests a
possible link between the Veritas event and global climatic and environmental changes.
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Multiproxy cyclostratigraphic analysis: Results and interpretations
The five high-resolution proxy series through the Upper Tortonian Monte dei Corvi Beach section
provide the basis for a spectral cyclostratigraphic analysis via FFT, which is aimed at assessing whether
or not these pelagic sediments have recorded global climatic changes, and also local environmental
changes induced by orbital cycles, i.e., the so-called Milankovitch cycles (eccentricity, tilt or obliquity, and
precession [ETP]). As seen from a different perspective, these proxy series may not record regular or
rhythmic changes, but they may instead reflect environmental changes induced by local random
phenomena such as regional volcanism and/or tectonics, or possibly atmospheric perturbations provoked
by extraterrestrial events such as impacts or, as in our Veritas case, an exceptional influx of extraterrestrial
matter following an asteroidal breakup.
The results of the spectral analysis for each proxy series are illustrated individually in Fig. 7, and therein
compared with the FFT outputs of the ETP solution of Laskar et al. (2004) through the Tortonian–early
Messinian time interval from 11.5 to 6.5 Ma, including the resulting June insolation as calculated for a
northern latitude of 65° (Figs. 7A1 and 7A2).
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Figure 7: (A1–A2) Synoptic graphic plots of the eccentricity, tilt or obliquity, and precession (ETP) solution of Laskar et al. (2004; La04 in the
figure) for the Tortonian (T) to Messinian (M) time interval from 10.5 to 6.5 Ma compared to the fast Fourier transform (FFT) cyclostratigraphic
syntheses for the Monte dei Corvi Beach section of magnetic susceptibility (MS) (B1–B2), CaCO3 (C1–C2), loss on ignition (LOI) Corg (D1–D2),
δ18O (E1–E2), and δ13C (F1–F2) proxy series (c.l.—confidence level). Red uppercase letters A, B, C, and D in plot B1 indicate the positions of the
frequency peaks here interpreted respectively as precession, tilt, short eccentricity, and long eccentricity (see text for explanation). In all the sliding
window FFT outputs (A2, B2, C2, D2, E2, and F2), the stratigraphic positions of chronal boundaries are annotated.
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Magnetic Susceptibility (MS) Series
The upper 3 m of the MS series was normalized to the mean of the fairly linear record of the lower part
of the section in order to eliminate the effects on the power spectrum of the sharp negative shift of the
mean MS intensity measured through the Rossini Member (see Fig. 5). In other words, this was done to
prevent a strong low-frequency component from overwhelming the power spectrum and thus dampening
the relative power of higher-frequency components. Both periodogram and sliding window spectra exhibit
four significant components reaching or surpassing the 95% C.L., with stratigraphic wavelengths of A =
23.7 cm, B = 48.3 cm, C = 109.6 cm, and D = 475 cm (Figs. 7B1 and 7B2). The ratios of frequency period
A to the other frequency components of the periodogram in the stratigraphic domain, i.e., A/B = 0.491, A/C
= 0.216, and A/D = 0.050, are very similar to the ratios of the mean precession (P = ~21 k.y.) over the tilt
(T = ~41 k.y.), the mean short eccentricity (SE = ~100 k.y.), and the mean long eccentricity (LE = ~400
k.y.) from the ETP solution of Laskar et al. (2004) shown in Fig. 7 A1, i.e., P/T = 0.512, P/SE = 0.210, and
P/LE = 0.052. This suggests that the main frequency components of the MS proxy series from the Monte
dei Corvi Beach section represent ETP Milankovitch cycles. By migrating this MS stratigraphic series into
a time series using a conversion function in the MATLAB routine, a mean sedimentation rate of 11.8 m
m.y.–1 was obtained (Fig. 7 B1). This inferred mean sedimentation rate for the uppermost Tortonian Marly
Member–Brownish Member interval is consistent with estimates of the sedimentation rate for the Schlier
Formation, which, in the composite Monte dei Corvi section, decreases from a mean of ~37.7 m.y.–1
through the 49-m-thick Serravallian Calcareous Member (Cleaveland et al., 2002) to a mean of 15.7 m.y.–
1 through the Lower Tortonian Marls-Sapropels Member, between the base of chron5Cn and the top of
chron C4An (Hüsing et al., 2007).
The precession signal is both relatively powerful and stationary, with just a barely perceptible, gradual
shift toward higher frequencies in the lower half of the section, suggesting a slight decrease in mean
sedimentation rate, and a clearer shift to lower frequencies in the uppermost part of the section. This
indicates a slight increase of sedimentation rate in the Rossini Member. Next, we verified whether or not
the precession component bears an amplitude modulation by eccentricity, as one expects from
astronomical theory. A Hilbert transform was performed on a precession band-pass, with a broad filter
between 17 and 27 k.y. The power spectrum of the Hilbert amplitude demodulated signal was then
compared to the power spectrum calculated for the Hilbert transform performed on the ETP series from
Laskar et al. (2004). The MS Hilbert periodogram yielded weak frequency peaks compatible with ~100 k.y.
short eccentricity frequencies, and a strong sharp peak at the expected frequency of ~405 k.y. long
eccentricity. The Hilbert periodogram of the precession cycles, as recorded by MS, exhibits two other
relatively powerful modulation peaks with periods of 141 and 196 k.y., which do not correspond to
frequencies of precession modulation. They may represent noise contained in the MS series.
The imprint of obliquity appears somewhat blurred and less sharp than that of precession. Rather than
a steady periodicity around 41 k.y., we observe shifts to higher frequencies through the lower part of the
section, and to lower frequencies through the uppermost part of the section. As for the short ~100 k.y.
eccentricity component, the peak with a period of 109.6 cm, equivalent to a period of 94.3 k.y. with a mean
sedimentation rate of 11.8 m m.y.–1, is weak, barely reaching the 95% C.L. Yet, this frequency peak has
the exact same period of 94.3 k.y. as the dominant short eccentricity frequency of Laskar et al. (2004). In
the periodogram of the MS series in Fig. 7 B1, a sharp and powerful peak emerges well above 95% C.L.
at a period of 475 cm, equivalent to a period of 403 k.y. in the time domain, which likely represents the
~405 k.y. long eccentricity cycle. This signal is particularly strong in the lower part of the Monte dei Corvi
Beach section, up to meter level 119, as seen in the sliding window FFT output in Fig. 7 B2. A Hilbert test
for short eccentricity yielded FFT power spectra dominated by strong power in the low frequencies,
masking the higher-frequency spectral peaks, which suggests a strong amplitude modulation of the short
eccentricity cycle by the expected frequency of ~405 k.y. representing the long eccentricity cycle.
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In summary, a spectral analysis of the high-resolution MS series reveals significant frequencies
(exceeding the 95% C.L.) consistent with the ETP frequencies predicted by Laskar et al. (2004),
notwithstanding the fact that this series bears some degree of noise. This suggests that the influx of
terrigenous (magnetic) material into the Umbria-Marche synorogenic pelagic basin was mainly controlled
by wet-dry, orbitally forced climatic cycles affecting the source area, presumably the midlatitude Alpine
orogen, from which fine-grained magnetic material contained in the soil was washed out by the runoff
preferentially during soil-forming wet (and presumably warm) periods.
Calcium Carbonate Series
The calcium carbonate (CaCO3) series yielded FFT power spectra dominated by strong low-frequency
signals, which mask the higher-frequency signals (see sliding window output in Fig. 7 C2). To overcome
this problem and search for possibly significant signals in the broad band of ETP frequencies, a FFT was
performed on the data series filtered with a band-pass of 0.1–1.6 m, as an attempt to eliminate the effect
of overwhelming very low frequencies, and thus focus on the higher -frequency components of this proxy.
The periodogram of the filtered series in Fig. 7 C1 still shows a noisy spectrum of frequencies, out of which
only weak signals in the high-frequency band with periods of 22.2 and 26.9 cm could be ascribed to
precession cycles. Other than these, relatively strong signals in the frequency band with periods of 50–60
cm (44–50 k.y. in the time domain) do not quite match the tilt cycle with a predicted period of ~41 k.y.,
whereas strong signals with periods of 126–148 cm (107–125 k.y. in the time domain) are fairly close to
the periods for short eccentricity of ~94–123 k.y. as calculated by Laskar et al. (2004). A Hilbert test of the
CaCO3 presumed precession band revealed a weak amplitude modulation by eccentricity. However, we
could not detect an amplitude modulation of the ~100 k.y. short eccentricity cycles, which we directly
filtered from the CaCO3 record, by the ~400 k.y. long eccentricity cycle (Fig. 8 B2).
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Figure 8: Hilbert fast Fourier transform (FFT) outputs
for the precession and short eccentricity from the
eccentricity, tilt or obliquity, and precession (ETP)
solution of Laskar et al. (2004; La04 in the figure)
compared to those for the Monte dei Corvi Beach
section magnetic susceptibility (MS) (A1–A2), CaCO3
(B1–B2), loss on ignition (LOI) Corg (C1–C2), δ18O
(D1–D2), and δ13C (E1–E2) proxy series.
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In principle, the calcium carbonate content in these pelagic sediments should be, to a certain degree,
inversely proportional to the terrigenous (insoluble and magnetic) component, so it seems unusual that the
spectrum of the CaCO3 series differs so strongly from the MS spectrum. In the Serravallian Monte dei
Corvi section, for instance, which represents a clear pelagic limestone-marl rhythmite successfully tuned
to the eccentricity cycle by Cleaveland et al. (2002) on a statistical basis, CaCO 3 compositions of 354
individual samples collected at 5 cm intervals (from Cleaveland, 2001; see raw data in Table DR4 in the
GSA Data Repository [see footnote 1]) correlate inversely with MS intensity, with a significant R2
coefficient of 0.549. The stratigraphic variation in the correlation between the MS and CaCO 3 here was
examined using a 4 m sliding widow calculation of the p value correlation coefficient through the section,
which revealed an excellent correlation between 0.5 and 1.0 × 10-4 (Fig. 9A). Band-pass curves of the
Monte dei Corvi data with a broad filter encompassing the precession frequency band (i.e., 17–27 k.y.),
show an almost perfect antiphase correlation between the MS and CaCO3 series, as well as corresponding
amplitude variations, as one might expect (Fig. 9B). On the contrary, the 420 samples collected through
the 21-m-thick Monte dei Corvi Beach section (Fig. 10A) have a variable R correlation coefficient for the
4 m sliding window calculation that is generally negative through most of the section (as one may expect)
but positive in the intervals comprising the main peaks of 3He concentration. As for an estimate of
correlation between the two series, p values >0.1 in the intervals comprising the main peaks of 3He
concentration suggest poor (i.e., statistically insignificant) correlation. Through the lower 8 m of the section,
the MS and CaCO3 eccentricity band-pass curves show a fairly consistent antiphase relation of cycles 1–
7, as one may expect (Fig. 10A), but then, through the following 3He interval, cycles 9–17 are either offphase or in-phase. A return to an antiphase relation is observed in the Rossini Member, at the top of the
section and out of the 3He interval.

Figure 9: (A) Plot of a 4 m sliding window calculation of the R correlation coefficient and p value of the CaCO3 vs. magnetic susceptibility (MS)
for 5-cm-resolution series from the lower Serravallian Calcareous Member of the Schlier Formation in the Monte dei Corvi section analyzed by
Cleaveland (2001) and Cleaveland et al. (2002). (B) Precession-filtered band-pass curves for the CaCO3 and magnetic susceptibility (MS) series
from the same Monte dei Corvi section.
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In summary, cyclostratigraphic spectral analysis of the high-resolution CaCO3 proxy series through the
Monte dei Corvi Beach section leads to the perception that, unlike the MS series, this proxy series does
not bear a strong imprint from astronomical components. This could suggest that the ETP forcing is blurred
by some random external forcing mechanism affecting the local primary plankton carbonate production
relative to the distal influx of hemipelagic terrigenous material.

Figure 10: Cross-correlation of the (A) magnetic susceptibility (MS) vs. CaCO3, (B) magnetic susceptibility (MS) vs. Corg, (C) δ13C vs. Corg,
(D) magnetic susceptibility (MS) vs. δ18O, (E) magnetic susceptibility (MS) vs. δ13C, and (F) δ13C vs. δ18O proxy series in the Monte dei Corvi
Beach (MCB) section. 3He is given in 10 12 cm3 per gram of bulk sample (pp/g). Lithology patterns and shadings as in Fig. 2.
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Organic Carbon Series
The organic carbon content in the Monte dei Corvi Beach section is generally higher in dark sapropelic
marls than in gray calcareous marls (see Fig. 3E), where sapropels reflect moments of reducing conditions
on the seafloor that allowed for the preservation of organic matter. Changes in these environmental
conditions on the seafloor may well be controlled by changes in the climate affecting the Umbria-Marche
Basin, such as vertical mixing, as opposed to stagnation of deep-marine waters and/or eutrophication of
superficial waters with consequent excess production of organic matter. Nevertheless, slight undulations
of the paleoseafloor topography, as in the example of the Upper Cenomanian Scaglia Bianca Formation
(Beaudoin et al., 1996), may cause reducing conditions in depocenters, with consequent localized
accumulation of sapropelic sediment, and more oxidizing conditions on relatively higher, winnowed parts
of the seafloor, which would prevent preservation of organic matter (M’Ban, 1996).
The rhythmic alternation of gray calcareous marls and dark sapropelic marls in the Lower Tortonian
Marls-Sapropels Member was interpreted by Hüsing et al. (2007, 2009) as the expression of the
precession cycle where more or less dark sapropelic marls represented maxima in insolation, as opposed
to gray calcareous marls, which represented insolation minima. This interpretation would allow for the
astronomical tuning of the lithologic series with the astronomical solution of Laskar et al. (2004). However,
in the upper part of the Monte dei Corvi Beach section, which includes the Marly, Brownish, and Rossini
Members, sapropelic layers are rare, rendering tuning on visual lithologic inspection difficult, if not
impossible. Aware of all this, we performed a FFT spectral analysis of a high-resolution series of the total
organic carbon content of the Monte dei Corvi Beach section as obtained from LOI of powdered dry
samples at 360 °C (Figs. 7D1 and 7D2). Similar to the results for CaCO3, the Corg series yielded FFT
power spectra overwhelmed by relatively strong low-frequency power, masking higher-frequency signals
(Fig. 7 D2). Despite filtering the series with a broad band-pass of 0.1–1.6 m, the periodogram in Fig. 7 D1
still shows an overall noisy spectrum. We observe spectral peaks exceeding the 95% C.L. in the highfrequency band that are compatible with precession. However, equally strong peaks have periods of 29.7,
35.1, and 73.6 cm and cannot be ascribed to any of the Milankovitch astronomical parameters. No
significant signals above noise level are found in the short eccentricity band. A Hilbert test of the Corg
presumed precession band reveals a strong modulation by ~100 k.y. short eccentricity, and possibly also
by ~405 k.y. long eccentricity. However, no modulation of the filtered (85–150 k.y.) short eccentricity cycles
by long eccentricity can be deduced from Fig. 8 C2.
A sliding window p value test of the MS versus the Corg series (Fig. 10B) indicates poor correlation
between the two series through most of the section, with just a few intervals, i.e., 113.0–114.5 m, 120.5–
124.0 m, and 126.5–127.5 m, having a significant p value <0.1 and positive R coefficient. Surprisingly, not
even the apparently rhythmic Marls-Sapropels Member in the lowermost part of the section bears any
statistically significant correlation between the two series.
A comparison between the eccentricity band-pass curve of the MS series (filter of 1.0–1.8 m) and that
of the Corg series reveals a consistent antiphase relation through the Rossini Member, an in-phase relation
through most of the 3He interval (i.e., from 122 to 127 m), and inconsistent phase relations through the
pre-Veritas, lower part of the section (Fig. 10B). This suggests that organic matter through the Rossini
Member was preserved on the seafloor preferentially in times of low terrigenous influx or high calcareous
plankton production, equivalent to dry and possibly cold orbitally forced periods (i.e., eccentricity minima).
On the contrary, through the 3He interval, the opposite seems to have occurred: relatively reducing
conditions on the seafloor leading to preservation of relatively high concentrations of Corg during wet and
possibly warm periods. As for the part of the section preceding the 3He anomaly, no consistent relation
seems to exist between orbitally forced climatic changes and accumulation of Corg on the seafloor. More
specifically, in the interval 110–116 m, which expresses the characteristic rhythmic alternation of sapropels
and calcareous marls of the Sapropels-Marls Member, cycles 3, 4, and 5 show an antiphase relation
between the MS and Corg series, whereas cycles 1 and 2 show off-phase and in-phase relations,
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respectively (Fig. 10B). In summary, the FFT spectral analysis of the Corg series suggests that orbitally
forced climatic changes were not the sole cause of environmental changes in the deep sea in this part of
the western Tethyan Ocean during the latest Tortonian, when incipient restriction of the Mediterranean
Sea may have affected efficient mixing with the global ocean.
Oxygen Isotope Series
In a global glacio-eustatic climatic system, such as the one of the late Miocene, the isotopic composition
of oceanic water expressed by δ18O is the most direct signature of Milankovitch climatic oscillations, where
relatively high δ18O in marine biogenic carbonate indicates glacial periods (i.e., cold and generally dry) and
vice versa; i.e., relatively low δ18O indicates interglacial periods (i.e., warm and wet). In a glacio-eustatic
system, relatively warm and wet periods in the Northern Hemisphere occur at precession and eccentricity
maxima, whereas cold climate conditions occur at precession and eccentricity minima. Therefore, a δ18O
proxy series from a Tethyan marine pelagic carbonate succession is expected to record cyclic excursions
with periods compatible with orbital precession and eccentricity frequencies.
Through the Monte dei Corvi Beach section, the δ18O proxy series yielded noisy spectra dominated by
low-frequency signals (Fig. 7 E2), The filtered periodogram in Fig. 7 E1, which was meant to eliminate the
effect of overwhelming very low frequencies and highlight the higher-frequency components in the ETP
band, shows a most powerful and rather stationary signal with a period of 119.2 cm (102.2 k.y. in the time
domain, given our assumed sedimentation rate of 11.8 m m.y.–1), compatible with short eccentricity.
Powerful signals with periods of 28.8 cm (= 24.6 k.y.) and 23.2 cm (= 19.7 k.y.), are close to precession
frequencies, whereas a weak signal with a period of 44.1 cm (= 37.3 k.y.) is close to, but not quite, the
expected frequency of ~41 k.y. of obliquity. A strong signal with a period of 63.5 cm (= 55.5 k.y.) may
represent noise contained in the δ18O series. The periodogram of a Hilbert transform for the precession
band shows weak frequency peaks with periods of ~101 and 120 k.y. (Fig. 8 D1), which suggest a weak
eccentricity modulation. However, the same Hilbert test for the eccentricity band produces a peak with a
period of 361 k.y., which is close to, but not quite, the expected long eccentricity frequency of ~405 k.y.
(Fig. 8 D2).
A sliding window correlation between the MS and the δ18O series (Fig. 10C) reveals a relatively high
coefficient of negative correlation in the Rossini Member, indicating that samples with a high δ18O have a
low magnetic terrigenous component (or a relatively high biogenic carbonate component), as one may
expect. The same is observed in the lower part of the section up to meter level 114. Through the central
part of the Monte dei Corvi Beach section, which comprises the 3He anomaly, the correlation between MS
and δ18O switches to positive values, but p values through the intervals 114.0–119.5 m and 122.0–126.5
m are greater than 0.1, indicating poor or no statistically significant correlation.
A comparison between the eccentricity band-pass curve of the MS series and that of the δ18O series
reveals an almost consistent antiphase relation through most of the section, with the exception of in-phase
cycles 9 and 10 in the upper part of the massive Marly Member, which correspond to the lower part of the
3
He anomaly (Fig. 10C). Assuming that maxima in MS correspond to maxima in short eccentricity (warm
and wet climate conditions), the antiphase relation between the two proxy series is what one might expect
considering that high δ18O is indicative of global glacial conditions in a glacio-eustatic climate system.
Therefore, the in-phase cycles 9 and 10 are suggestive of an anomalous climatic event, which happens to
have occurred at the beginning of the abnormally high influx of extraterrestrial 3He-rich interplanetary dust
particles.
Carbon Isotope Series
The δ13C signature in marine carbonates reflects the complex interplay of biological, sedimentological,
and physical-chemical factors influencing the primary organic carbon productivity. Living organisms take
up 12C easier than the heavier 13C, so they get enriched in 12C compared with the global availability in
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nature. Consequently, the δ13C signal gives information about the carbon cycle, which is itself the result of
a number of factors, such as biological productivity on land and in the oceans, weathering rates, oceanic
circulation, carbonate cycle, and the relationship with pCO2 in the atmosphere (e.g., Wendler, 2013). In
general, it can be said that in the open-ocean domain, carbon isotopic fractionation is controlled by global
climatic conditions, which vary through time in response to orbitally forced, and thus cyclic, climate
changes. However, the orbital cyclicity of the δ13C signature in a marine carbonate succession may be
blurred or in any case altered in basins that are poorly connected with the open-ocean domain, and/or that
are strongly influenced by the influx of terrigenous material derived from surrounding tectonically active
orogens, as is the case for the late Miocene Umbria-Marche Basin. In fact, the δ13C proxy series from the
Monte dei Corvi Beach section yielded noisy spectra dominated by very low-frequency signals just as for
the δ18O series, whereas a filtered periodogram managed to highlight higher-frequency components
referable to the precession band, and a relatively strong signal with a period of 105.3 cm (92.2 k.y. in the
time domain) possibly representing short eccentricity, which seems to be more evident in the lower and
upper parts of the section (Figs. 7F1 and 7F2). A Hilbert test for the presumed precession band shows
weak frequency peaks with periods of ~98 and 125 k.y. (Fig. 8 E1), which suggest a weak short eccentricity
modulation, whereas a strong signal with a period of 406 k.y. from a Hilbert test for the short eccentricity
band reveals the expected amplitude modulation referable to long eccentricity (Fig. 8 E2).
A sliding window correlation between the MS and the δ13C series reveals poor or no correlation
throughout most of the section from 114.5 m up to 126.5 m, with a positive R coefficient (Fig. 10D), and
significant negative correlation with p values <0.1 in the intervals 112.5–114.5 m (upper part of the MarlsSapropels Member), 120.0–121.5 (inception of the 3He anomaly), and 126.5–129.5 m (comprising the
homogeneous upper part of the Brownish Member and the lower part of the Rossini Member).
As for a comparison of the eccentricity band-pass curve of the MS series with the δ13C series, cycles
1–7 (the pre-3He interval) and cycles 17 and 18 (the post-3He Rossini interval) are in antiphase relation.
This suggests that in high-eccentricity periods (warm and wet climatic conditions), the availability of 12C
in seawater was higher than in low-eccentricity periods, whereas through the rest of the section containing
the 3He anomaly, the cycles have variably in-, anti-, or off-phase relations (Fig. 10D).
It is interesting to note that the p value profile of MS versus δ13C is very similar to the profile of δ13C
versus δ18O, and that the eccentricity band-pass curves between the two stable isotope series are almost
consistently in an in-phase relation (Fig. 10E). All this indicates that the changes in these two stable
isotope series through this late Tortonian time interval had a common forcing agent, which was acting not
just in this part of the Tethys domain, but globally, if we consider the very similar pattern of negative and
positive excursions recorded in deep-ocean series and in the continental series as well, as previously
discussed and illustrated in Figure 6. However, that common forcing agent was not solely orbital climate
forcing. As discussed already, we observed inconsistent phase relations between the isotopic proxies and
MS throughout the 3He interval. The MS series signal was interpreted to be mainly driven by orbital climate
forcing, which suggests that the isotopic proxies experienced an additional driver throughout the 3He
interval. This additional climatic driver would thus be the cause of the observed inconsistencies in the
relationship between the isotopic proxies and MS. It is also interesting to note that the p value profile of
the δ13C versus the Corg series (Fig. 10F) indicates a significant negative R correlation through most of
the section, with the exception for the intervals 120.0–122.5 m (the first main 3He anomaly), and 128.5–
129.0 m (the base of the Rossini Member), where p values >0.1 indicate no statistically significant
correlation. This suggests that the inception of these two nonoceanographic events, i.e., the anomalous
influx of extraterrestrial 3He and the Rossini volcanism, somehow altered the cyclic, climate-controlled
carbon cycle affecting the Umbria-Marche pelagic basin.
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Astrochronologic dating of the Veritas events
Among the five high-resolution proxy series through the Upper Tortonian Monte dei Corvi Beach
section, only the MS series yielded FFT power spectra exhibiting stationary and statistically significant
(95% C.L.) frequency signals referable to the precession, obliquity, and eccentricity cycles. All the other
proxy series, including CaCO3, Corg, δ18O, and δ13C, yielded noisy power spectra dominated by lowfrequency signals, which dampened higher-frequency signals in the ETP band. Moreover, p value
correlation and the comparison of eccentricity band-pass curves of the MS series with the other proxy
series suggest that inconsistent relations exist, particularly in the middle part of the section, which is
characterized by an enhanced concentration of extraterrestrial 3He. Therefore, we attempted an
astrochronologic tuning of the Monte dei Corvi Beach section using short and long eccentricity signals
from the MS series correlated with the eccentricity from the solution of Laskar et al. (2004), as illustrated
in Fig. 11.

Figure 11: Synoptic graphic representation of the astronomical tuning of the Monte dei Corvi Beach (MCB) section, and astronomical age
derivation for the inception of the Veritas 3He interplanetary dust particle flux (ET—extraterrestrial) based on the long and short eccentricity (ecc.)
insolation cycle from the solution of Laskar et al. (2004). MS—magnetic susceptibility.
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The Monte dei Corvi Beach section can be anchored to the chronostratigraphic time scale at the
interpolated radioisotopic age of 7.3 ± 0.2 Ma for the Tortonian-Messinian boundary, as approximated by
the first occurrence of planktonic foraminifer G. conomiozea by Vai (1997), Odin et al. (1997a), and
Laurenzi et al. (1997). This chronostratigraphic boundary is found within the Rossini Member in the
Sardella section (Montanari et al., 1997), which is located up high in the Monte dei Corvi cliff some 200 m
to the northwest from the Monte dei Corvi Beach section, and would correspond approximately to meter
level 132.5 in the Monte dei Corvi Beach section of Hüsing et al. (2007, 2009). U/Pb dating by Wotzlaw et
al. (2014) of eight volcanosedimentary layers, which span the whole Rossini Member, yielded an age of
7.32 ± 0.02 Ma from zircons contained in a volcanosedimentary layer at meter level 132.46, thus
consistent, within analytical uncertainty, with the Ar/Ar interpolated age of 7.3 ± 0.2 Ma for the TortonianMessinian boundary (e.g., Odin et al., 1997b, and references therein). This date corresponds, in the
astrochronologic scale of Laskar et al. (2004), to a minimum of the long eccentricity cycle. The first long
eccentricity minimum preceding the one at the Tortonian-Messinian boundary falls within the upper part of
our Monte dei Corvi Beach section at about meter level 128.0. Here, two closely spaced U/Pb dates of
Wotzlaw et al. (2014) bracketing meter level 128.0 yielded a mean age of 7.58 ± 0.02 Ma, thus ~100 k.y.
younger than the astrochronologic age of 7.68 Ma for that long eccentricity minimum as calculated by
Laskar et al. (2004) (see also Fig. 11). From there, four other long eccentricity minima, as determined from
the FFT cyclostratigraphic analysis of the MS series, are recorded in the rest of the Monte dei Corvi Beach
section. The inception of the 3He anomaly, which we interpret as the chemostratigraphic signature of
enhanced influx of 3He-rich dust produced by the Veritas breakup, is located at about meter level 119.5,
i.e., very close to a minimum of the long eccentricity band-pass derived from the MS proxy series. A finetuning with the trend of Laskar et al. (2004) for this stratigraphic level based on short and long eccentricity
gives an astrochronologic age of 8.47 ± 0.05 Ma (Fig. 11), which is indistinguishable from, yet much more
precise than, the age of 8.3 ± 0.5 Ma for the Veritas breakup as calculated by astrophysical means
(Nesvorny et al., 2003). However, in the Monte dei Corvi Beach section, this 3He positive shift postdates
negative shifts of the oxygen and carbon isotopes by ~220 k.y., as well as a negative shift of the biogenic
CaCO3 (see Figs. 3 and 11). We interpret these shifts as the result of environmental changes caused by
the impacts on Earth of Veritas-derived meteoritic material coarser than interplanetary dust particles, and
therefore poor in 3He, which would have been exhaled upon ablation while crossing the atmosphere (see
following discussion). In this case, the actual Veritas breakup would have occurred at 8.69 ± 0.5 Ma.
Discussion
The oxygen and carbon stable isotope records through the early Tortonian–early Messinian deep-sea
benthos by Zachos et al. (2001), as well as those from terrestrial leaf δD and δ13C from the Arabian Sea
of Huang et al. (2007), reveal a change at ca. 8.5 Ma from a generally monotonic positive trend recorded
until then through the late Miocene to a 1.3-m.y.-long period characterized by rapid trend shifts, which
suggest global climatic instability (see Fig. 6). In particular, sharp positive shifts in δ18O of ~0.5‰ and in
δD of ~45‰ point to a rapid cooling event between ca. 8.3 and ca. 8.0 Ma. A less pronounced positive
shift is also found in the δ18O and δD records between ca. 7.7 and ca. 7.4 Ma. The fact that similar brief
δ18O and δ13C shifts are recorded in the Upper Tortonian Monte dei Corvi Beach section between 8.4 and
7.3 Ma (Fig. 6) suggests that this Tethyan pelagic succession records the same global climate changes
inferred from the isotopic records of the open ocean (Zachos et al., 2001) and continental environments
(Huang et al., 2007). Moreover, the alkenone SST record through the composite Monte dei Corvi–Monte
dei Corvi Beach section of Tzanova et al. (2015) reveals a slight negative shift at 8.5 Ma, which denotes
a gradual cooling of ~2 °C up to 7.6 Ma following a long time of relatively stable SSTs all through the
underlying Serravallian and Lower Tortonian section. In addition to stable isotopes, our high-resolution
cyclostratigraphic spectral analysis of environmental proxy series such as biogenic CaCO3 and Corg
suggest perturbations of orbitally forced climate cycles exactly through the interval with an enhanced influx
A-47

NIels_de_Winter_def.indd 333

13/02/19 10:32

of extraterrestrial 3He, which serves as the chemostratigraphic telltale of a collisional event that created
the Veritas family of asteroids (Farley et al., 2006, and references therein).
A similar situation, where Milankovitch cyclicity was disrupted or obscured through a pelagic carbonate
succession with a prominent 3He anomaly, was studied in the GSSP section for the Eocene-Oligocene
boundary at Massignano by Brown et al. (2009). In that section, Farley et al. (1998) originally attributed
the 3He anomaly to a comet shower, whereas Tagle and Claeys (2004) attributed it to an asteroidal
bombardment. The presence of several impact structures of late Eocene age (see review by Koeberl,
2009) and the recent finding of extraterrestrial chromite grains belonging to two different meteorite types
at the impact level of the Massignano section (Schmitz et al., 2015) support a multitype asteroid shower
at this time period. In the case of Massignano, as in the case of the Upper Tortonian Monte dei Corvi
Beach section, the MS series yielded FFT periodograms with clear ETP frequency signals, while the proxy
series of CaCO3, δ18O, and δ13C did not show a cyclic organization through the 3He anomaly. This was
hypothesized by Brown et al. (2009) as possibly due to the fact that random (i.e., noncyclic) extraterrestrial
events, such as comet or asteroid impacts, interacted with the continuous record of longer-term
Milankovitch cycles in such a way that they were disrupted or obscured during the deposition of carbonate
pelagic sediment (and thus the biogenic CaCO3 and stable isotope records). Interplanetary dust incoming
from an asteroidal breakup or a comet shower, or possibly the ejecta from a myriad of small meteorite
impacts during such extraterrestrial events, may have altered the transparency of the atmosphere, causing
global climate changes. On the other hand, the MS record, a proxy for the terrigenous influx, emerges
largely unscathed, probably because this particular proxy would be less susceptible to climatic overprinting
related to random extraterrestrial events than the other proxies. As suggested by Brown et al. (2009), the
usual eluvial detrital influx is just slightly augmented by the slowly accreting extraterrestrial dust, and/or
cold and warm spells would have affected the rhythmic, orbitally driven glacio-eustatic mechanism more
than the wet-dry Milankovitch cycles affecting midlatitude continental areas, which are the source of the
terrigenous (magnetic) influx in our Umbria-Marche Basin, thus giving to the MS proxy series a chance of
preserving some level of cyclicity.
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Figure 12: Correlation between the 3He record (in cm3/g at standard temperature and pressure [ccSTP/g]) of the Upper Cenomanian–Lower
Turonian Bottaccione section and the oxygen and carbon isotopic record from the same stratigraphic interval in the Bottaccione and Contessa
sections at Gubbio. Note that the unpublished δ18O data from the Bottaccione section were kindly provided by Mario Sprovieri. Cenom.—
Cenomanian. Planktonic foraminiferal biozones: Rotalipoora cushmani, Whiteinella archeocretacea, Helvetotruncana helvetica, Marginotruncana
sigali, Dicarinella concavata. K3—mid-Turonian 3He anomaly of Farley et al. (2012).

If the apparent coincidence of isotopic shifts and obscured Milankovitch cycles suggests a causal
relationship between the Veritas event and local environmental and global climatic changes in a broad
view, at a finer scale of observation, this coincidence is not as straightforward as it may seem. In the
CaCO3 and stable isotope series, for instance, negative shifts are recorded at meter level 117.5, whereas
the inception of the 3He anomaly is found at 119.5 m (Figs. 3B, 3D, 3F, and 3G). Thus, there seems to
be a delay of ~220 k.y. until the cascade of 3He-rich interplanetary dust particles with respect to
environmental and/or climatic changes. This delay would argue against a cause and effect relationship
between the Veritas asteroidal breakup and consequent environmental and/or climatic changes.
Nevertheless, a similar situation is found in the Lower Turonian pelagic section of the Bottaccione Gorge
at Gubbio. Here, a 15-m-thick interval (equivalent to ~1.8 m.y. duration) with elevated concentrations of
3
He attributed to a comet or asteroid showers by Farley et al. (2012) is preceded, by ~170 k.y., by δ18O
and δ13C shifts and excursions as they were determined in this section by Sprovieri et al. (2013). Stoll and
Schrag (2000) originally recognized these mid-Turonian isotopic events in the Gubbio section of the
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Contessa valley, ~2 km west from the twin Bottaccione section, during 10-cm-resolution analysis of bulk
carbonate samples. In either section, the initial δ13C negative shift is much sharper and more pronounced
than the δ18O shift (Fig. 12). Despite uncertainties in the precise correlation of isotopic excursions, which
were precisely located in the classic biostratigraphic section of Gubbio, and sea-level changes, which were
chronologically determined by Haq et al. (1987) upon a somewhat rough planktonic foraminiferal
biochronology, Stoll and Schrag (2000) found the correspondence between the sea-level curve and the
oxygen isotopic record of the Contessa section compelling (Fig. 12) and proposed that, in the light of the
correlation of regression events in the sea-level curve with positive oxygen isotopic excursions, there may
be a link between climate and sea-level changes, possibly through control of sea level by buildup of
continental ice sheets during episodes of climatic cooling. On the other hand, in the light of the study by
Farley et al. (2012), we found even more compelling the fact that these isotopic shifts and excursions
coincide exactly with the interval showing an enhanced concentration of extraterrestrial 3He. As
documented here, a very similar situation is found in the Upper Tortonian Monte dei Corvi Beach section,
where an elevated influx of 3He-rich extraterrestrial matter persisted for ~1.6 m.y. Common sense would
suggest that climate changes, with consequent environmental and sea-level changes, would not increase
the influx of extraterrestrial matter, but the other way around is plausible, as suggested by Brown et al.
(2009).
The question still to be answered is: Why, in both the cases of the mid-Turonian at Gubbio and the
Upper Tortonian at Monte dei Corvi Beach, do the isotopic negative shifts, which indicate climate and/or
environmental changes, predate the inception of the anomalous 3He influx by as much as 170 or 220 k.y.,
respectively? The simplest, Occam’s razor answer to this question is that in both cases, the extraterrestrial
event occurred at a time when climate was already changing toward warmer conditions in response to
background orbital forcing, thus giving a negative trend to the δ18O signature independently from the actual
extraterrestrial 3He influx. On the other hand, it can be envisioned that the cascade of comminuted
asteroidal matter initiated immediately after the breakup but prior to the arrival of an interplanetary dust
particle mass large enough to leave a global 3He signature. This initial cascade would contain a myriad of
larger particles, from “shooting star”–size grains to larger, several-tens-of-meters–sized objects (similar to
Chelyabinsk or Tunguska; cf. Farinella et al., 2001; Brown et al., 2013; Povinec et al., 2015), which,
vaporizing in the atmosphere or upon impacting on the surface of Earth, would exhale their volatile 3He
content back to outer space and would not be massive enough to leave a detectable PGE signature
worldwide. However, they may have been capable of causing an alteration of the atmosphere
transparency, possibly triggering a climate change, which would be recorded by the δ18O proxy with a
short trend shift. This may explain the small δ18O peak seen at 118.7 m in Fig. 13. Within the interval with
enhanced 3He, the two main peaks at ~121.5 m and 124.5 m, as well as the minor peak at ~126.5 m, all
coincide with maxima in the δ18O record, i.e., the end of short positive trends (Fig. 13). The coincidence
of these finer-scale isotopic shifts with the 3He peaks not only suggests that the interplanetary dust particles
(possibly associated with coarser asteroidal debris) cascaded in pulses after the Veritas breakup, but also
that these accretionary pulses led to short cooling events.
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Figure 13: Correlation between the variations of the extraterrestrial (ET) 3He flux and the excursions of the δ18O record through the Monte dei
Corvi Beach (MCB) section.

The stratigraphic relationships among the 3He, δ18O, and SST records in the Monte dei Corvi section
leads to a conundrum, a possible resolution for which requires a closer look at the available data. Tzanova
et al. (2015) established a direct relationship between increasing aridity and significant cooling in the
northern midlatitude circum-Tethyan region via high-resolution alkenone analysis through the composite
Monte dei Corvi succession (from ca. 13 to ca. 6 Ma; see Fig. 2). The most prominent feature in this protoMediterranean SST curve is an episode of sharp cooling of as much 7 °C from a mean of ~26.5 °C, starting
exactly at the base of the Rossini Member (ca. 7.7 Ma), which records an ~700 k.y. period of intense
regional volcanism. This cooling event precedes the inception of the Messinian salinity crisis, which, in the
Monte dei Corvi Beach section, is represented by the Euxinic Shales unit, followed by the mid-Messinian
gypsum-sapropel rhythmite of the Gessoso-Solfifera Formation (e.g., Galeotti et al., 2010, and references
therein). In the Euxinic Shales unit, the SST curve returns to values between ~24 °C and 26 °C, i.e., slightly
cooler than the Tortonian mean of ~27 °C, evolving with a negative trend, which reflects the positive trend
in the global oceanic δ18O record of Zachos et al. (2001; see also Fig. 6). Through the Rossini Member,
3
He concentrations of ~0.1 pcm3/g are a factor of 3–4 lower than those in the main anomaly interval
between 119.5 m (ca. 8.5 Ma) and 127.5 m (ca. 7.7 Ma), but they are still higher than background values
of ~0.05 pcm3/g through the mid-Tortonian up to meter level 119.5. All this suggests that the Rossini
Member records the tail of the Veritas interplanetary dust particle cascade, but the general SST cooling
and the large temperature excursions recorded in this interval were probably related to local environmental
changes caused by intense regional volcanism rather than a global climate change forced by orbital cycles
or by the effects of a petering-out extraterrestrial event. What is more relevant for the understanding of the
Veritas event is the subtle SST negative shift recorded by Tzanova et al. (2015) at meter level 119.5,
exactly at the inception of the main 3He anomaly (see Fig. 2). All through the enhanced 3He interval, the
SST decreases monotonically from ~27.5 °C to ~26.0 °C. This slight decay of the SST reflects the general
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positive trend in the δ18O through this interval, which, nevertheless, is punctuated by six minor positive
shifts corresponding to the peaks of 3He concentration (Fig. 13). Therefore, there seems to be a coherent
relationship among the local SST changes, the global climate changes, and the Veritas event. The
conundrum here is that the mean δ18O values through the enhanced 3He interval are lower than those of
the preceding Tortonian values. The change is sharp and denoted by a prominent negative shift at ~117.5
m (ca. 8.65 Ma), which is readily recognizable in the oceanic δ18O record of Zachos et al. (2001), and the
continental δD record of Huang et al. (2007). This indicates that during the Veritas interplanetary dust
particle cascade, global climatic conditions were actually warmer and wetter than in the preceding
Tortonian interval, but the alkenone record indicates that local SSTs were instead slightly lower. A possible
explanation of this apparent paradox may be that the cascade of asteroidal debris, which after the Veritas
breakup came in pulses, caused repeated climate changes toward cooler temperatures when particulate
matter derived from a myriad of small meteoritic impacts diminished insolation by rendering the
atmosphere more opaque (cf. e.g., Muller, 2001; Pavlov et al., 2005), and then switching to warm spells
in the following period with an atmosphere still polluted by greenhouse gases. Globally, the first warm spell
would have affected the glacio-eustatic system, which responded with an enrichment of 16O in seawater
(negative δ18O shift), and a global sea-level rise, but locally, the impact-induced cold spells may have
prevailed, leading to a slight decrease of the SST.
Conclusions
Our chemostratigraphic analysis of the Upper Tortonian Monte dei Corvi section shows an
extraterrestrial 3He anomaly produced by fivefold increase in interplanetary dust particle influx. This
probably originated from a collisional event in the asteroid belt that created the Veritas family of asteroids.
Cyclostratigraphic spectral analysis of a high-resolution MS proxy series yielded a spectrum of significant
frequency peaks compatible with Milankovitch cycles (i.e., precession, tilt, and eccentricity), which
promoted an eccentricity-based tuning of the section using the orbital solution of Laskar et al. (2004). From
this, we derived an astrochronological age of 8.47 ± 0.05 Ma for the inception of the extraterrestrial 3He
influx, and an age of 8.69 ± 0.05 Ma for the actual asteroidal breakup, which is consistent with, yet more
precise than, the age of 8.3 ± 0.5 Ma calculated by astrophysical means by Nesvorny et al., (2003) for the
Veritas breakup. The 3He influx came in four main pulses before drastically dropping down at ca. 7.7 Ma
and then petering out to background levels at ca. 6.9 Ma. Spectral analysis and cross-correlation of other
four environmental proxies (i.e., biogenic calcium carbonate and organic carbon contents, and oxygen and
carbon isotopes), as well as existing high-resolution SST data from the same section, suggest that global
and local environmental conditions were altered, and orbitally forced climatic cycles were obscured by the
interference of random forces. This leads us to the hypothesis that pulses of extraterrestrial material
produced by the Veritas breakup cascading on Earth caused periodic opacification of the atmosphere, with
consequent alteration of global and local environmental conditions. In summary, chemostratigraphic
evidence of a collisional event that created the Veritas family of asteroids and coincident climate
perturbations on Earth suggest yet another form of interaction between Earth and the solar system, which,
nevertheless, may help in fixing boundaries for future modeling of asteroidal breakups, and their possible
effects on Earth’s environmental and climatic systems.
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A2 Tree ring archives
As discussed in 1.2.3, tree ring archives are valuable recorders of paleoenvironmental change in the
Common Era (Esper et al., 2002; Griffin et al., 2013; Espen et al., 2014; Cook et al., 2015). Their use for
deep time reconstruction is, however, limited due to the relatively poor preservation potential of wood in
the fossil record (Sheppard, 2010). Nevertheless, tree ring archives can be used to assess rapid changes
in the environment in more recent times. The techniques developed within the scope of this PhD research
can be applied on dendrochronological archives to obtain more information about environmental changes
in the Common Era. An example of the application of these techniques is given in this subchapter. The
study presented here combines high-resolution trace element analyses on tree cores to reconstruct the
uptake of heavy metals by trees during their lifetime. The trees used in this research project were grown
on highly contaminated soils that contained waste from metal smelters in Northern France (NoyellesGodault, Pas-de-Calais). The uptake of trace metals by these trees therefore has important implications
for the remediation of contaminated soils by living plants (phytoremediation). Results of this study shed
light on the amount of trace metals that can be taken up by the trees, the seasonal variations in uptake
rates and the efficiency of various tree species in taking up heavy metals and other trace elements. These
results not only provide a detailed assessment of the efficiency of phytoremediation practices, they also
shed light on the incorporation of trace elements into trees on a seasonal scale. The latter has bearing on
the use of these trace elements to reconstruct environmental change from tree ring archives.
References
Cook, E.R., Seager, R., Kushnir, Y., Briffa, K.R., Büntgen, U., Frank, D., Krusic, P.J., Tegel, W., van der Schrier, G., Andreu-Hayles, L., 2015. Old
World megadroughts and pluvials during the Common Era. Science Advances 1, e1500561.
Esper, J., Cook, E.R., Schweingruber, F.H., 2002. Low-Frequency Signals in Long Tree-Ring Chronologies for Reconstructing Past Temperature
Variability. Science 295, 2250–2253. https://doi.org/10.1126/science.1066208
Esper, J., Düthorn, E., Krusic, P.J., Timonen, M., Büntgen, U., 2014. Northern European summer temperature variations over the Common Era
from integrated tree-ring density records. Journal of Quaternary Science 29, 487–494.
Griffin, D., Woodhouse, C.A., Meko, D.M., Stahle, D.W., Faulstich, H.L., Carrillo, C., Touchan, R., Castro, C.L., Leavitt, S.W., 2013. North American
monsoon precipitation reconstructed from tree-ring latewood. Geophysical Research Letters 40, 954–958.
Sheppard, P.R., 2010. Dendroclimatology: extracting climate from trees. Wiley Interdisciplinary Reviews: Climate Change 1, 343–352.

A-56

NIels_de_Winter_def.indd 342

13/02/19 10:32

A2.1 Radial metal concentration profiles in trees growing on highly contaminated soils

This chapter was published in an international peer-reviewed journal:
Superville, P.*, de Winter, N.J.*, Phung, A.T., Priox, N., Baeyens, W., Gao, Y. 2017. Radial metal
concentration profiles in trees growing on highly contaminated soils. Chemosphere 172: 80-88.
* P. Superville and N.J. de Winter contributed equally to this manuscript
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White willow was the best accumulating tree for Zn and Cd.
The more mobile the metal in the soil, the higher its concentration in the trunk.
Laser ablation ICPMS visualizes radial metal concentration profiles.
Radial profiles were mostly periodical for Pb and decreasing for Cu.
Radial Cd and Zn profiles were related to their soil mobility.

Abstract
The soil around Metaleurop, a big smelter, is heavily contaminated by Zn, Pb, Cd and Cu. In order to
compare the impact of different soil amendments on the metal availability to trees, the polluted soil section
was divided in a reference parcel and two others with either sulfo-calcic or silico-aluminous ash
amendments. Five different tree species were planted on the parcels and the uptake of heavy metals in
these trees was studied. Total and labile metal fractions were assessed in each of the 3 parcels. The
mobility and assimilation of the metals was highest in the non-amended, reference soil parcel which had
the lowest pH, organic matter and carbonate content. In all soils, pH decreased while organic matter
content and mobility of the metals increased over time.
Highest bulk concentrations of trace metals were found in white willow trees (Salix alba L.). Laser
ablation-ICPMS was used to study changes in metal accumulation over a period of 10 years after planting
the trees. The radial metal profiles in the trunk core samples varied between elements and tree species,
however, in all willow trees the radial Cd and Zn profiles were significantly correlated.
Radial pollutant concentration patterns are discussed in terms of seasonal effects, health status, tree
species and metal mobility in the soil. For Cd and Zn, the profiles were influenced by their mobility in the
soils. In general, periodical patterns were observed for Pb. Cu concentration profiles were decreasing over
time, with the strongest decrease in the initial growth period.
Introduction
Metaleurop in Noyelles Godault, Pas de Calais (France) was one of the biggest smelters in the world.
Founded in 1894, it was closed down in 2003. Typical production values of Pb and Zn were respectively
150,000 and 100,000 tons per year (Magnier et al., 2011). High amounts of these metals, but also of Cd,
Cu or Hg, were released in the environment with, for example, in 2002, 32 tons/y of Zn, 17 tons/y of Pb
and 1 ton/y of Cd (Lopareva-Pohu et al., 2011). In the Deûle Canal, Metaleurop directly discharged
wastewater containing high concentrations of several metals but transport of ores to the factory also
contributed to the pollution of the Canal. In sediments of the Deûle, Pb values ranged between 500 and
6000 mg/kg, and in the soil around the smelter (an area of about 45 km2), the average Pb concentration
amounted to 200 mg/kg. However, values could be much higher locally (Sterckeman et al., 2000,
Sterckeman et al., 2002).
Since the closing down of the smelter, several studies were performed to establish an inventory of the
environmental damage caused by the smelter's activity (Lesven et al., 2010, Lourino-Cabana et al., 2010,
Lopareva-Pohu et al., 2011, Magnier et al., 2011). After the factory was completely destroyed, an ecoproject aiming at the recycling and/or vaporization of the industrial wastes was developed and managed
by Suez Environment (Sita Agora) on the former industrial site of about 0.5 km2.
But outside and especially downwind of the production site, large areas of soils are still heavily
contaminated. Unfortunately, the contaminated area is too large to be remediated in an economically
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relevant way by currently applied remediation techniques (dig and dump of soil). Moreover, in order to find
new income sources for local farmers, a sustainable management of these polluted soils is crucial. In this
context, the PHYTENER project (Rapport Phytener, 2014) aimed to study phytostabilisation in combination
with energy crop production and eventually soil de-pollution. An approximately 1 ha experimental site was
set up in 1999 on a former agricultural field, 600 m north and downwind of the former smelter. Trees were
planted on the entire surface, following regional practices for restoring brownfield land, with about 1800
trees.
The wood crop project focused on the capacity of trees to stabilize the soil and to remove metals from
it. In addition, the long-term effect (10 years) of soil amendments on the metal profiles in the trees and on
the soil stability was studied. For this purpose, the polluted soil section was divided in three sub parcels:
one called “T”, the reference parcel without any soil amendment, one called “C”, a parcel where ash from
the thermal power plant in Carling was used as soil amendment, and a third parcel “G”, where ash from
the thermal power plant in Gardannes was used as soil amendment.
The goals of this study were (1) to assess the effect of the modification of the soil characteristics on the
mobility of the metals in the amended and non-amended soils; (2) to compare the metal assimilation
behaviour of the different tree types in each of the sub-parcels and (3) to determine assimilation behaviour
changes through the growth time of the trees and afterwards. General parameters and metal
concentrations in the soils in the 3 parcels (total and labile concentrations) were measured in 2001, 2008
and 2011. To study the metal assimilation by the trees, core samples from the bark of the tree trunk towards
its center (5 mm in radius) were collected in 2011 and radial profiles of Cd, Cu, Pb, Zn and C (the latter
element to account for instrumental variations) were determined along the sample's section length using
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICPMS). Some studies have used LA-ICPMS
to determine element concentration profiles in wood samples, but use of this method is limited (Prohaska
et al., 1998, Hoffmann et al., 2000, Kyser et al., 2003, Witte et al., 2004, Bukata and Kyser, 2008, Monticelli
et al., 2009, Novak et al., 2010). Moreover, these studies generally focused on the relation between
changes in metal accumulation by one tree species in response to a significant change in soil chemistry
during the growth of the trees, which did not happen in this study. In addition, these studies studied trees
over a much larger time span (>60 years) than this study.
Methods and materials
Study area
Details about the sampling site can be found in Lopareva-Pohu et al. (2011). Briefly, the sampling site
was set up on a former agricultural field in 1999. This site is located at Evin-Malmaison, 600 m north and
downwind of the former Metaleurop Nord smelter, France. The sampling site is approximately 10,000 m2
in area. In 2000, it was separated into three parcels, each of about 3000 m2. In two of those parcels, ashes
were added to the soil while the third parcel, which did not receive any addition, served as a reference
(parcel T). The first ashes, called Carling and spread out on parcel C, correspond to silico-aluminium ash
issuing from combustion of hard coal sludge. Gardanne ashes, consisting of sulfo-calcic ash issuing from
the combustion of 90% lignite from the Provence and 10% of sludge from the Gard (France), were spread
out on parcel G (the composition of the ashes is shown in S11.2). For each of the ashes, the supply to the
soil was equal to 6% (mass/mass) considering a homogenized depth of 30 cm. In fall 2000, 1800 trees of
5 species were planted: black locust (Robinia pseudoacacia L.), black alder (Alnus glutinosa L.),
pedunculate oak (Quercus robur L.), sycamore maple (Acer pseudoplatanus L.) and white willow (Salix
alba L.).
Due to a very dry spring in 2001, a high mortality of the trees was observed in this year, especially in
the black locust (between 25 and 44%) and oak trees (between 24 and 38%). In the 3 remaining species
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the mortality ranged from 2 to 7% depending on species and parcel. In December 2001, each dead tree
was replaced by a tree of the same species originating from the same garden center. In 2004, 80% of the
black alder, sycamore maple and white willow trees, planted or replanted, were still alive in each parcel.
Only oak trees still showed a high level of mortality. Between 2001 and 2004, most of the trees showed
several signs of stress, such as leaves turning yellow, fading and wilting, abnormal defoliation,
deformations and abundant fructification for certain species, but those signs gradually disappeared.
Results indicate that the soil amendments had no effect on the growth of the trees, neither the height nor
the diameter of the trunk were different between parcels.
Trunk core samples
Horizontal cores were sampled in 2011 from the bark to the center of the trunk at a height of 1.5 m
using a 5 mm stainless steel increment borer. The cores were washed with ethanol and abundantly rinsed
with distilled deionized water. Tree cores were then air-dried and stored in sealed plastic bags until analysis
with LA-ICPMS. A total of 9 cores were analysed: T1S1, T1S2 and T1S3 (3 white willows (S) from the nonamended soil parcel), T1A1, T1R1 and T1E1 (black alder (A), black locust (R) and sycamore maple (E)
from the non-amended soil parcel), G2S1 (the white willow in soil parcel G) and C2S2 and C2S3 (white
willow trees in soil parcel C). This made it possible to compare different species in the same soil parcel
(non-amended T) to investigate inter-species variability and to study the effect of soil amendment
(comparison between the same tree species in soil parcels T, G and C). To assess the growth rhythm of
the trees, trunk core samples were treated with increasingly fine sandpaper at the University of Arras until
individual growth rings became visible.
LA-ICPMS analyses of trunk core samples
Element concentration profiles in the tree cores were determined along the growth axis using LA-ICPMS
with a UP193FX laser (New Wave Research) coupled to a quadrupole-based ICP–MS instrument
(ThermoFisher Scientific XSeries II), at the Laboratory of Analytical and Environmental Chemistry (ANCH),
Vrije Universiteit Brussel, Brussels, Belgium. Helium carrier gas was mixed with argon before the plasma
torch. Optimization was assured daily using the NIST SRM-612 glass standard reference material. The
laser was operated in line mode with a beam diameter of 100 μm, an ablation rate of 10 μm/s, an
acquisition time of 1 s and a frequency of 40 Hz to measure element concentrations along the growth axis
from the core (trunk center) to the edge (bark). Counts of each element were normalized to 13C to account
for variations in ablation and transport efficiency to the plasma (Monticelli et al., 2009, Gao and Lehto,
2012, Gao et al., 2015). The instrumental reproducibility of the LA–ICP–MS system was evaluated using
MACS-1 carbonate standard reference material. Signal intensities of metals (Cu, Zn, Cd and Pb) were
recorded because they were the most enriched in the soil around the Metaleurop factory. The LA and ICP–
MS settings and the measurement conditions are summarized in S11.3. The reference materials MACS-1
and MACS-3 were used to test measurement quality and were analysed each day at the start and at the
end of the measurements.
Total analyses of trunk core samples
Bulk Cd, Cu, Pb and Zn concentrations in the trunk core samples (μg-metal/g-wood) were analysed by
ICPMS by the University of Arras. The wood samples were first ashed, then digested in concentrated nitric
acid in a microwave oven, diluted, filtered and analysed by ICPMS. Dry ashing at 550 °C is a commonly
employed sample preparation technology that has been widely used in elemental analysis (Hoenig and de
Kiersabiec, 1996).
Soil analyses
Concentrations of Cd, Pb, Zn and Cu were determined in 300 mg sieved (250 μm) soil samples after
digestion with aqua regia (HCl/HNO3, 4:1 by volume, 6 mL) at 95 °C for 75 min (Alsac, 2007). The solution
was diluted to 25 mL with distilled water and filtered on 0.45 μm on a Millipore filter (cellulose acetate). For
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the determination of Ca and Mg in soil samples, the procedure was repeated using HF/HClO4 instead of
aqua regia. Measurements were performed with flame atomic absorption spectrophotometry (AA-6800,
Shimadzu).
Color analyses
Color analysis was carried out on the while willow sample T1S2 from the non-amended soil. Highresolution (6400 dpi, ∼4 μm resolution) color scans were made of the entire surface of the tree core using
an Epson Perfection 2450 flatbed scanner. Color scans were taken in L*a*b* color space. Color
parameters L*, a* and b* are independent of the measurement device and perceptually uniform, so they
would yield the most repeatable results. Profiles of color parameters were extracted from the color scans
parallel to the growth axis of the tree core using ImageJ image processing software (Rasband, 1997–
2006). Color values in all three parameters were normalized to 100%.
Statistical analyses
The high resolution data obtained by LA-ICPMS on trunk core samples (10 μm) introduces large
variability between adjacent data points, hampering the interpretation of the radial metal profiles. The wood
structure contains channels, changing the sample density and inducing variability in the measurement
(e.g. Zhu et al., 2016). To highlight the longer scale variations that are of interest in this study, a locally
weighted regression smoothing process (Cleveland and Devlin, 1988) was applied on the raw data.
Pearson's correlation coefficients between all elements in the same tree (all 9 radial trunk cores) and in
the three willow trees in the non-amended soil parcel (intra-species) were calculated to study similarities
in assimilation of different elements between tree cores.
Results and discussion
Soil characteristics
While soil amendment had little effect on the metal concentrations in the soil, pH, Organic Matter content
(OM), carbonate content and the concentrations of Mg and Ca were affected (Table 1, Table 2). The upper
25 cm of the soil shows almost constant metal concentrations within parcels and between parcels T, C
and G (Table 1). pH, OM, carbonate content, Ca and Mg are also constant within parcels, but vary between
parcels (Table 2). The upper 25 cm soil layer was homogenized by mechanical mixing which explains why
even for the amended soil parcels the homogeneity within a parcel is high. However, the metal
concentrations in the soil decrease strongly below a depth of 25 cm: surface soil concentrations of Pb (950
mg kg−1) and Cd (17.5 mg kg−1) are more than 30 times higher than in the deeper soil layer, while for Zn
(1200 mg kg−1) the enrichment factor is around 20 and Cu (40 mg kg−1) is enriched three times (Table
1). However, the total metal concentration in the soil may not be the best predictor for its concentration in
the tree. The mobile fraction of the metal is a better predictor, because that fraction is directly available for
assimilation by the roots. According to sequential extraction results (Rapport Phytener, 2014) based on
the procedure of Rauret et al. (2000), Cd is the metal with the highest exchangeable fraction (60%)
followed by Zn (31%), while Pb is only for 13% present in the exchangeable fraction but for 77% in the
reducible one, mainly in the form of Pb-oxydes or as Pb associated with Fe and Mn oxydes/hydroxides. In
addition, using the CaCl2 extraction method, it appears that the fraction of Pb that is released from the soil
is between ten and hundred times lower than for Zn and Cd (Table 1).
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Table 1: Total (mg * kg-1) and labile (% of total) metal concentrations in the soil of parcels T, C and G. Mean values (STD)

Table 2: Physico-chemical variables in the soil of parcels T,C and G. Adapted from Rapport Phytener (2014) Mean values (STD)

Those results explain the low mobility of Pb in the different soil parcels and are in line with literature
demonstrating the weak phyto-disponibility of Pb in soils and the low transfer from the roots to the aerial
parts (Pourrut et al., 2011). Lead is a toxic metal so plants do not possess transporter elements for this
element in their tissues (Peralta-Videa et al., 2009). In contrast, Cd and Zn accumulation processes are
similar (Benavides et al., 2005, Verkleij et al., 2009).
In the non-amended, reference soil parcel, Cd shows the highest mobility (>3%), followed by Zn (0.15%)
and Pb (0.015%). This ranking remains the same in the amended soil parcels but with lower percentages.
Because of the high metal concentrations and high mobility of the metals in the reference soil parcel, intraspecies variability was studied in this parcel. There is a correlation between metal mobility and the soil
acidity: highest metal mobility is found in the most acidic soil (parcel T), while slightly more basic (parcel
C) and even more basic (parcel G) soils show lower metal mobility (Table 2). This may explain differences
in metal concentrations of trees from different parcels. pH, OM concentration and metal mobility also
changed with time (Table 1, Table 2). Indeed, the pH decreased over time in the 3 parcels while the OM
concentration increased. At the same time, the labile fraction of Cd and Zn in the soil increased in all
parcels from 2001 to 2008 and further to 2011. For Pb there was no increase in mobility between 2001
and 2008 (results for 2011 are lacking).
The influence of the ashes on the physicochemical variables in the amended soils is still visible in 2008
and 2011 (Table 2). The pH in the amended soils is more basic than in the reference soil and the OM
content higher, especially in parcel G. In fact, the soil slowly evolves from an agro-system (higher pH) to
a forest soil (lower pH). The ashes, however, due to their high carbonate content limit the acidification of
the soils by buffering the pH and slow down the OM degradation. The evolution from agro to forest soil,
indicated by a lowering of pH but also an increase of OM, has a positive effect on the mobility and thus
assimilation potential of the metals. This effect is stronger in the reference soil than in the amended soils,
showing that the amendments slow down the uptake of the contaminants.
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Table 3: Mean metal concentrations (µg metal/g wood) in tree trunk (Mean values (%RSD)). S = White willow, A = Black alder, E = Sycamore
maple, T = Black locust. T = soil without amendment, G = Solico-aluminous ash amended soil, C = Sulfo-acidic ash amended soil

Table 4: Limit of detection (LOD) and accuracy of the LA-ICPMS method using various Certified Reference Materials (CRMs) na = CRM value
not available

Total metal concentrations in trees
The bulk metal concentrations in tree cores in the 3 parcels are presented in Table 3. In the reference
soil, metal concentrations were compared between tree species. Willow trees accumulated the highest
amounts of metals, followed by black alder, sycamore maple and black locust. The difference between the
metal concentrations in willow and black alder trees was large, especially for Cd (more than 10 times
higher) and Zn (3 times higher). The willow trees in the non-amended, reference parcel had the highest
concentrations although willow tree C2S2 in the soil amended with sulfo-calcic ash also showed high metal
levels in its trunk (Table 3). In addition of the higher pH, the high OM content in the soil of parcel G limits
the metal assimilation too. In black alder, the highest concentrations of Cd, Zn and Pb were also observed
in the reference parcel (Table 3).
The ratio of metal concentration in the tree trunk of the white willows versus that in the soil of the
reference parcel is highest for Cd (0.24–0.33) and Cu (0.14–0.23) followed by Zn (0.037–0.045) and Pb
(0.005–0.006). Apparently, the higher the labile fraction of a metal is in the soil, the higher the ratio of its
concentration is in tree versus soil.
Metal concentrations in the trees are mainly controlled by uptake via the roots (e.g. Pulford and Watson,
2003) and this process is influenced by a series of variables related to (1) the soil (e.g. contamination level,
physicochemical conditions (pH, organic ligand concentrations), stratification and geological composition);
(2) the tree (e.g. the type, the physiological state and age); (3) meteorological variables during the growth
period (e.g. temperature, rainfall, hours of sunshine). As mentioned before, the health status of the trees
was bad for a short time after they were planted. Sycamore maple and willow trees planted or re-planted
in 2001 did not show any further indications of stress after this period. For those tree species, no difference
was observed between the 3 parcels.
Not all metals accumulated at a similar rate and some tree species accumulate faster than others. Salix
clones are very efficient in accumulating heavy metals (Brooks, 1998, Eriksson and Ledin, 1999, Pulford
and Watson, 2003), especially Cd and Zn. Their metal transfer coefficients for Cd and Zn were
considerably greater than for other heavy metals (Labrecque et al., 1995). While the Zn and Cd
contamination in the soil of the Campine Region in the Northeast of Belgium is about a factor 3 lower than
in the soil at the Metaleurop site, the concentrations in the trunk cores of the willow trees in this region are
3–8 times higher (Van Slycken et al., 2013). A higher labile fraction of Zn and Cd in the Campine Region
soil may be an explanation for this offset.
A major question in this study was if trees were capable of decontaminating the soil. Based on our
results the amount of metal accumulated by the trees is almost negligible compared to the amount present
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in the soil. After 10 years of growth, a willow tree eliminates all Cd, Cu and Zn in about 0.5–2 kg of soil
(roughly 0.001 m3). For Pb this amounts to only 0.05 kg of soil.
Radial trace metal profiles in tree trunks
Values of MACS1 and MACS3 certified reference materials measured by LA-ICPMS in this study (Table
4) are always within 6% of the certified value. From these results the limit of detection (LOD in μg/g) was
calculated for Cu (0.6), Zn (0.02), Cd (0.03) and Pb (0.05). In addition, the relative standard deviation of
reproducibility (RSD) for the selected metals varied between 14 and 18% (N = 5).
To test the repeatability (reproducibility on a longer time period) of the LA-ICPMS method on wood
material, longitudinal profiles of the 4 trace metals in sample T1A1 (Black Alder in non-amended soil) were
repeated on two different days. For all elements, a good agreement was observed (Fig. 1) with correlation
coefficients (ρ) of 0.66, 0.87, 0.88 and 0.91 respectively for Cu, Zn, Cd and Pb.

Figure 1: Radial concentration profiles (g metal/g carbon in T1Ai (Black alder in the non-amended, reference soil parcel). Replicate
measurements were carried out on 08/28/2012 and 09/18/2012.

In Fig. 2a the radial trace metal profiles in the willow trees of the reference parcel are shown (T1S1,
T1S2, T1S3), Fig. 2b shows those of the willow trees in the 3 parcels (T1S3, C2S2, G2S1) and Fig. 2c
shows those of all tree species in the reference parcel (T1S3, T1A1, T1R1, T1E1). From these figures it
is clear that the radial trunk profiles differ per element and per species, and attention is drawn on general

A-64

NIels_de_Winter_def.indd 350

13/02/19 10:32

trends

in

the

tree

profiles.

Figure 2: Radial concentration profiles (g-metal/g-carbon) in the trunks of tree species, in the 3 parcels (T = reference parcel; C = parcel
amended with Carling ash; G = parcel amended with Gardanne ash). (2a) Profiles of all willow trees (T1S1, T1S2 and T1S3) in the reference soil
parcel; (2b) Profiles of willow trees (T1S3, G2S1 and C2S2) in the reference and the 2 amended soil parcels; (3) Profiles of all tree types (white
willow-T1S3, black alder-T1A1, black locust-T1R1 and sycamore maple-T1E1) in the reference soil parcel.
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Figure 2 (cont)

Cupper profiles
The Cu concentration profiles are slightly decreasing over time with a much stronger decrease in the
initial growth period (close to the center of the trunk). The largest differences in radial Cu profiles are found
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between tree species. In all parcels, willow trees showed the same general pattern except for 1 tree in the
reference parcel (T1S1). The radial profiles of the other tree types are almost flat compared to those of the
willow trees.
Differences in soil characteristics do not seem to result in differences in radial Cu profiles for the willow
tree. The strong decrease in Cu concentration during the first 2–3 years may be related to (1) the bad
health status of many trees in the first years after they had been planted and/or (2) a very high uptake of
Cu in the initial period which constituted an internal stock of that element.
Zinc and cadmium profiles
Because the radial Cd concentration profiles resemble those of Zn very well, especially in willow trees
all Zn and Cd profiles are significantly correlated (see Pearson correlation S11.4), both metals are
discussed together. Also Witte et al. (2004) reported a similar behaviour between Zn and Cd in Engelmann
spruce trees. However, Monticelli et al. (2009) did not find this in European Larch and Himalayan cedar
trees. The radial Zn concentration profiles in the 3 willow trees of the reference parcel have more or less
similar patterns: a small decrease from the center followed by a constant level until almost half the core
length, then the concentration increases (strongest for willow T1S1) to a higher level with a final sharp
increase at the bark. This pattern is also observed for the willow in parcel C and black alder in the reference
parcel (T1A1). The radial profiles in the other trees (G2S1, T1R1 and T1E1) show a much longer constant
concentration level before increasing at the bark. For Cd a small increase and then decrease from the
center is observed in willow trees, while in all other tree species in the reference parcel (black alder, black
locust and sycamore maple), the radial profiles of Cd have much lower concentrations than in the willows,
which results in a flat concentration profile from center to bark.
It is well documented in literature that bark metal concentrations are consistently higher than those in
wood (Sander and Ericsson, 1998, Dickinson and Lepp, 1997, Pulford et al., 2002). Between 2001 and
2011, Cd and Zn mobility increased in all soil parcels (Table 1), but this is only reflected in the radial
profiles after about half their length. In the soil of parcel G, Zn and Cd have a lower mobility than in the 2
other parcels. This is translated in much flatter radial concentration profiles for Cd and Zn of the willow tree
G2S1. The effect of enhanced soil mobility can also be counter-acted by the fact that trees grow deeper
root systems while aging, so the metal concentrations in the trunk are no longer dominated by uptake from
the contaminated surface layer. For example Eriksson and Ledin (1999) found in their study on Salix
clones, that uptake occurred throughout the soil profile, up to a depth of 65 cm. This is much deeper than
the heavily contaminated surface layer of 25 cm, implying that the lower assimilation rate from the
uncontaminated deeper soil layer may dilute higher assimilation from the surface layer rate, due to an
increased metal mobility. Prohaska et al. (1998) proposed another explication that could compensate for
the increased Cd and Zn mobility in the soils: most trees show a decline in cation concentration with
increasing tree age which is linked more to the binding exchange properties in the woody tissue than to
the sap-soil chemistry. Increased soil mobility will therefore not directly lead to a (much) higher assimilation
rate.
Lead profiles
The radial Pb concentration profiles show the most periodicity, with the most regular period found in the
black locust (T1R1). The peaks are generally well separated and at the bark, the end of the profile,
concentrations are generally even close to zero. These periodical Pb patterns may be related to seasonal
variables. The degradation of organic matter in soil, which is highest in the warmest months of the year
because it is linked to bacterial activity and bacterial activity is temperature dependent, may induce
reducing conditions in that period. Most studies regarding Pb concentration profiles in trees focused on
the relation between the Pb profiles and changes in soil contamination (Witte et al., 2004, Prohaska et al.,
1998, Monticelli et al., 2009). Lead and Sr concentrations in control and tailings-impacted rings of
Engelmann Spruce remained similar and relatively constant through time and are not useful in determining
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changes in soil chemistry due to past mining activity (Witte et al., 2004). Very high concentrations of metals
such as Pb in the soil may not be detected in the tree rings of fast-growing trees (Prohaska et al., 1998).
In cedar and larch, Pb profiles did not match the sedimentary record (Monticelli et al., 2009). According to
those studies, Pb concentrations in trees and changes in soil chemistry seem not to be related. There is,
however, a large difference in time scale between these studies (>60 years and no focus on seasonal
variation) and the present one. On the other hand, Novak et al. (2010), concluded that Norway Spruce
growth rings faithfully recorded historical changes in Pb deposition, but here seasonal variation was not
discussed.
A final element of discussion when interpreting radial metal profiles in trees is radial transport within the
tree trunk. Rapid lateral movement of water from xylem to phloem in Salix trees was reported by Epstein
(1972), while Hagemeyer and Hubner (1999) observed a conceivable redistribution of Pb in stems of
spruce trees, possibly via the axial xylem sap stream. In contrast, radial mobility of Pb in xylem did not
seem to affect Pb trends in growth rings of Norway Spruce (Novak et al., 2010).
The radial metal concentration trends discussed here are based on a length scale and not on a time
scale. These trends are, however, general characteristics of the metal concentration profiles in the tree
trunks which would not differ when using a time scale. To get an idea of the difference between time and
length scales a time scale was determined in willow tree T1S3, for which 6 year rings could be identified
with the visual method in use at the Arras University. In that wood core sample, the longitudinal profile of
Mg (assessed with LA-ICPMS) was compared with that of color change to detect seasonal changes in
assimilation rate (Bilodeau-Gauthier et al., 2011). The expansion rate of the trunk is normally higher during
the growth period than in winter influencing the density and the color pattern. Coinciding peaks for both
variables and the 6 growth rings identified by the visual method (in total 9 on 10 year rings could be
determined) are shown by vertical bars in S11.1. The annual periods varied relative to each other but by
no more than a factor 1.5, except for the distance between bars 4 and 5 where the lacking year ring is
most probably situated. Using a length scale instead of a time scale is thus sufficiently precise for
discussing the general radial metal concentration trends as presented in this paper.
Closing down of Metaleurop
The closing down of the factory and thus the ceasing of metal emissions in 2003 of the Metaleurop
factory could have had an influence on the radial metal patterns in the trunk or the concentrations of the
leaves before and after the closing down. In the radial trunk profiles we do not observe a direct effect of
the closing. This is probably because the uptake occurs mainly via the roots, while the leaves show much
lower metal concentrations in 2003 and 2004 than in 2002 (see S11.5). Metal concentrations in leaves
responded to a decline in atmospheric deposition from Metaleurop activities, which happened with the
closing of the factory in 2003.
Conclusions
While total metal concentrations in the first 25 cm of the soil were similar between parcels treated with
different amendment procedures, the mobile fraction of metals was highest in the most acidic reference
soil and lower in the amended soils. Because soil amendments slowed down the uptake of the metals,
highest total metal concentrations in trunk cores of the various trees were found in trees from the reference
parcel, and amongst those trees white willow species appeared to better accumulate Cd and Zn than black
alder, black locust and sycamore maple. This confirms previous findings from the literature. While the
acidity of the amended soils was almost the same, metal concentrations in willow trees in parcel C were
higher than in parcel G, the latter showing quite higher OM concentrations in the soil.
Radial metal profiles were assessed in the trunk core samples with Laser Ablation-ICPMS (LA-ICPMS).
With this technique it was possible to determine concentration changes over time. Radial concentration
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profiles of Pb were periodical, which imply that seasonal effects may have caused them. Radial
concentration profiles of Zn and Cd were correlated, especially in willow trees. After an initial decrease the
concentrations of Zn and Cd slowly increased to higher values in the bark. Changing soil chemistry
between 2001 and 2011, resulting in a higher mobility of Cd and Zn, was reflected in the radial profiles of
those metals in willow and black alder trees. The radial Cu profiles were different to those of the other
metals. The fact that the health status of the trees was bad in the first years may be the explanation for
the observed decreasing pattern for Cu. The closing down of the Metaleurop factory was not visible in the
radial metal profiles.
The LA-ICPMS technique can be a very helpful tool in the study of metal concentration variations over
time in trees growing on contaminated soils, but the concentration profiles depend on many external (metal
concentration and mobility in the soil, seasonal variables) and internal variables (health status, type of
tree). This study shows that trees such as the white willow, black alder, black locust and sycamore maple
can survive on heavily contaminated soils. Moreover, after a study period of 10 years it appears that Cd
and Zn are even stronger assimilated than in the beginning, Pb continued to be assimilated according to
a periodical pattern and only Cu seemed to reach a steady assimilation level.
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A3 Speleothem studies
A study carried out outside the direct scope of this thesis demonstrates the use of µXRF scanning for
determining the trace element composition of speleothems. Since speleothem calcite is highly crystalline,
XRF analysis on these samples suffers from interference of Bragg peaks resulting from X-Ray diffraction
by carbonate crystals. Furthermore, the generally low concentrations of trace elements in speleothem
carbonate complicate the quantification of trace element concentrations. This study shows the advantages
and disadvantages of µXRF analysis on the speleothem paleoclimate archive and offers a step-by-step
approach to validate the results of µXRF analysis on speleothems and prevent the generation of unreliable
data. The approach presented in this study has implications for XRF analysis in other crystalline materials
and can be used to prevent the acquisition of non-existent trace element data (false positives) in µXRF
trace element analyses due to interference of X-ray diffraction peaks on the XRF spectrum. I contributed
to this study by carrying out part of the µXRF measurements, helping to interpret the XRF data, providing
background information from the XRF literature and contributing to the writing process. It was
demonstrated that, while µXRF measurements on speleothems are complicated by interference of
diffraction peaks caused by the speleothem’s crystallinity, the technique can be used to measure reliable
concentrations of Mg, Sr, Ba, Fe and Zn in speleothems. The development of a careful routine for verifying
XRF results allows the technique to be applied in speleothem science in the future, and opens up the
possibility for fast, non-destructive and high-resolution measurements of trace element proxies in
speleothems. These measurements can be used to produce trace element records in growth direction
through speleothems, which shed light on millennial scale down to seasonal scale changes in climate,
vegetation and cave morphology, as is demonstrated in the study below.
Another study demonstrates how high-resolution trace element analyses can be used to reconstruct
seasonality from the annually layered Proserpine speleothem from the Han-sur-Lesse cave in Belgium.
Annual layers in spelethems are generally very narrow (<0.5 mm) and require high-resolution sampling to
be analyzed (Burns et al., 2002; McMillan et al., 2005; Brook et al., 1999). The speleothem studied in this
project was used in an earlier study yielding a long stable isotope record recording changes in precipitation
and climate in Belgium over the last 500 years (Van Rampelbergh et al., 2015). Another study of the
Proserpine speleothem combined the stable isotope composition of speleothem calcite with monitoring of
environmental variables in the Han-sur-Lesse cave to better understand the mechanisms of speleothem
formation and chemistry in this cave (Van Rampelbergh et al., 2014). While stable isotope proxies in
speleothems yield valuable information about past climate (McDermott, 2004; Ünal-Imer et al., 2015; see
1.2.5), the amount of sample material required for these measurements (±50 µg per replicate) limits the
resolution that can be obtained with these proxies. The maximum spatial sampling resolution of stable
isotope records in speleothems is therefore practically limited to 50 µm even when using the very timeconsuming sampling method of dragging a micromill drill bit along the edge of a speleothem parallel to the
growth layers (Van Rampelbergh et al., 2014). High-resolution trace element analyses such as those
carried out using LA-ICPMS or µXRF techniques allow far higher resolutions (<10 µm) to be reached (see
1.5.5, 1.5.6 and 1.5.7). This study uses a combination of high-resolution stable isotope and trace element
records on the Proserpine speleothem for sub-annual reconstruction of chemical changes in calcite
deposition. Three high-resolution transects were measured, one grown in recent times (1960-2010 CE)
and two during the Little Ice Age (1593-1605 and 1635-1647 CE based on layer counting chronology).
This new dataset allowed the comparison of changes in seasonality in these three periods, shedding light
on the response of high-resolution climate variability to longer (centennial) timescale changes in climate
in Northern Europe. This is an excellent example of how high-resolution paleoclimate studies can be
combined with lower resolution records to help us to better understand the effect of longer term climate
change on the seasonal cycle. Furthermore, the combination of proxies used in this study allowed us to
formulate a new model for explaining how seasonal variability in climate is recorded in annually layered
speleothems. This model provides a more complete understanding of the formation of annual layers in
speleothems, which helps with the interpretation of such records for sub-annual climate reconstruction.
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Annual banding in the Holocene Proserpine speleothem from Han-sur-Lesse cave allows a high-resolution
multi-proxy approach to be applied for reconstructing seasonal-scale changes in the local environment.
Applying this strategy on parts of the speleothem mineralized during different time periods reveals how
longer timescale changes influence the seasonal cycle. The combination of techniques used in this study
sheds new light on the mechanisms driving chemical changes in speleothems on a seasonal scale and
how these change over time. Studying these mechanisms on a sub-annual scale shows that changes in
the transfer of environmental changes to chemical changes in the speleothem is in itself driven by longer
timescale changes in climate. This result, which could only be obtained through detailed study of changing
chemistry on a sub-annual scale, demonstrates the fast importance of adding such high-resolution
reconstructions to out longer timescale climate records. They allow us to better understand how longer
changes in climate influence short-term variability and (vice versa) how short-term changes influence the
interpretation of records for long term change.
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A3.1 Benchtop µXRF as a tool for speleothem trace elemental analysis: validation, limitation and
application on an Eemian to early Weichselian (125 – 97 ka) stalagmite from Belgium
This chapter has been prepared for submission to an international peer-reviewed journal:
Stef Vansteenberge, Niels J. de Winter, Matthias Sinnesael, Zhao Xueqin, Sophie Verheyden, Philippe
Claeys Benchtop µXRF as a tool for speleothem trace elemental analysis: validation, limitation and
application on an Eemian to early Weichselian (125 – 97 ka) stalagmite from Belgium.
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Highlights
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•

Exploring the use of benchtop µXRF for speleothem trace element analysis
Diffraction peaks in the µXRF spectrum should be treated with care
Quantification of µXRF spectra with a multiple-standard calibration is presented
Validation with LA-ICPMS confirms the potential of µXRF in speleothem studies

Abstract
Variations of trace element (e.g. Mg, Sr, Ba, Fe, Zn etc.) concentrations along a speleothem’s growth
axis constitute important paleoclimate proxies. The use of laboratory micro X-ray fluorescence
spectrometry as a fast and cheap alternative for conventional mass spectrometry techniques for trace
element analysis on speleothems has been explored in the past and yielded satisfactory results. However,
within the speleothem community there is need for an in-depth investigation of the full potential of this
analytical technique. Compared to analyses on other types of paleoclimate archives, benchtop (µ)XRF
analysis on speleothems is analytically more challenging because of the high-crystalline speleothem
matrix and the low abundance of the elements of interest. In this study, several speleothem samples with
differences in mineralogy (calcite versus aragonite) and composition are investigated. Various instrumental
parameters are tested and recommendations are made for future studies applying (µ)XRF analysis to
speleothems. Quantification based on a multiple standard calibration and an assessment of the error is
carried out. Through validation with mass spectrometry techniques, it is confirmed that benchtop µXRF
devises are able to generate speleothem trace element records. Nevertheless, caution has to be taken
when interpreting the results, due to the presence of diffraction caused by the crystallinity of the samples.
Therefore, the elements which provide reliable results are sample specific and depend on the type of
matrix and elemental abundance. Yet, successful results were obtained for Sr, Mg, Zn, Fe and Ba. These
findings are applied to case study of an Eemian to early Weichselian stalagmite from Han-sur-Lesse Cave,
Belgium. Time-series were constructed for Mg and Sr, creating a multiproxy dataset together with
previously obtained stable isotope (δ13C and δ18O) ratios, growth rate and stalagmite morphology. It
appears that Mg and Sr are not controlled by prior calcite precipitation, but rather by changes in vegetation
activity above the cave.
Keywords: Speleothem, geochemistry, paleoclimate, last interglacial, Quaternary
Introduction
Speleothems constitute one of the most important continental paleoclimate archives and their use has
been proven successful in numerous paleoclimate reconstructions (e.g. Bar-Matthews et al., 1999; Wang
et al., 2001; Genty et al., 2003; Boch et al., 2011, Van Rampelbergh et al., 2015). Besides the wellestablished δ13C and δ18O stable isotope ratio proxies (McDermott, 2004; Lachniet 2009; Wong and
Breeker, 2015), variations in trace element concentrations along the speleothem growth axis also yield
crucial information about diverse climate-controlled processes (Fairchild et al., 2000; Verheyden et al.,
2000; Fairchild et al., 2006; Fairchild and Treble, 2009; Wynn et al., 2014). For instance, variations in
bedrock-derived (alkaline earth) elements such as magnesium (Mg), strontium (Sr) and barium (Ba) have
been attributed to changes in prior calcite precipitation (PCP). PCP is defined as the precipitation of calcite
upstream of the site of speleothem deposition. These changes are directed by drip water provenance and
therefore primarily reflect changes in the amount of local precipitation (Fairchild et al., 2000). This effect is
even observed on a seasonal scale (Johnson et al., 2006; Jamieson et al., 2016; Vansteenberge et al., in
review). Concentrations of other trace elements, for instance phosphorous (P), zinc (Zn), yttrium (Y) and
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lead (Pb), which are mainly soil—derived (Borsato et al., 2007), are also known to record environmental
changes (Fairchild and Treble, 2009; Frisia et al., 2012, Jamieson et al., 2016, Vansteenberge et al., in
review). These soil-derived elements bind to natural organic matter in the soil and serve as a proxy for
vegetation activity above the cave and the amount of seasonal soil-flushing that occurs (Hartland et al.,
2012; Wynn et al., 2014). Combined stable isotope and trace element record is becoming the norm in
speleothem studies that aim to reconstruct paleoclimate. Therefore, novel techniques, such as micro Xray fluorescence (µXRF) analysis, are employed to acquire the large amount of trace element data needed.
Over the last decades, XRF analysis has found its way into earth sciences, as it is shown to be an
excellent technique for fast and non-destructive analysis of elemental abundance in various types of
geological materials, including sediment cores (Richter et al., 2006; Weltje and Tjallingii, 2008) and bivalve
shells (Kurunczi et al., 2001; de Winter and Claeys, 2016; de Winter et al., 2017). The pioneering work of
Frisia et al. (2005), Borsato et al. (2007) and Wynn et al. (2014) illustrates the major potential of
synchrotron µXRF for trace element analysis on speleothems, even down to the micrometer-resolution.
However, the use of synchrotron facilities is expensive and highly demanded. A more attainable alternative
for using µXRF to gain information on elemental abundances lies in the use of laboratory µXRF devices.
A wide range of instruments exists, ranging from XRF core scanners, benchtop models and portable XRF
scanners that can even be used in the field. The advantages of µXRF analysis are that it requires little to
no sample preparation, it is non-destructive, fast and relatively inexpensive. For example, a single data
point used in this study takes about 90 s to collect, with little to no sample preparation. Apart from the XRF
device itself, there are no additional operating costs (e.g. consumables). Despite these advantages, it has
to be pointed out that the wealth of data acquired by µXRF analysis can easily be misinterpreted, especially
in the case of speleothems. More specifically, the geochemical purity of speleothem CaCO3 and the highly
crystalline matrix makes the application of laboratory µXRF challenging. One of the earliest tests of
laboratory µXRF analysis on speleothems is provided by Dandurand et al. (2011), in which various types
of cave depositions were measured. Work by Finné et al. (2015) also showed the ability of µXRF to identify
flood layers in speleothems based on the detection of Iron (Fe) and Silicon (Si). Both these studies used
an XRF core scanner. The study from Buckles and Rowe (2016) was the first to actually determine optimal
measurement conditions for speleothems in terms of instrumental parameters with a semi-portable XRF
scanner. They also created calibration curves to transform the semi-quantitative XRF data into quantitative
results. The possibility of obtaining quantitative results is important, as it encourages the use of µXRF as
an inexpensive, fast and non-destructive alternative for other analytical techniques such as digestion
inductively coupled plasma mass spectrometry (ICPMS), laser ablation ICPMS (LA-ICPMS) and ICP
optical emission spectrometry (ICP-OES). The recent study by Buckles and Rowe (2016) was limited to
the determination of strontium (Sr) concentrations. Also, it did not provide guidelines to determine whether
or not measured elemental concentrations in speleothems are reliable. Furthermore, other studies in which
XRF analysis was used to construct records of trace element concentrations (e.g. Cui et al., 2012; Wu et
al., 2012) did not validate the method, making it difficult to evaluate the quality of the XRF data presented.
In this study, multiple tests are conducted under various measurement conditions and on a wide range
of different speleothem samples. In this way, recommendations are provided for future µXRF-based
speleothem trace element analyses, including suggestions and/or guidelines on how to 1) determine
optimal measurement parameters, 2) identify which elements can be measured in a reliable way, 3) to
recognize the effects of sample conditions. Finally, guidelines are proposed for quantifying µXRF results
from speleothems and to assess the error of these results. These findings are then applied to a case study
carried out on a stalagmite of Eemian to early Weichselian age from Han-sur-Lesse Cave, Belgium, of
which stable isotope ratios were already reported in and discussed by Vansteenberge et al. (2016).
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Background
The X-ray fluorescence analysis technique uses an X-ray source to excite the sample material and
measures the returning X-ray radiation spectrum to characterize the sample composition. Absorption of Xray radiation by atoms in the sample material causes their electrons to be excited. After excitation, the
electrons return to their lower energy state by emitting X-rays, a process known as fluorescence. The
energy of the fluorescent X-ray depends on the electron configuration of the atom and therefore bears a
signature characteristic for the element. In XRF analysis, fluorescent X-rays emitted by an excited sample
are used to determine the elemental composition of the sample, and the amount of fluorescence photons
counted in the peaks, i.e. the intensity, is proportional to the concentration of the element in question. The
relationship between intensity and elemental concentration is described by the Sherman equation
(Sherman, 1955), which was manipulated into the Fundamental Algorithm for application to XRF analysis
(Rousseau 1984a; 1984b; Rousseau and Bouchard, 1986; Rousseau and Boivin, 1998). For a more indepth discussion of the physical principles of XRF analysis, we refer to the work of Jenkins (1999),
Beckhoff et al. (2006), Shackley (2011) and Gauglitz and Moore (2014).
XRF analysis provides the user with semi-quantitative results, because the intensity of the fluorescent
X-rays are proportional to the abundance of an element in the sample. Afterwards, element peaks in XRF
spectra are deconvoluted and absolute concentrations can be calculated. In theory, this standard-less
Fundamental Parameter (FP; based on the Fundamental Algorithm) quantification method, based solely
on the theoretical fluorescence behavior of selected elements (Potts and Webb, 1992), should be able to
deduce sample concentrations directly from the theoretical principles. This makes XRF analysis the only
analytical technique that allows such close integration of theoretical base into the experimental results
(Rousseau and Boivin, 1998). However, for composite samples, the complexity of considering materialspecific matrix effects, X-ray absorption and X-ray enhancement warrants the use of empirical
approximations in order to simplify the calculations used for quantification. It is recommended to apply
matrix-specific calibrations with well-known reference materials, especially when aiming towards accurate
quantitative results. A comprehensive study of the effect of measurement conditions and strategies on the
results of µXRF analysis on carbonates was carried out by de Winter et al. (2017). The recommendations
of that study in terms of the XRF integration time needed for measurements to be reliably quantifiable are
applied to measurements in the present study.
Methods
Speleothem samples
For this study, a wide range of different speleothems are selected from the archive at the Vrije
Universiteit Brussel (Belgium) and the Royal Belgian Institute for Natural Sciences. Additional samples are
provided by Geotop, Québec (Canada) and Southwest University of Science and Technology, Mianyang
(China). The samples differ in trace element composition, mineralogy (calcite vs. aragonite), age
(Holocene, last glacial, last interglacial), location (Belgium, Mexico, China) and growth rate (up to 1 mm
yr-1). All samples are presented in Figure 1, with locations of the µXRF measurements presented in this
paper indicated in red. An overview of the specifics of each sample is provided in Table 1. Mex-1 is the
lower part of stalagmite retrieved from Cacahualmilpa Cave, Mexico. The speleothem is approximately 50
ka in age. Han-8 is a 180 mm long stalagmite of last interglacial age retrieved from Han-sur-Lesse Cave,
Belgium. Trace element concentrations of Han-8 have already been determined with LA-ICPMS (S.
Verheyden, unpublished data) and can therefore be used to validate the µXRF method. CS-2 is a stalactite
from Mao’er Cave, China. This sample is of particular interest because of its mixed calcite-aragonite
mineralogy. P16 is part of a core retrieved from the Proserpine stalagmite (Han-sur-Lesse Cave, Belgium).
The complete core has been studied in detail by Verheyden et al. (2006) and Van Rampelbergh et al.
(2015). P16 was included in this study to investigate the ability of µXRF to study annually laminated
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speleothems at very high resolution (25 µm). Han-9 is a 678 mm long, candle-shaped stalagmite from
Han-sur-Lesse cave, Belgium. A detailed description of the sample is provided by Vansteenberge et al.
(2016). In this work, Han-9 is used as a case study to demonstrate the ability of benchtop µXRF devices
to create speleothem trace element time series.

Figure 1: Speleothem samples used in this study: (A) Han-9 stalagmite, (B) Mex-1 stalagmite, (C) Han-8 stalagmite, (D) CS-2 stalactite and
(E) P16, part of the Proserpine stalagmite. The scale varies for each sample and is displayed in the figure. Locations of the XRF measurements
are shown in red. Additional information on each sample is provided in Table 1.

µXRF instrumental setup
All analyses are carried out on a M4 Tornado (Bruker, Germany) benchtop µXRF device. A scheme of
the M4 set-up is shown in de Winter and Claeys (2017). The M4 Tornado is a µXRF spectrometer with a
motorized X-Y-Z sample stage which, in contrast to setups previously used on speleothems (Dandurand
et al., 2011; Cui et al., 2012; Wu et al., 2012; Finné et al., 2015; Buckles and Rowe, 2016), is able to
operate under vacuum conditions. The main advantage of measuring under vacuum conditions is that
fluorescence X-rays, especially low-energy X-rays, will be attenuated less by air molecules on their way
to the sample chamber (Shackley, 2011). This is important for the detection of elements of which the main
fluorescence peak is situated in the lower energy range of the spectrum. This is generally the case for
elements with atomic numbers below 16, such as Mg, Al, Si, S and P, which are often of interest in
speleothem studies (Fairchild and Treble, 2009). The source of the M4 Tornado consists of a 30 W Rh
anode metal-ceramic X-ray tube with maximum voltage of 50 kV. Unless stated otherwise, all
measurements in this study are carried out with a source voltage of 50 kV and source current of 600 µA.
Focusing of X-rays is done by a poly-capillary lens resulting in a final spot size of 25 µm (calibrated for
molybdenum-Kα radiation). Two silicon drift detectors with an energy resolution ≤145 eV (FWHM, Full
Width at Half Maximum, for manganese-Kα) are used to count the returning X-rays. Two detectors are
used because they significantly increase the count rates. The M4 set-up is equipped with three different
aluminum (Al) source filters: 12, 100 and 630 µm thick, one aluminum-titanium filter of 100 and 25 µm thick
and one aluminum-titanium-cupper filter with thicknesses of 100, 50 and 25 µm. The Bruker M4 Tornado
operates with the Bruker Esprit XRF software package, which allows quantification of XRF spectra. Little
preparation is needed for the speleothem samples, as µXRF only requires polished sample surfaces of
samples with a large enough thickness to assume infinite sample thickness (~1 mm for elements measured
in this study; Rousseau et al., 1984b; 1998). Even so, caution has to be taken to obtain a smooth and level
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speleothem surface for the XRF measurement, as irregularities on the sample surface (e.g. high-porosity
speleothems) cause uncontrolled scattering of X-rays away from the detector, resulting in lower count
rates (Buckles and Rowe, 2016). The M4 Tornado setup allows for different types of measurements, such
as single point measurements, line scans and area maps (e.g. de Winter and Claeys, 2017; de Winter et
al., 2017).

Table 1: Information of each sample used in this study. Images of the samples are provided in Fig. 1.

Quantification of µXRF spectra
Areas under peaks in the XRF energy spectrum, expressed in counts per second, are proportional to
the abundance of elements in the sample. To estimate the concentration of each element from the
measured spectrum, the Esprit software makes use of a peak deconvolution algorithm to integrate the net
intensity of the peak and the Fundamental Parameter (FP) algorithm to determine absolute elemental
concentrations based on the Fundamental Algorithm (Sherman, 1955; Rousseau, 1984a; 2013). In this
study, a matrix-matched calibration is carried out using a set of 7 carbonate reference materials spanning
a wide range of trace element concentrations: CCH-1 (Université de Liège, Belgium), COQ-1 (US
Geological Survey, Denver, CO, USA), CRM393 (Bureau of Analyzed Samples Ltd, Middlesbrough, UK;
BAS), CRM512 (BAS), CRM513 (BAS), ECRM782 (BAS) and SRM-1d (National Institute of Standards
and Technology, Gaithersburg, MD, USA). Calibration curves are constructed based on averages and
standard deviations of 20 µXRF point measurements of 90 s integration time, which is sufficient for the
Time of Stable Reproducibility (TSR) to be reached (de Winter et al. 2017). An overview of all measured
and certified values of the standards is provided in S12.3. To incorporate both measurement errors and
errors on the certified values into the calibration curves, a linear Deming regression is applied (Adcock,
1878; Kummell, 1879; Deming, 1943). Regression curves are calculated using the “deming” package in
the open-source computational software package R (R Core Team, 2013). Statistics and results of the
regressions are summarized in Table 2 and the R-script used to create the regressions is provided as
S12.5. Pearson’s r values of calibration curves used for data analysis in this study were greater than 0.98.
The main issue dealt with in this study is to cancel out any matrix-specific effects on XRF spectra, induced
by the occurrence of X-ray diffraction or differences in sample density.
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Validation of quantified µXRF results
To test the performance of the µXRF method presented in this study, i.e. to check accuracy of the
quantified µXRF results, two trace elements transects on the same speleothem are measured with both
µXRF and LA-ICPMS. A first comparison is carried out for sample Han-8 (Fig. 1, Table 1), on which a 25
mm long transect is measured with both methods. The LA-ICPMS was previously carried out at the Royal
Africa Museum (Tervuren, Belgium). Measurements were done on a Fisons-VG frequency quadrupled Nd213 YAG laser (λ = 266 nm) coupled to a Fisons-VG 214 PlasmaQuad II+ mass spectrometer. Data were
calibrated using both the NIST 610 (Pearce et al., 1997) and the USGS MACS1. Calibration (including
blank subtraction and drift correction) was performed offline by using Ca as internal reference. Laser
ablation was done on 50 µm spots. Details of LA-ICPMS operating conditions can be found in Lazareth et
al. (2003). A total of 599 data points were collected on this Han-8 speleothem, yielding a spatial resolution
of ~0.04 mm. Errors were calculated using the relative standard deviation of NIST 610. Afterwards, a
similar transect was analyzed with the M4 Tornado µXRF set-up at the Vrije Universiteit Brussel (Belgium).
The µXRF transect comprises a total of 258 single point analysis (0.1 mm resolution), measured for 90 s
each. The goal of this comparison is to see whether the µXRF measurement technique and proposed
quantification method can be a reliable alternative for other analytical techniques such as LA-ICPMS. A
second comparison was carried out on sample P16. The ~14 mm long LA-ICPMS profile, collected at
Ghent University (Belgium), consists out of 287 data points (0.05 mm resolution). This data is already
available from an earlier study (Vansteenberge et al., in review) and a full description of the LA-ICPMS
analytical procedure can be found herein. The same transect was measured with µXRF at the maximum
spatial resolution of 25 µm, resulting in 587 data points.

Table 2: The results of Deming regression for the construction of calibration lines for a range of trace elements measured with µXRF using
carbonate reference materials. The corresponding calibration curves are provided in the S12.2.

Results and Discussion
Speleothem µXRF spectrum characteristics
Background signal and elemental peaks
A µXRF energy spectrum of 2 point measurements (90 s) conducted on speleothem sample MEX-1
(Table 1, Fig. 1) is displayed in Figure 2. The general shape of the XRF spectra is determined by the Xray source and sample characteristics (i.e. elemental abundance and the sample matrix). The broad
plateau, occurring between 5 and 30 keV is known as Bremstrahlung, which is caused by the occurrence
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of backscatter without exciting the sample, and is a major feature in the background spectrum (Shackley,
2011). Additionally, Rayleigh peaks are generated through the elastic scattering of X-rays coming directly
from the X-ray tube source and radiated from the sample without any change in energy (Potts and Webb,
1992). The energy of these peaks depends on the X-ray source. In the case of a Rh tube, the Rayleigh
peaks are always located at 20.216 (Kα) and 22.724 keV (Kβ) (Fig. 2). Compton peaks are caused by the
inelastic scattering of X-rays from the source. The inelastic scattering results in some energy loss
compared to elastic scattering, causing these peaks to be located at slightly lower energies compared to
the Rayleigh peaks (to the left of the Rayleigh peaks, Fig. 2). Also, the width of the Compton peaks is
slightly higher compared to Rayleigh peaks as a result of this energy loss which causes more variation in
energy (Potts and Webb, 1992). Fluorescence peaks of elements always occur at their characteristic

energy levels. For example, the main fluorescence peak of Sr (Kα) is located at 14.165 keV and a smaller,
secondary peak (Kβ) has an energy of 15.836 keV (Fig. 2).
Figure 2: Energy spectra of MEX-1 P1 (black) and P2 (red) (for location, see Fig. 1). Dashed lines mark the background of the spectra. For
explanation about Bremstrahlung, Compton peaks and Rayleigh peaks, see text. The part of the energy spectrum where the Sum and Escape
peaks of Ca occur are shaded in grey. Stars indicate the diffraction peaks. Notice how the location of the diffraction peaks shifts between P1 and
P2. Measurement time: 90 s, energy: 50 keV, 600 µA.

Sum and escape peaks
Given the high amount of calcium (Ca) in most speleothems (up to 40 wt%), the main peak (Kα at 3.692
keV) and the secondary peak (Kβ at 4.013 keV) of Ca always dominate the spectrum for CaCO 3
speleothems. This will cause additional artificial peaks to occur: the sum peaks and the escape peaks
(Fig. 2). The escape peak is generated when Si atoms in the detector absorb energy coming from the Xrays emitted by elements with a high abundance, in this case Ca. The escape peaks for Ca are located at
1.952 keV and 2.273 keV, which can be calculated by subtracting Kα(Si) (=1.740 keV) from Kα(Ca) and
Kβ(Ca) (see above). Theoretically, all elements have escape peaks, especially those of lighter elements,
but they tend to be more prominent for elements with higher counts, such as Ca in speleothem samples.
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The Ca escape peak zone partly overlaps with the element peak (Kα) of P, located 2.014 keV (Fig. 2). This
overlap results in problems during the deconvolution of P and causes concentrations of this element to be
more difficult to quantify in samples with high Ca and comparatively low P concentrations. The second set
of artificial peaks are sum peaks, caused by two photons arriving at the detector at the exact same time.
The energy at which the sum peaks are located can be calculated by adding up the energies of the specific
photons. For Ca, this means that sum peaks will be located at 7.384 keV (Kα + Kα) and 7.705 keV (Kα +
Kβ), which causes an overlap with Ni (Kα = 7.480). The sum peak of Kβ + Kβ at 8.026 keV can be neglected
as Kβ photons are much less common than Kα photons. Sum peaks can also occur if 2 photons of different
elements hit the detector at the same time, but given the dominant abundance of Ca compared to other
elements these can be neglected in speleothem samples. Some XRF software packages, such as the
Esprit software of the M4 Tornado, automatically correct for the presence of sum and escape peaks by
subtracting them from the spectrum through an estimation of their intensity based on the net amount of Ca
counts (Fig. 2). However, in some cases these artificial Ca peaks need to be processed manually (e.g.
Finné et al., 2015).
Diffraction peaks
One issue of XRF analysis on speleothems that has not received much attention before is the high
amount of X-ray diffraction caused by the crystallinity of the calcite (or aragonite) matrix. This diffraction of
X-rays results in peaks in the XRF spectrum that do not correspond to elements, known as diffraction or
Bragg peaks. Diffraction peaks are characteristic for a given crystal orientation, which means that they can
be located at different energy levels in the spectrum, depending on the orientation of the speleothem
sample and the crystals within the sample. Diffraction peaks can be problematic for the correct detection
of certain elements, as they can overlap with elemental peaks (Fig. 3). Two main characteristics of
diffraction peaks can be used to identify them from element peaks. First of all, diffraction peaks strongly
depend on the analyzed medium, so their location within the energy spectrum changes when different
parts of the sample are measured. This is shown in Figure 2, where the diffraction peaks of Point 2 occur
at a different energy compared to Point 1. Additionally, diffraction peaks can be discriminated from element
peaks because they tend to be broader than element peaks (Fig. 2).
The problem with diffraction peaks is that they can be mistaken for element peaks, leading towards a
failure of the peak deconvolution algorithm. Once a diffraction peak overlaps with an element peak, the
data of that particular element becomes useless. Diffraction peaks are very common between 6 and 13
keV (Fig. 2), where peaks of Ba, titanium (Ti), manganese (Mn), Fe, cupper (Cu), nickel (Ni) and Zn occur.
Therefore, these elements should always be treated carefully when analyzing speleothems. Dandurand et
al. (2011) deduced from µXRF maps that the distribution of elements like Cu and Zn followed the crystalline
fabric. However, this assumption is not supported by this study. Instead, it is suggested that an overlap of
diffraction and element peaks of Zn and Cu occurred. Diffraction is mostly determined by the fabric and
the crystallographic orientation of the calcite crystals within the speleothem, which would cause the
distribution of these elements to resemble the crystallographic orientation. Although the spectrum was not
provided by Dandurand et al. (2011), similar maps to those presented by Dandurand et al. (2011) can
easily be reproduced for Cu and Zn. Figure 4 clearly shows the difference between Sr, of which the
distribution reflects the speleothem layering, and Cu and Zn, which represent diffraction. This issue
demonstrates that proper identification of the different peaks within a spectrum is crucial for a correct
interpretation of XRF results, especially when working with highly crystalline materials such as
speleothems. Figure 4 also illustrates that elemental maps are a quick way to identify the elements that
are likely to be overlapped by diffraction peaks within the spectrum.
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Figure 3: Deconvolution of the energy spectrum of a single-spot measurement on sample MEX-1 (P1). The colored area shows the part of
the peaks used for the integration. Background is indicated in light blue. Notice the occurrence of several large diffraction peaks between 7 and
14 keV (see Fig. 2). Measurement time: 90 s, energy: 50 keV, 600 µA.

Figure 4: (A) Top part of Han-8 and corresponding µXRF maps showing (B) Sr and (C) Cu and Zn. Distribution of Sr follows the speleothem
layering. Zn and Cu do not represent elemental distributions but rather diffraction, which follows the orientation of the calcite crystals.
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Figure 5: Area maps of sample CS-2 which is mixed calcite aragonite. The milky white parts represent the aragonite. For the location of map
on the sample, see red rectangle in Fig. 1. (A) The spectrum of the aragonite part. Notice that nearly no diffraction peaks occur compared to
calcite spectra (Fig. 2). Below are the element distribution maps of (B) Sr, (C) Ba and (D) Fe. The line represents a transect of single point
measurements (90 s per point) to obtain quantitative data on the elements of interest.

Calcite versus aragonite mineralogy
The eventual shape of an XRF spectrum largely depends on the matrix of the investigated material and
the elemental composition of the sample. Therefore, theoretically, a distinction between calcite and
aragonite should be possible based on the shape of the µXRF spectrum. To confirm the presence of both
calcite and aragonite in sample CS-2, X-ray diffraction analysis was carried out at the Katholieke
Universiteit Leuven (Belgium). The XRD spectra are shown in S12.1. The whiter and more porous parts
of the stalactite are made up of aragonite whereas the dense white and brownish parts are made up of
calcite (Fig. 1). XRF analysis on CS-2 was carried out in two ways. First, an area measurement was
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undertaken. This results in a map with each pixel representing a single XRF measurement. The
disadvantage of such area maps is that each point is only measured for a restricted amount of time (in this
case 50 ms) which, especially in the case of speleothems, is insufficient to obtain quantitative data for
certain elements. Therefore, a second analysis consisting of a transect of single point measurements was
carried out. The results are shown in Figure 5. A first observation is that the spectrum of an aragonite
measurement (Fig. 5) clearly shows less diffraction peaks compared to regular calcite spectra (Fig. 2 and
Fig. 3). From the transects measured on the polished surface of CS-2 it is evident that the aragonite
mineralogy in the speleothem has higher concentrations of Sr and Ba. Fe is concentrated within the fine
brownish layers, probably representing detrital laminae within the stalactite. The same qualitative
observation can be made by comparing the XRF map of Sr with the color scan of the speleothem, which
shows that the areas made up of aragonite (light color) corresponds with the areas of high Sr
concentrations (orange/red in the map).
Measurement time
It has been previously shown that measurement time is an important parameter affecting the XRF
spectra (Buckles and Rowe, 2016; de Winter et al., 2017). Increasing measurement time generally
increases the signal-to-noise ratio. However, at a certain point, there will be no significant improvement,
as recognized by de Winter et al. (2017). To illustrate this for speleothems, a point on sample Han-9 was
consecutively analyzed for 0.3, 0.5, 1, 2, 5, 10, 20, 30, 60, 90, 120, 240 and 600 s. Figure 6 shows the
evolution of the net counts for each element of the speleothem spectrum with time, plotted as a percentage
of the total counts. The ideal measurement time should be long enough for the asymptotic value to be
reached while being kept as low as possible for practical considerations. For Al, Si, P, Sulphur (S), Zn and
Sr, the percentage does not change significantly after 60 s. However, Mg and Fe still increase, even up to
600 s. To account for this, and to increase the sensitivity for Mg in particular, a minimum measurement
time of 90 s is deemed sufficient for the purpose of this paper. This minimum measurement time also
influences the measurement strategy. As mentioned before, the M4 Tornado setup can perform point
analysis, continuous line scanning and area maps. When measuring line scans and area maps, the XYZ
stage is continuously moving, which limits the measurement time per point to maximum ~1 s. As shown in
Figure 6, this is insufficient for most elements of interest. Therefore, in this study, the measurement
strategy consists of single point analysis for at least 90 s per point.
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Figure 6: Plot showing the effect of measurement time. Analysis carried out on the sample Han-9 (see red dot in Fig. 1 for the location).
Counts of each element are expressed as a percentage of the total amount of counts.

Filters
In XRF analysis, source filters are often used to reduce the background signal, eliminate diffractive
artifacts and remove tube characteristic lines (Elam et al., 2010). Source filters are commonly made up of
metals such as Al, Cu and Ti and vary in thickness. To investigate the impact of different filters on
speleothem samples, one single spot on sample Han-9 is measured consecutively with each available
filter for 90 s. Figure 7 shows that Al filters with progressively increasing thicknesses tend to decrease the
count rate of the reflected X-rays in the middle-energy range, and thus also decrease the influence of
diffraction on the spectrum. The use of Al filters with greater thicknesses ≥ 100 µm results in a reduction
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of count rates for elements in the low-energy spectrum, i.e. < Kα(Ca) for example Mg, to a level that
prevents successful peak deconvolution. Buckles and Rowe (2016) stated that speleothem carbonate
samples require the use of Al-Ti-Cu, which serves to block a large proportion of the Ca emissions. Indeed,
the count rate of Ca is significantly decreased by using an Al-Ti-Cu 100-50-25 filter but this filter also
prevents the detection of any other trace element with peak energies below 10 keV (e.g. Mg, Al, S, Fe, Zn;
Fig. 7), which is a significant drawback. An experimental µXRF study on bivalve calcite carried out by de
Winter and Claeys (2017) has shown that the use of Al-Ti-Cu filters increases the signal-to-noise-ratio in
the 5 to 15 keV region, but significantly decreases the count rate, which, in the case of speleothems should
be avoided. Therefore, filters are not used in the remainder of this study.

Figure 7: The effect of the different filters on the spectrum. Single-spot measurement (90 s) on Han-9 speleothem. Energy = 50 keV, 600 µA.
The Ca peaks are not fully displayed.

Quantification and calibration
A schematic overview of the quantification and calibration process presented in this paragraph is
provided in Figure 8. All measurements on the M4 Tornado µXRF are initially quantified by the Bruker
Esprit software package. Within this software quantification process, a single-standard calibration of initial
concentration values that are obtained from applying the FP equation on the intensities of the deconvoluted
XRF peaks is added. This single-standard calibration is applied to correct for matrix effects that cause the
initial FP quantification to be offset from actual sample concentrations. The calibration is made by
repeatedly measuring a matrix-matched reference material. In the case of calcium carbonate
measurements, the CRM393 limestone certified reference material is used. These measurements are then
quantified using the FP quantification and the result is compared to the known concentrations of the
reference material.

A-86

NIels_de_Winter_def.indd 372

13/02/19 10:32

Wherever quantified values are offset from the reference values, correction factors are applied to
correct the result. This is done iteratively for all elements of interest until the result of the corrected
quantification method matches the reference concentrations. The correction factors determined for each
element are applied on all measurements of the same matrix. Results of previous methodology tests
indicate that a single-standard calibration is not always sufficient to correct for the matrix effect of µXRF
analysis (de Winter et al., 2017). This is especially true for elements which peaks interfere with other
element peaks. Therefore, a multi-standard calibration needs to be carried out after the initial quantification
with the XRF software.

Figure 8: Workflow of the quantification-calibration process presented in this study.

The results of Deming regression for the construction of calibration lines for a range of trace elements
measured using µXRF using carbonate reference materials are provided in Table 2. These calibration
curves, determined on multiple standards, are used to calibrate the data after the software quantification
(Fig. 8). Calibration curves for a selection of elements are given in S12.2. High Pearson’s r (ρ) values for
all but a few elements (Al, Si, and S) shows that linear calibration lines fit the data very well. This indicates
that the offset of uncalibrated results, caused by matrix effects in carbonates, can be approximated by a
linear correction. Furthermore, slope constants in Table 2 show that the size of the correction needed is
different between elements, with some elements (e.g. Mg, Fe and Sr) having slopes close to 1, while other
elements (e.g. P and Ba) have slopes deviating more from the 1:1 line. In the case of P, this can be
explained by the overlap of the Kα peak of P with the escape peak of Ca (Fig. 2), causing parts of the
peak of P to be interpreted as escape peak and the P peak to be underestimated by the peak deconvolution
algorithm. Similar problems might force the slope of the Ba calibration line, as several XRF peaks of Ba
overlap with other elements such as Ti and Vanadium (V). These complications occur in all XRF
measurements on carbonates and have been incorporated into the calibration. This, together with the fact
that XRF measurements on reference materials are carried out by multiple point measurements on a
homogeneous sample surface should render the calibration curves presented in this paper applicable on
a wide range of carbonate samples.
Assessment of the error
As demonstrated above, results of XRF analysis are inherently prone to over-interpretation if not treated
with care. It is therefore of utmost importance to define the uncertainty of the method. Some steps have
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been taken towards a universal definition of uncertainty in XRF analyses, and new criteria for determining
the conditions of reliable measurement have been proposed such as time of stable reproducibility (TSR)
and time of stable accuracy (TSA; de Winter et al., 2017). Because of the large influence of surface and
matrix effects on the XRF spectrum, it is also essential that reproducibility tests aiming to provide a realistic
measure for measurement uncertainty should be carried out on various different spots of a homogeneous,
matrix-matched standard (i.e. in the same way measurements on reference materials are carried out in
this study). This is the only way to incorporate differences in surface properties, machine performance and
sample matrix as well as uncertainties in the calculations of the software into the measurement error
(Buckles and Rowe, 2016; de Winter and Claeys, 2017; de Winter et al., 2017). The reproducibility
standard deviation calculated from the variation between these measurements reflects the total uncertainty
of a spot measurement on the sample. The obtained relative standard deviations (RSD) represent the
error of the measurement (Fig. 8). Care must be taken to ensure that all measurement conditions (e.g.
source energy, integration time and chamber vacuum) of these reproducibility measurements are equal to
the conditions used to measure the sample. Furthermore, since the concentration of elements in the
sample influences the reliability with which it can be measured using µXRF, concentrations of the standard
used for reproducibility testing should approach the concentrations of the sample that is investigated (de
Winter et al., 2017). In the case of speleothem samples, the BAS-CRM393 standard is used for this
purpose. It is preferred over, for example, the COQ1 of USGS, which has much higher Sr concentrations
(12 000 ppm) than is naturally present in speleothems (10-1000 ppm). The RSD’s of each element
measured with the µXRF setup, representing the error of the µXRF measurements, are provided in S12.4.
The error of the speleothem µXRF analysis is represented by an error bar in the concentration plots (e.g.
Fig. 9-11). It is important to note that reproducibility errors calculated this way are significantly higher than
so-called machine errors commonly given by XRF software, which only takes into account uncertainties
associated with the peak deconvolution and quantification steps (see de Winter and Claeys, 2017).
Validation
Figure 9 shows a comparison of a 25 mm transect on sample Han-8 that was measured with both LAICPMS and µXRF. The quantification and calibration of the µXRF data was done following the procedure
described above. LA-ICPMS data was available for Mg, Al, P, Zn, Sr, Ba, Pb and U. µXRF data are
available for Mg, Al, Zn, Sr and Ba. Concentrations of Pb and U are too low to detect with µXRF (average
of 235 and 86 ppb, respectively) and overlap with the element peak of P and the Ca escape peak occurs.
For Mg and Sr, the absolute concentrations obtained by LA-ICPMS and µXRF appear to be in good
agreement. Sr concentrations have been measured before in a reproducible way before using a different
µXRF setup (Buckles and Rowe, 2016). Sr yields good results because the Sr concentration in
speleothems tends to be rather high (50-1000 ppm) while the detection limit is low (1-10 ppm). Also, the
Sr peak is not overlapped by diffraction, at least not in the spectra used in this study (Fig. 2). Mg, on the
other hand, has proven to be a lot more difficult because the main Mg peak (Kα = 1.254 keV) is located in
the lower energy range of the spectrum. Lighter energy X-rays are more easily scattered and more rarely
reach the sample and the detector, which means that there is less radiation to excite Mg in the sample
and that less fluorescent X-rays of Mg reach the detector. However, the ability to operate under nearvacuum conditions, sufficiently long measurement time and relatively high Mg concentrations in the sample
significantly increases the potential of detecting and measuring Mg. We believe that this is the first work
where satisfactory µXRF results of Mg in speleothems are presented, with the exception of synchrotron
techniques. From Figure 9, it can be deduced that µXRF does not perform equally well for Ba, Zn and Al.
The concentrations of these elements are consistently overestimated by the µXRF technique compared to
the LA-ICPMS technique. In the case of Zn and Ba, this is due to an overlap of diffraction peaks with the
element peaks, as shown in the spectra (Fig. 9). Therefore, the diffraction peak is mistaken for an element
peak by the processing software and as a consequence the deconvolution is inaccurate. However, good
results for Ba were obtained for the aragonite sample CS-2 (Fig. 5). The main reason is the higher
concentration of Ba in aragonite, which was already observed in other calcite-aragonite speleothems
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(Wassenburg et al., 2012). Although the results of CS-2 were not validated with other analytical techniques,
the spectrum was checked manually and no overlap of the Ba element peak with diffraction peaks occur
(Fig. 5). The lack of correlation for Al likely result from the low energy of the main Al peak (Kα = 1.487) and
the very low concentration of Al in the sample (average of ~11 ppm according to the LA-ICPMS data).

Figure 9: A) comparison of LA-ICPMS (triangles) and µXRF (circles) measurements of Mg, Al, Zn, Sr and Ba on sample Han-8. Calculated
errors are displayed on the right side of the graph. A good correlation for Mg and Sr can be observed, whereas the correlation of Al, Zn and Ba is
very poor. B) spectra of two points (P167 and P240) showing the overlap of diffraction peaks with the Zn and Ba element peaks, resulting in a bad
deconvolution and incorrectly quantified µXRF results.

A second comparison was carried out on sample P16 (Fig. 10). This is an annually layered speleothem
and earlier LA-ICPMS analysis has shown seasonal variations in Mg, Sr, Ba, Zn, Y, Pb and U
(Vansteenberge et al., in review). A similar transect was reanalyzed with µXRF at the maximum resolution
of 25 µm. µXRF data are available for Mg, Zn and Sr. However, Y, Pb and U concentrations in P16 are
too low to be measured with µXRF and overlap with diffraction occurs for Ba. The result shows that the
µXRF technique is able to reproduce the results obtained by LA-ICPMS adequately (Fig. 10). Especially
the performance of µXRF for Zn is remarkable in this sample. Although absolute concentrations
determined with µXRF are slightly higher, the method tracks the annual variations very well. As mentioned
earlier, in most applications Zn is hard to measure because the element peak is located in a part of the
energy peak where diffraction peaks are very common (Fig. 2; Fig. 4). Here, a substantial amount of Zn
in the sample (average of 70 ppm determined with LA-ICPMS) and the lack of overlap with diffraction
peaks enable a reliable measurement of Zn with µXRF. Quantitative Zn profiles measured in speleothems
using benchtop µXRF have, to the extent of our knowledge, not been reported so far, although reproducible
Zn concentration profiles measured on fossil bivalve shells using the same µXRF set-up have been
reported and interpreted (de Winter et al., 2017). For Mg, the scatter of the µXRF data is larger compared
to the LA-ICPMS data but running averages through both records appear to be in good agreement (Fig.
10). Especially between 0 and 8 mm, the correlation between the two Mg records is very good. However,
after 8 mm, the agreement slightly deteriorates. Similar observations can be made for Sr. An explanation
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for this may be that small surface impurities common in speleothems, such as porosity, influences the
quality of the data because they result in additional scattering of the X-rays (Beckhoff et al., 2007; de
Winter and Claeys, 2017). Buckles and Rowe (2016) already recognized the negative effect of small
surficial imperfections and/or subsurface air pockets on the quality of speleothem µXRF data. The effect
of impurities such as porosity tends to play a larger role when working at higher resolutions. Still, the
reproducibility and agreement with the more established LA-ICPMS technique in this example illustrate
the potential of µXRF to produce high resolution (i.e. 25 µm) trace element records.

Figure 10: Results for Mg, Sr and Zn of a transect measured by both LA-ICPMS (triangles) and µXRF (circles) on the annually laminated
speleothem sample P16 (Fig. 1). Errors are shown on the right side of the graphs.

Recommendations for future XRF measurements on speleothems
By testing the capabilities of a benchtop µXRF device on various types of speleothem samples under
different measurement conditions, as well as validating the acquired trace element data series, the
following recommendations can be made for future (µ)XRF measurements on speleothems:
First, a good measurement starts with a good sample. Sample surfaces should be polished as smooth
as possible, and the amount of irregularities (e.g. speleothem porosity) is preferentially low. Second, if
possible, XRF analysis under vacuum conditions is favored. This allows lighter elements such as Mg to be
measured reliably. Third, always check the XRF spectrum. This enables the identification of non-elemental
peaks (e.g. sum peaks, escape peaks and diffraction peaks) that could potentially overlap element peaks,
which lead to misinterpretation of the obtained data. It is advised in transient measurements to review
each individual spectrum because changes in crystal orientation lead to changes in the location of the
diffraction peaks in the spectrum. However, for large datasets (e.g. > 100 points) it becomes time
consuming to check each spectrum, so some spectra can be selected at random or at suspicious points
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(e.g. doubtfully high counts of certain elements). Fourth, for reliable XRF measurements on speleothems,
following instrumental conditions are proposed:
-

vacuum
maximum source energy
no source filter
two detectors (if available)
point-by-point line scans
minimum of 90 s measurement time.

Finally, apply a standard-based quantification and calibration with matrix-matched standards. The
multiple standard calibration presented in this study can also be used for calcium carbonate materials
other than speleothems.
Case study: Han-9 trace element record
Han-9 is a stalagmite collected in Han-sur-Lesse Cave, southern Belgium (Fig. 1, Table 1). The
stalagmite formed between 125.3 and 97 ka and thus covers large parts of the Eemian and early
Weichselian in northwestern Europe. A complete description of the speleothem, including the age-depth
model and the stable isotope ratio time series (δ13C and δ18O), is provided in Vansteenberge et al. (2016).
In this case study, trace element time series are added to the Han-9 dataset to better understand the
changes observed in the stable isotope records. Also, robust and well-understood high-resolution
speleothem trace element records covering the last interglacial in northwestern Europe are scarce (Govin
et al., 2015). The first two growth phases of Han-9 speleothem (red line in Fig. 1) are analyzed with µXRF
using the M4 Tornado setup described above. Growth phase 3 is deliberately not included because of the
uncertainties on the age model (Vansteenberge et al., 2016). Measurements consisted of individual points
along the central growth axis with a spatial resolution of 50 µm. The last part of growth phase 2 is measured
at a higher resolution (25 µm between consecutive spots) to account for the diminished growth rate. A total
of 1935 single point measurements are carried out. Each point is analyzed for 90 s with a 50 kV 600 µA
Rh source. No filters are applied. Quantification of the individual point spectra is done using the
aforementioned quantification method and values are calibrated using the presented calibration curves
(Table 2 and S12.2).
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Spectrum
A spectrum acquired from Han-9 stalagmite is shown in Fig. 7. Good peaks are observed for Sr and
Mg. Other elements, such as Fe, Zn and Ba overlap with diffraction peaks. Therefore, the XRF results of
these elements are not reliable. Overlap of the Ca escape peak occurs with P. Peaks for Al and S could
be identified as well. No validation of the obtained XRF data with other analytical techniques was carried
out for Han-9. However, stalagmite Han-8, which was measured using LA-ICPMS (Fig. 9), was collected
next to Han-9 and is similar in mineralogy and morphology (Fig. 1). Therefore, the bulk trace element
concentration of Han-9 is assumed to be comparable to that of Han-8. This has shown that the XRF data
is accurate for Sr and Mg, but problems arise with Al, Zn and Ba. The data for S could not be confirmed.
The µXRF dataset in this case study is therefore limited to Mg and Sr.

Figure 11: Multiproxy study of Han-9 showing δ13C, δ18O, Sr and Mg. Errors of the µXRF data are displayed on the left. This part of the
stalagmite is characterized by two growth phases (1 & 2) separated by a hiatus. The interpretation of paleoclimate is given in the figure. For more
information about the age-depth model, the stable isotope data or the paleoclimate interpretation, see Vansteenberge et al. (2016).

Trace element time-series
The trace element time-series of Mg and Sr are shown in Figure 11 together with the pre-existing δ13C
and δ18O time-series. The paleoclimate interpretation of the stable isotope proxies by Vansteenberge et
al. (2016) is also provided in Figure 11. Concentrations of Sr average at 110 ppm, with a standard
deviation of 31 ppm. Mg concentrations, on the other hand, are significantly higher, with an average of
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3747 ppm and a standard deviation of 893 ppm. In Mg, low amplitude millennial scale oscillations dominate
the first part of growth phase 1 (~126-121 ka). At 121 ka, with increasing growth rate, the amplitude of the
Mg variations increases as well. In the second growth phase, Mg concentrations are lower. The Sr
concentrations in growth phase 1 remain fairly constant until a drop of 30-40 ppm occurs at 119.5 ka. After
this, an increasing trend with superimposed centennial-scaled variations is observed until the end of growth
phase 1 at 117.3 ka, with a distinct peak in Sr concentrations at 118.3 ka. In growth phase 2, large
millennial-to-centennial scaled variations are observed between 113 and 110.5 ka. These variations have
a similar period to those observed in the δ13C and δ18O time-series. From 110.5 ka to 106 ka, a gradual

increase in Sr is observed.
Table 3: Pearson’s coefficient of correlation (r) of the different proxies used in Han-9. ρ was determined on the full record and on the two
growth phases separately. Color intensity reflects the degree of correlation with red for r < 1 and blue for r ≥ 1. Asterisks mark r values with p(a)
> 0.05.

To obtain an accurate statistical comparison of the stable isotope and trace element data, the trace
element data is resampled at the depth of the stable isotope data. Resampling of the dataset is done using
a script in R (R Core Team, 2013). Comparison of the variations of the different records is done by
calculating Pearson’s correlation coefficients (r), for the entire record and for the two growth phases
separately (Table 3). The first growth phase has very low correlations among the different proxy records.
The highest degree of correlation is observed between Mg and δ13C, yet r is only -0.19 (p(a) < 0.01, n =
599). In contrast, growth phase 2 has significantly higher correlations between proxies. Besides the
previously identified negative correlation between δ13C and δ18O (r = -0.45, p(a) < 0.01, n = 229,
Vansteenberge et al., 2016), there is an even stronger negative correlation between δ13C and Sr (r = 0.64, p(a) < 0.01, n = 229). While both Mg and Sr show a weak positive correlation with δ 18O (r = 0.32,
p(a) < 0.01, n = 229 and r = 0.40, p(a) < 0.01, n = 229, respectively), which can be observed in the record
as well, no significant correlation is observed between Mg and Sr.
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Figure 12: Han-9 (growth phase 2) Sr concentration and δ13C variations plotted against distance. δ13C axis has a normal orientation. An image
of growth phase 2 is displayed below, together with the interpretation of the stalagmite morphology. White boxes represent the dense and darker
morphology and filled boxes indicate coarser and whiter morphologies. A clear link between Sr, δ13C and speleothem morphology can be observed.

Control on Sr and Mg variations
Variations in bedrock-derived trace elements such as Mg and Sr are related to changes in hydrology of
the karstic system. Variations observed in Mg and Sr records in speleothems are commonly explained by
the process of prior calcite precipitation (PCP). Since the partition coefficient of Mg and Sr in calcite is <
1, these elements are enriched in the remaining fluid when PCP occurs, causing a subsequent enrichment
in the speleothem. A higher degree of PCP is interpreted to reflect dryer periods (Fairchild et al. 2000;
Fairchild and Treble, 2009). However, in growth phase 2 a negative correlation between Sr and δ 13C
prevails. Vegetation activity is identified as the primary control on δ13C variations in Han-9 (see discussion
in Vansteenberge et al., 2016), with more positive δ13C values during dryer/colder periods when vegetation
is less active. If PCP were to be the control on the Sr variations, a positive correlation would be expected,
which is not the case here. This implies that PCP is not the main control on the observed variations in Sr
concentrations. As shown in previous work by Vansteenberge et al. (in review), PCP is not always the
dominant process controlling Mg and Sr variations in Han-sur-Lesse Cave. A more likely explanation for
the observed variations is that decreased soil activity above the cave provides less CO2 to the infiltrating
water, causing the water to be less acidic. This would lower the calcite dissolution and Sr incorporation in
the drip water. Additional support for this hypothesis can be found in the speleothem morphology (Fig. 12).
Growth phase 2 is characterized by an alternation of dense, dark calcite with coarser, white calcite.
Enriched δ13C and lower Sr concentrations correspond with denser calcite morphology. In annually
laminated speleothems, where dense and darker layers alternate with more porous and whiter layers,
seasonal variations in drip rate and drip water supersaturation are recognized as key processes generating
these layers (Baker et al. 2008). Although the observed morphology changes in Han-9 happen on a
centennial to millennial scale, the same processes can account for the observed variations in proxy
records.
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The interpretation of Mg as a paleoclimate proxy in Han-9 is more challenging. Mg and Sr variations in
other studies are often clearly in-phase (e.g. because of PCP, Fairchild and Treble, 2003) or clearly in
antiphase (e.g. Huang et al., 2001; Vansteenberge et al., in review). Although a subtle positive covariation
can be observed, e.g. in growth phase 2 between 113 and 110 ka, Pearson’s coefficient of correlation is
only 0.16 (p(a) < 0.01, n = 229) for the entire record. Yet, average values of Mg concentration are
significantly lower for growth phase 2, which is also the case for Sr. Additionally; a significant positive
relation exists between Mg and δ18O, confirming that Mg variations are indeed climate controlled. Lower
Mg concentrations are observed during dryer/colder intervals, and therefore the same mechanism
governing Sr variability is believed to control Mg as well.
5. Conclusions
This study investigated and confirmed the potential of laboratory µXRF analysis to measure trace
element concentrations in speleothems. Although the µXRF operational procedures are fast and
straightforward, the wealth of data can be misinterpreted. The main challenges of analyzing speleothems
with µXRF are the dominance of Ca compared to the trace elements and the occurrence of matrix specific
effects (such as diffraction) that alter the spectrum. We have found that the elements that can be measured
in reliable way are very sample specific and should therefore be checked for each sample. This can easily
be done by verifying the individual spectra and by validating with other analytical techniques. In this study,
different measurement conditions are tested and the most reliable results are obtained by doing point-bypoint transects with a (Rh) source energy of 50 kV and 600 µA and a measurement time of 90 s for each
point. The use of filters is not advised because they lower the intensity of the XRF spectrum and make it
harder to detect key elements such as Ba, Fe and Zn. It is recommended to apply a matrix-matched
standard-based calibration even after a single-standard matrix-matched quantification. In our sample set,
reliable results are obtained (and validated with LA-ICPMS) for Mg, Sr, Ba, Fe and Zn, however, it is not
unlikely that, in the near future with better instruments, quantification other elements (e.g. K, S, Cl, Mn) will
become possible too. The presented case study has demonstrated the ability of µXRF to rapidly construct
high-resolution trace element profiles that can complement the traditional δ13C and δ18O stable isotope
proxies. A multiproxy interpretation (stable isotopes, trace elements and speleothem morphology) of
stalagmite Han-9 has shown that prior calcite precipitation is not responsible for the observed variations
in Sr and Mg, since lower values occur during dryer periods. Instead, because of the strong anti-correlation
with δ13C, it is hypothesized that the primary control on Sr and Mg in Han-9 is a decrease in vegetation
activity. This leads to a decrease in CO2 in the infiltrating water, resulting in lower host rock dissolution
rates and providing less Mg and Sr to the drip water.
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A3.2 Reconstructing seasonality through stable isotope and trace element analysis of the Proserpine
stalagmite, Han-sur-Lesse cave, Belgium: indications for climate-driven changes during the last 400 years
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Vanhaecke, F., Claeys, P. Reconstructing seasonality through stable isotope and trace element analysis
of the Proserpine stalagmite, Han-sur-Lesse cave, Belgium: indications for climate-driven changes during
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Abstract
Annually laminated speleothems allow the reconstruction of paleoclimate down to a seasonal scale in
the Holocene. In this study, an annually laminated stalagmite from the Han-sur-Lesse Cave (Belgium) is
used to study the expression of the seasonal cycle in northwestern Europe during the Little Ice Age. More
specifically, two historical 12-year-long growth periods (ca. 1593-1605 CE and 1635-1646 CE) and one
modern growth period (1960-2010 CE) are analysed on a sub-annual scale for their stable isotope ratios
(δ13C and δ18O) and trace element (Mg, Sr, Ba, Zn, Y, Pb, U) content. Seasonal variability in the proxies
is confirmed with frequency analysis. Zn, Y and Pb show distinct annual peaks in all three investigated
periods related to annual flushing of the soil during winter. A strong seasonal in phase relationship between
Mg, Sr and Ba in the modern growth period reflects a substantial influence of prior calcite precipitation
(PCP). In particular, PCP occurs during summers when recharge of the epikarst is low. This is also
evidenced by earlier observations of increased δ13C values during summer. In the 17th century intervals,
there is a distinct antiphase relationship between Mg, Sr and Ba, suggesting that varying degrees of
incongruent dissolution of dolomite control the observed seasonal variations. The processes controlling
seasonal variations in Mg, Sr and Ba in the speleothem appear to change between the 17th century and
1960-2010 CE. The Zn, Y, Pb and U concentration profiles, stable isotope ratios and morphology of the
speleothem laminae all point towards increased seasonality in cave hydrology and higher drip water
discharge during the 17th century. These observations reflect an increase in water excess above the cave
and recharge of the epikarst, due to a combination of lower summer temperatures and increased winter
precipitation during the 17th century. This study indicates that the transfer function controlling Mg, Sr and
Ba seasonal variability varies over time. Which process is dominant, either PCP or dolomite dissolution, is
clearly climate-driven and can thus be used as a paleoclimate proxy itself.
Keywords: Speleothem, seasonality, Little Ice Age, trace element concentrations, stable isotope ratios,
proxy transfer functions
Introduction
Speleothems have been successfully used to reconstruct paleoclimate on various time scales (Fairchild
and Baker, 2012), from tropical latitudes (e.g. Wang et al., 2001) to temperate areas (e.g. Genty et al.,
2003). Their ability to hold distinct annual layering enables paleoclimate reconstructions down to seasonal
scale. The occurrence of visible annual laminae in speleothems has been reported from sites all over the
world (Baker et al., 2008). A common expression of this visible layering is an alternation of dark compact
laminae (DCL) and white porous laminae (WPL), as defined by Genty and Quinif (1996). According to
Baker et al. (2008), the origin of visible seasonal layering is related to seasonal variations in drip rate, in
drip water supersaturation and/or in cave climatology. However, in most cases, visible seasonal layering
is formed by changes in drip water discharge (Baker et al., 2008). Such changes in drip rate often coincide
with the presence of a varying degree of prior calcite precipitation (PCP). PCP is the process of calcite
precipitation upstream of the site of speleothem deposition (Fairchild et al., 2000). An increase in PCP
occurs when the ability of cave waters to degas increases. Therefore, a higher degree of PCP is attributed
to drier periods (Fairchild et al., 2000; Fairchild and Treble, 2009). Variations in the amount of PCP have
been observed on a seasonal scale (e.g. Johnson et al., 2006). The presence of seasonally laminated
speleothems in Belgian cave systems is known for several decades (e.g. Genty and Quinif, 1996). The
best known example is the Proserpine stalagmite collected from Han-sur-Lesse Cave and first described
by Verheyden et al. (2006). The speleothem has a well-expressed visual seasonal layering over the last
500 years according to layer counting and U/Th dating. In addition to this visual layering, the stalagmite
also holds a distinct geochemical seasonal layering (Van Rampelbergh et al., 2014). In the Proserpine
stalagmite, geochemical layering is reflected by sub-annual variations of stable isotope ratios (δ13C and
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δ18O). A thorough understanding of modern seasonal control on variations in δ13C and δ18O in speleothem
calcium carbonate results from rigorous monitoring of the conditions at the sample site in Han-sur-Lesse
cave as carried out by Van Rampelbergh et al. (2014) for the period 2012-2014. Complementing the
commonly used speleothem δ18O and δ13C proxies with trace elemental concentrations (e.g. Mg, Sr, Ba,
Zn and U) is becoming standard practice in speleothem paleoclimate reconstructions and brings additional
information to unravel the observed seasonal signal in the proxies.
The first objective of this study is to better characterize the geochemical layering by adding trace
element proxies to improve the understanding of processes driving the geochemical layering and to further
resolve the relation with seasonal climatic variability. In addition, this work also compares the seasonal
cycle within earlier identified cold periods (Verheyden et al., 2006; Van Rampelbergh et al., 2015; Fig. 1)
to present-day seasonal signals. To achieve this, two 12-year long stalagmite growth periods (1593-1605
CE ± 30, hereafter P16 and 1635-1646 CE ± 30, hereafter P17) and a recent analogue deposited between
1960-2010 CE (hereafter referred to as P19) are analysed on a sub-annual scale for their stable isotopic
(δ13C and δ18O) and trace elemental variations. This information is then interpreted in terms of climatic
changes during the last 400 years.

Figure 1: (left) Location of the Han-sur-Lesse Cave system (N50.114251, E5.203342) with the entrance and exit of the Lesse River, the Salledu-dome and the Père-Noël Cave. North is upwards (right) Map showing the location of the Proserpine stalagmite within the Salle-du-Dome. The
insert shows the position of the core retrieved from the speleothem. Images adapted from Van Rampelbergh et al. (2014, 2015).

Geological setting
Han-sur-Lesse Cave
With a total length of approximately 10 km, the Han-sur-Lesse Cave system, located within a limestone
belt of Middle Devonian age, is the largest known subterranean karst network in Belgium (Fig. 1A). The
cave system was formed by a meander cut-off of the Lesse River within the Massif de Boine, which is part
of an anticline structure consisting of Middle to Late Givetian reefal limestones (i.e. the Mont-d’Haurs and
Fromelennes Formations (Fm.); Delvaux de Fenffe, 1985). The thickness of the epikarst zone above the
cave is estimated to be around 40 m (Quinif, 1988). Studies have shown the local presence of dolomite in
these Givetian limestones. Within the Mont-d’Haurs Fm., the biostromal limestones are alternated with
fine-grained micritic limestones and dolomitic shales (Preat and Bultynck, 2006). Additionally, a recent
study by Pas et al. (2016) on Middle Devonian outcrops has shown that dolomitized beds also occur within
the limestones of the Fromelennes Fm.
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The Han-sur-Lesse Cave is located ~200 km inland at an elevation of 200 m above sea level. The
region is marked by a warm temperate, fully humid climate with cool summers, following the KöppenGeiger classification (Kottek et al., 2006). In the period 1999-2013, annual temperatures averaged 10.2
°C and average annual rainfall amount was 820 mm yr-1 in Rochefort, 10 km from Han-sur-Lesse (Royal
Meteorological Institute). The study site is affected by a North Atlantic moisture source all year round
(Gimeno et al., 2010) and the amount of precipitation does not follow a seasonal distribution. Calculations
applying the Thornthwaite formula (Thornthwaite and Mater, 1957) show that there is a strong seasonal
trend in the water excess, i.e. the amount of rainfall minus the amount lost by evapotranspiration, with
water excess only occurring from October to April (Genty and Deflandre, 1998; Genty and Quinif, 1996).
The studied speleothem was retrieved from the Salle-du-Dôme, a 150 m wide and 60 m high chamber
that formed by roof-collapse of the limestone (Fig. 1B). The Salle-du-Dôme is well ventilated, as it is
located close to the cave exit and connected through two passages to nearby chambers. Monitoring of
cave atmosphere within the Salle-du-Dôme for the period 2012-2014 showed that in 2013 the temperature
inside the chamber varied seasonally between 10.5 and 14.5 °C (Van Rampelbergh et al., 2014). Similar
seasonal trends in temperature are observed for the drip water, but the average is 0.5 °C colder. The pCO2
of the cave air averages around 500 ppmv for the whole year. Yet, in summer (July-August), a rapid and
temporary increase to 1000 ppmv is observed. Also during summer, rainwater δ18O and δD above the
cave increase by 3 ‰ and 30 ‰ (VSMOW, Vienna Standard Mean Ocean Water) respectively, likely due
to the atmospheric temperature effect as described by Rozanski et al. (1992). In contrast, drip water δ18O
and δD remain fairly stable throughout the year, with averages of -7.65 ‰ and -50.1 ‰ VSMOW and
standard deviations of 0.07 ‰ and 0.6 ‰ VSMOW, respectively. During late summer (September), an
increase of 1.5 ‰ is observed in the δ13C record of dissolved inorganic carbon (DIC) within the drip water
Proserpine speleothem
The Proserpine speleothem is a 2 m high, tabular shaped stalagmite. The speleothem has a surface
area of 1.77 m² and is fed by a drip flow with drip rates ranging between 100 and 300 mL min -1. These
high drip rates suggest that the drip water is transferred through the bedrock via fracture flow, allowing a
fast transfer of the atmospheric water through the bedrock. The speleothem grew over a period of
approximately 2 kyr and has thus an exceptionally high average growth rate of 1 mm yr -1. The large
speleothem was drilled and a 2 m long core was retrieved. The upper 50 cm of this core, dating back to
approximately 1500 CE (Fig. 2), shows a well-expressed layering of alternating DCL and WPL (Verheyden
et al., 2006). Previous studies concluded that multi-decadal simultaneous changes in different proxies
(such as crystal fabric, growth rate, layer thickness, and oxygen and carbon stable isotope ratios) indicate
that these are controlled by common climatic, environmental or anthropogenic factors, despite the
observation that some parts of the Proserpine speleothem appear to have been deposited out of isotopic
equilibrium with the drip water (Verheyden et al., 2006; Van Rampelbergh et al., 2015). Based on a detailed
cave monitoring study at the Proserpine site, Van Rampelbergh et al. (2014) showed that δ18O and δ13C
of seasonally deposited calcite reflect isotopic equilibrium conditions and that variations of stable isotope
ratios are induced by seasonal changes. These seasonal changes in stable isotope ratios correspond with
the observed visible layering. The speleothem δ18O value is believed to reflect changes in seasonal cave
climatology. While drip water δ18O remains constant, calcite δ18O decreases with ~0.6 ‰ in summer
months, caused by temperature-dependent fractionation during calcite precipitation. This fractionation was
calculated to be -0.2 ‰ °C-1. In contrast, δ13C reflects seasonal changes occurring at the epikarst level. A
~1.5 ‰ increase of δ13C in drip water DIC during late summer is directly reflected in the freshly deposited
speleothem calcite. The enrichment in drip water δ13C values occurs shortly after the observed decrease
in drip water discharge, and therefore seasonal variations in the degree of prior calcite precipitation in the
epikarst has been hypothesized to be the main driver of seasonal δ13C changes in the drip water (Van
Rampelbergh et al., 2014).
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Figure 2: The three studied growth periods P19 (1960-2010 CE), P17 (1633-1644 ± 30 CE) and P16 (1593-1605 ± 30 CE). The yellow
rectangles mark the sections that were drilled/sampled for δ 13C and δ18O analysis, the red lines represent the LA-ICPMS transects. Numbers in
grey indicate the observed layer couplets.

Methods
Analytical procedures
The three growth periods studied are shown in Fig. 2 and their age is derived from an age-depth model
based on U-Th-dating and layer counting (Verheyden et al., 2006; Van Rampelbergh et al., 2015). For
δ13C and δ18O analysis, powder samples are acquired using a Merchantek Micromill (Merchantek/Electro
Scientific Industries Inc. (ESI), Portland (OR), USA, coupled to Leica GZ6, Leica Microsystems GmbH,
Wetzlar, Germany) equipped with tungsten carbide dental drills with a drill bit diameter of 300 µm. The
powders are stored in a 50 °C oven prior the analysis to avoid δ13C and δ18O isotopic contamination.
Measurements for P16 and P17 are carried out on a Nu Perspective isotope ratio mass spectrometer
(IRMS) coupled to a Nucarb automated carbonate preparation device (Nu Instruments, UK) at the Vrije
Universiteit Brussel (Belgium). The δ13C and δ18O records of P16 and P17 consist of 201 and 116 data
points, respectively, resulting in temporal resolutions of ~20 and ~10 data points per year, respectively.
The analysis of the P19 interval is an extension of the previously published seasonally resolved 19761985 transect (Van Rampelbergh et al., 2014) and is carried out on a Delta plus XL IRMS coupled to a
Kiel III carbonate preparation unit (Thermo Fisher Scientific, Germany) also at the Vrije Universiteit
Brussel. For P19, a total of 350 samples are analysed, providing a temporal resolution of ~7 data points
per year. Within each batch of ten samples, the in-house reference material MAR2-2, prepared from
Marbella limestone and calibrated against NBS-19 (Friedman et al., 1982) is measured together with the
samples to correct for instrumental drift (δ13C: 3.41 ± 0.10 ‰ (2s) VPDB; δ18O: 0.13 ± 0.20 ‰ (2s) VPDB).
All results are displayed as ‰VPDB (Vienna Pee Dee Belemnite) with the individual reproducibility
reported as 2 standard deviation (SD) uncertainties. Averages of the total 2 SD uncertainties for δ13C and
δ18O are 0.03 ‰ and 0.09 ‰ for the Nu Perspective setup. With the Delta plus XL setup these are slightly
higher, being 0.04 ‰ and 0.10 ‰ for δ13C and δ18O, respectively (Van Rampelbergh et al., 2014).
Trace element variations are determined using inductively coupled plasma-mass spectrometry
complemented by a laser ablation sample introduction system (LA-ICPMS) at Ghent University (Belgium).
The LA-ICPMS setup consists of a 193 nm ArF*excimer Analyte G2 laser ablation system (Teledyne
Photon Machines, Bozeman, MT, USA) coupled to a single-collector sector field ‘Element XR’ ICPMS unit
(Thermo Fisher Scientific, Bremen, Germany). The laser is used to sample adjacent positions along a line
segment parallel to the stalagmite’s growth axis. The positions are ablated one-by-one for 15 s with a laser
spot size of 50 μm in diameter, a repetition rate of 30 Hz and a beam energy density of 3.51 J cm -2. The
line segments for P16, P17 and P19 are drilled at 287, 249 and 445 individual positions, respectively.
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Sampling via individual drilling points is preferred over the conventional approach of continuous line
scanning be-cause the single positions can be sampled longer, resulting in an improved limit of detection.
To carry out the analyses, the speleothem sections and reference materials are mounted in a HELEX 2
double-volume ablation cell. The Helium carrier gas (0.5 L min-1) is mixed with Argon make-up gas (0.9 L
min-1) downstream of the ablation cell, and introduced into the ICPMS unit, operated in low mass-resolution
mode. Transient signals for Magnesium (Mg), Aluminium (Al), Silicon (Si), Phosphorus (P), Sulphur (S),
Potassium (K), Iron (Fe), Manganese (Mn), Zinc (Zn), Rubidium (Rb), Strontium (Sr), Yttrium (Y), Barium
(Ba), Lead (Pb), Thorium (Th), and Uranium (U) are monitored during analysis of the laser-induced aerosol.
Cool plasma conditions (800 W RF power) are used to reduce Argon-based interferences and to increase
the sensitivity of the analysis. A gas blank subtraction is performed on the data acquired at each position,
based on the signal acquired 10 s prior to the ablation. Precise and accurate trace element concentration
data are obtained from offline calibration, using seven international natural and synthetic glass and
carbonate reference materials BHVO-2G, BIR-1G, GSD-1G, GSE-1G, and MACS-3 (United States
Geological Survey) as well as SRM 610 and 612 (National Institute of Standards and Technology). Ca is
used as an internal standard, following the assumption that the calcium carbonate in the speleothem is
made up of 38 wt. % Ca. Based on the reference materials and settings described the repeatability for the
produced elemental concentration data is typically on the order of 5% relative standard deviation (RSD).
Limits of detection (LODs) are calculated to be 4 µg g -1 for 25Mg, 9 µg g-1 for 27Al, 100 µg g-1 for 29Si, 1 µg
g-1 for 31P, 7 µg g-1 for 34S, 7 µg g-1 for 39K, 0.08 µg g-1 for 55Mn, 4 µg g-1 for 57Fe, 0.2 µg g-1 for 66Zn, 0.03
µg g-1 for 85Rb, 0.08 µg g-1 for 88Sr, 0.01 µg g-1 for 89Y, 0.1 µg g-1 for 137Ba, 0.008 µg g-1 for 208Pb, 0.0005
µg g-1 for 232Th, and 0.0001 µg g-1 for 238U (Fig. 3).
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Figure 3: Ranges of the stable isotope (left) and trace element data (right). For the stable isotope ratios, the data mark the average (black
diamonds) and the standard deviation (1σ) of the distribution. For the trace element concentrations, the boxes represent the minimum and
maximum values and the white diamonds mark the median. Numbers on top of the bars represent the percentage of the data that is below the
calculated detection limit.

Data Processing
Frequency analysis is applied to study the variations in the different proxy signals, and allows evaluating
which of these proxies records the seasonal cycle. The ability of frequency analysis to assess the potential
of a proxy to record the seasonal cycle in speleothems is already recognized by Smith et al. (2009).
Furthermore, the method can identify multi-annual trends or variability at the sub-seasonal level.
Frequency analysis is performed using Fast Fourier Transformations (FFT) of the isotopic and trace
element data in the distance domain. The data are then de-trended and padded with zeros. The power
spectra are plotted as simple periodograms with frequencies plotted in the distance domain (mm-1) to allow
intuitive interpretation. The robustness of the results is checked, and confirmed, with a multi-taper
approach using the ‘astrochron’ software package in R (Meyers, 2014). The significance level (95%) is
evaluated using Monte Carlo noise simulations (Muller and MacDonald, 2000). The routine used operates
in MATLAB® and is based on the scripts provided in Muller and MacDonald (2000), which are explained
in more detail in Bice et al. (2012).
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Figure 4: Periodograms (FFT) of δ13C, Mg, Zn and P measured in P16 to illustrate how the quality of a proxy to record the seasonal cycle can
be studied. The red line represents the 95% confidence level. δ13C is taken as a reference. The periodograms include two examples of proxies
with a distinct peak in the seasonal frequency band of 0.8 mm -1(Mg and Zn) and one proxy with no peak in the seasonal frequency band.

An effective method to compare sub-annual variations of different proxies with each other is by
resampling multiple annual cycles at a regular interval and stacking the individual cycles (Borsato et al.,
2007; Johnson et al., 2006; Treble et al., 2003). The advantage of this method is that the phase-relations
of the different proxies are preserved (Treble et al., 2003). Annual stacks are created based on the moving
averages to diminish the influence of low-frequency noise on the annual stacks. The number of points
used for moving averages is determined as a function of the sampling resolution (i.e., 3-point moving
average for stable isotope records and 5-point moving average for trace element records, see Fig. 5). The
boundaries between individual annual cycles are commonly defined by the minima or maxima for every
annual cycle. Proxy records with well-constrained seasonal variation are used to define seasonal cycles.
In this study, individual years are selected based on δ13C (minima) for stable isotope proxies and Zn
(maxima) for the trace element proxies. Stable isotope ratios and trace element stacks are deliberately
created separately as the IRMS and LA-ICPMS analysis are not conducted on the same sample volume
A-105

NIels_de_Winter_def.indd 391

13/02/19 10:32

and location (Fig. 2). For P16 and P17, all annual cycles are included in the stack, except for the first and
the last one, since there is no guarantee that these are entirely represented in the record. For P19, only
ten years were selected from the full record to avoid any effect multi-decadal variability and to maintain an
approach similar to that of P16 and P17. The years are indicated by the red line in Fig. 5.
Figure 5: Stable isotope ratios and trace element variations plotted against distance for P19, P17 and P16. Blue bars mark the DCC laminae.

The left side represents the youngest layers. All stable isotope ratios are expressed as ‰ VPDB, while trace element concentrations are reported
in ppm. Red bars indicate years used for annual stack (Fig. 6 and 7).
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Results
The concentration range of each proxy measured in the three different intervals is shown in Fig. 3. For
δ13C and δ18O, the average values and ranges (minima to maxima) in P19 are significantly higher than
those in P17 and P16. To illustrate the spread in the trace element records, the median is used instead of
the average as it is less sensitive to large concentration ranges and outliers. The LOD for Si is rather high
(100 µg g-1) but this is related to instrument contamination from prior experiments. Al, Si, K, Mn, Rb and
Th are not be included in this study since > 25% of the data falls below the LOD. An exception is made in
the case of Y; few data points are retained for P17 (81% of the data is < LOD in P17 and 18% and 36% of
the data is < LOD in P19 and P16 respectively. However, Y data are discussed because of the clear
seasonal signal shown in P19 and P16 (S13.1-S13.3 Fig. 3 and 5).
Figure 4 shows an example of the FFT periodograms of δ13C, Mg, Zn and P in P16. Additional
periodograms for the other elements in P16, P17 and P19 are included as supplementary data (S13.1S13.3; Fig. 3-5). The frequency analysis confirms the clear seasonal cyclicity of δ13C previously observed
by Van Rampelbergh et al. (2014) (Fig. 4). The dominant frequency of δ13C in P16 is 0.8 mm-1 (Fig. 4).
This corresponds to a period of 1.25 mm, which is in good agreement with an observed average layer
thickness of 1.13 mm (S13.4; Fig. 6). Because of its distinct seasonal cyclicity, the δ13C cycle is used as
a reference to deduce whether or not other proxies record the seasonal cycle. Mg and Zn appear to track
this seasonal cycle well as their periodograms contain peaks at 0.8 and 0.75 mm -1 respectively,
corresponding closely to the frequency of δ13C. For Zn, a broader double peak is observed with a main
period of 1.18 mm and a smaller period of 1.02 mm. This double peak in the periodogram is caused by
small variations in the thickness of the annual cycles around an average thickness of 1.13 m with a lightly
skewed distribution towards thinner layers (see S13.4; Fig. 6). The P record doesn’t display any significant
seasonal cycle (95% confidence) (Fig. 4). For P19, visible layers are thinner (average 0.382 mm) and also
the variation in thickness is larger (RSD 28.9%) compared to P16 and P17 (S13.4; Fig. 6). This results in
broader and less obvious seasonal peaks in the periodograms.
Records of stable isotope ratios (δ13C and δ18O) and trace element (Mg, Zn, Sr, Y, Ba, Pb and U)
concentrations are plotted in the distance domain in Fig. 5. The occurrence of darker laminae (DCL) in the
samples is indicated by blue bands, clearly showing that layers are thicker in P16 and P17 (average 1.135
mm and 1.096 mm, respectively) compared to P19 (average 0.382 mm). For all intervals, the seasonal
cycles are well constrained by δ13C, with lower δ13C values occurring in DCL. The average δ13C is higher
for P19 (-8.36 ‰) compared to P17 and P16 (-9.82 ‰ and -10.04 ‰, respectively). In addition, the
amplitude of the individual cycles is larger in P19. Seasonal cycles in δ18O are much less pronounced. The
most distinctive cycles are observed in P19 and some can be identified in parts of P17 and P16 (e.g.
between 4 and 7 mm in P16 or between 3 and 7 mm in P17), while for other parts (e.g. between 7 and 11
mm in P16) they appear to be absent.
Seasonal variations are observed for Mg, Sr and Ba in all three intervals investigated (Fig. 5). In P17
and P16, the median concentrations of these elements are closely related; 447 and 444 µg g -1 for Mg, 51
and 45 µg g-1 for Sr and 36 and 33 µg g-1 for Ba (Fig. 3). However, in P19 concentrations of Mg and Ba
are slightly higher compared to the older intervals, i.e. 706 µg g-1 for Mg and 46 µg g-1 for Ba. This is also
the case for Pb and U with concentrations significantly lower in P17 (0.14 and 0.05 µg g -1, respectively)
and P16 (0.14 and 0.07 µg g-1, respectively) and a seasonal cycle that is less pronounced than in P19
(0.37 and 0.18 µg g-1). In contrast, P16 has the highest median concentrations of Zn (54 µg g -1) and Y
(0.04 µg g-1) and both elements display a well-defined seasonal covariation. Although the concentration of
Zn is lower in P19 and P17 (14 and 25 µg g-1, respectively), the seasonal cycle is still present. Similar
observations can be made for Y in P19 (0.02 µg g-1). Within P16 and P17, maxima of Zn, Y, Sr and Ba
mostly occur within the DCL.
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Discussion
Age of P16 and P17
The age-depth model of the Proserpine speleothem core has been established and discussed by Van
Rampelbergh et al. (2015; Fig. 2). This age-depth model was constructed by using a combined approach
of U-Th radiometric dating, based on 20 U-Th ages, and layer counting. This has shown that the amount
of counted layers is in good agreement with the U-Th ages (see Table 2 in Van Rampelbergh et al., 2015).
However, at 9 to 10 cm from the top of the core, a perturbation with heavily disturbed calcite occurs, making
it impossible to construct a continuous layer counted chronology. Remains of straw and soot were found
within this perturbation, suggesting that at that time, fires were lit on the speleothem’s paleosurface
(Verheyden et al., 2006). Layer counting gave an age of 1857 ± 6 CE for the reestablishment of calcite
deposition after the perturbation and U-Th age-depth modeling showed that the start of the perturbation
occurred at 1810 ± 45 CE (Van Rampelbergh et al., 2015). Radiocarbon dating of the straw fragments
embedded in the calcite gave an age between 1760 and 1810 CE, with 95.4 % probability. The age of
1810 ± 45 CE is used to restart the layer counting after the perturbation towards the bottom of the core.
This gave an age of 1593 to 1605 ± 30 CE for P16 and 1635 to 1646 ± 30 CE for P17.
Table 1: Schematic overview providing the observed changes and interpretation for the different proxies of P19, P17 and P16. PCP = prior

calcite precipitation, IDD = incongruent dissolution of dolomite, DCL = dark compact layers, WPL = white porous layers

Seasonal cyclicity in trace element records
A schematic overview of the observed changes in the proxies discussed below and the interpretation
for the three intervals is provided in Table 1. Assessing the exact phasing of the seasonal cycles of different
trace elements to δ13C and the visible layering remains challenging since 1) often a multitude of factors
control trace element variations within speleothems and 2) stable isotope ratios and the trace element
concentrations are not measured on the same samples. An example of such a phase problem is the
occurrence of an additional year in P16 in the trace element curve compared to δ 13C (Fig. 5, between 1
and 6 mm). Nevertheless, overall, δ13C minima occur in the DCL, suggesting a similar timing (and maybe
control) on the visible laminae and δ13C cycles. Trace element proxies show cyclicity with a similar
frequency as the δ13C (Fig. 4), in contrast to δ18O which seasonal cycles in P16 and P17 are less clear.
Zinc, yttrium and lead proxies
In earlier monitoring studies carried out in the Père-Noël Cave (also part of Han-sur-Less Cave system,
Fig. 1), the presence of a late autumn increase in discharge was identified (Genty and Deflandre, 1998;
Verheyden et al., 2008). In-situ conductivity measurements indicated an elevated mineral and/or organic
matter increase during this autumnal increase in drip water discharge (Genty and Deflandre, 1998;
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Verheyden et al., 2008). Measurements of the drip water discharge above the Proserpine stalagmite show
that in late November, a doubling of the discharge volume occurs. This increased discharge is maintained
until May, when a gradual decrease is observed (Van Rampelbergh et al., 2014). The timing of the elevated
discharge agrees with the theoretical water excess occurring above the cave (Genty and Quinif, 1996).
The observed seasonal cycle in Zn, Y and Pb in the intervals studied is likely caused by this annual winter
flushing. Variations in these trace metal concentrations within annual speleothem layers have previously
been attributed to the annual hydrological cycle. For instance, Borsato et al. (2007) linked the peak
concentrations of F, P, Cu, Zn, Br, Y and Pb to the annual increase of soil infiltration during autumnal
rainfall. Furthermore, it was suggested that the transport of such elements mainly occurs via natural
organic matter (NOM) or other form of colloidal material. Enrichments of these soil-derived elements within
speleothems are believed to be associated with high drip water flows (Fairchild and Treble, 2009). Studies
have shown that trace metals, such as Cu, Ni, Zn, Pb, Y and REE, are predominantly transported via
complexing by NOM, of which the fraction size in the karstic waters ranges from nominally-dissolved to
colloidal-to-particulate (Hartland et al., 2012; Wynn et al., 2014). In the case of Zn and Pb, Fairchild et al.
(2010) have shown that in Obir Cave (Austria) the visible and ultra-violet lamination forms during autumn
and is enriched in Zn, Pb and P. According to Wynn et al. (2014), the correspondence of distinct Zn and
Pb peaks with the autumnal laminae is compelling evidence for a high-flux transport of these trace metals
with NOM. However, in this study no distinct annual cycle within the P record is observed (Fig. 4).
Phosphorus is considered soil derived as it originates from vegetation dieback (e.g. Baldini et al., 2002).
Therefore, P has shown similar variations as observed in Zn, Y and Pb in previous studies (Borsato et al.,
2007; Fairchild et al., 2010). In the Proserpine speleothem, no relation between P and other soil derived
trace elements is detected. An explanation for this can be similar to that proposed by Frisia et al. (2012),
being that P is not derived from soil leaching, but from other sources such as phosphate minerals present
in the epikarst or microbiological activity.
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Figure 6: Annual stacks of the trace element proxies. Y-axis: concentrations (µg g-1); x-axis: sub-annual increment. For the years used, see
Fig. 5.

Because of the distinct signature of the seasonal cycle in Zn, the Zn peaks are used as tie-points to
create the annual stacks of other trace element records (Fig. 6), with lower concentrations occurring during
periods of lower discharge and vice versa. The much higher Zn and Y peaks in P16 compared to P17 and
P19 suggest an increased seasonality effect in discharge; therefore the accompanied annual flushing of
the soil above cave appears more intense in the early 17th century. Concentrations of Pb are significantly
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higher in P19 compared to the other periods (median of 0.37 µg g -1 versus 0.14 µg g-1 and 0.14 µg g-1 in
P16 and P17, respectively). An increase of Zn and Y in P19 similar to that in Pb is not observed, suggesting
that the Pb-enrichment occurs at the soil level from another source. A study of Allan et al. (2015) on Pb
isotope ratios in the in the same Proserpine stalagmite shows that the Pb concentrations are soil derived
and originate from various sources of anthropogenic atmospheric pollution (coal, industrial activities, steel
production and road dust). This explains well the observed higher Pb concentration in P19. Allan et al.
(2015) identified increases in Pb concentration during 1945-1965 CE and 1975-1990 CE, which are in
agreement with the observed higher Pb concentrations in this study between 20-18 mm and 13-5 mm.
They also concluded that this 20th century anthropogenic pollution only affects Pb and none of the other
elements used as paleoseasonality proxy in this study.
Magnesium, strontium and barium proxies
Figure 6 shows that the annual stacks of Sr and Ba exhibit a high degree of positive covariation within
all three intervals, evidenced by Pearson correlation coefficients (r) of 0.71, 0.97 and 0.82 for P19, P17
and P16, respectively. Magnesium displays an antiphase relationship with Sr and Ba in P16 (r = -0.85)
whereas in P19 this relationship is in phase (r = 0.64). For P17, it is more ambiguous and an in phase or
antiphase relationship of Mg with Sr and Ba is less expressed (low correlation, r = -0.13). A strong
covariation of Mg with Sr and Ba, as observed in P19, has previously been attributed to reflect the presence
of prior calcite precipitation (PCP) in the epikarst above the cave, caused by the occurrence of drier periods
(Fairchild et al., 2000), even on a seasonal scale (Johnson et al., 2006). The presence of PCP during late
summer (with high evapotranspiration above the cave), when strongly reduced drip water discharge exists
above the Proserpine stalagmite, has also been evoked to explain the enriched δ13C of freshly deposited
calcite during the cave’s summer mode (Van Rampelbergh et al., 2014). Despite the difficulties of
accurately correlating trace elements and stable isotope proxies, there appears to be a good agreement
between the P19 Mg and δ13C record, with maxima in Mg corresponding with maxima in δ13C, confirming
the hypothesis of PCP control on these proxies. In contrast, the antiphase variation in Mg with respect to
Sr and Ba observed in P16, suggests the involvement of other processes that dominate over PCP. A
positive relationship between the Mg partition coefficient and temperature has been observed in
experimental studies (Day and Henderson, 2013; Gascoyne, 1983; Huang and Fairchild, 2001). Strontium
partitioning is known to remain constant with increasing temperatures (Day and Henderson, 2013) but can
be influenced by calcite precipitation rate. Faster precipitation of calcite causes an increased amount of
lattice defects, resulting in an increased value for the partition coefficient of Sr (Pingitore and Eastman,
1986) and thus more Sr uptake in the calcite. Higher temperatures, combined with a decrease in drip water
discharge, leading to decreased growth rates, could therefore theoretically explain the antiphase
relationship of Mg and Sr. However, growth rates in P16 are rather high and additionally, it has been
suggested that the variations of Sr and Mg in drip water chemistry are often significantly higher than those
caused by the processes mentioned above. Roberts et al. (1998) concluded that the temperaturedependence of the Mg partition coefficient could theoretically explain the observed seasonal Mg variations,
but not the multi-annual trends, for which hydrological changes are likely more important. Such
observations have caused the interpretation of the Mg proxy to shift from a temperature relationship to an
interpretation in terms of hydrological chances such as amount of water recharge in the epikarst (Fairchild
and Treble, 2009). In this study, a more likely explanation for the P16 antiphase relation in Mg, Sr and Ba
is the incongruent dissolution of dolomite (IDD), taking place during annual periods that are characterized
by enhanced water-rock interaction. The presence of dolomite within lateral-equivalent Givetian limestone
deposits in Belgium has been recognised by Pas et al. (2016). Dolomitized parts of the limestone hostrock were observed within the nearby Père-Noël Cave (Fairchild et al., 2001). During periods of decreased
recharge, i.e. summer for the Han-sur-Lesse Cave, prolonged interaction between water and rock leads
to saturation of the karstic water with respect to CaCO3. When saturation is reached, incongruent
dissolution of dolomite (IDD) will start and Ca2+ concentration remains constant due to the precipitation of
calcite (Lohmann, 1988). IDD increases the Mg/Ca of the drip water (Fairchild et al., 2000), but lowers the
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Sr/Ca and the Ba/Ca, because dolomite tends to have lower Sr and Ba contents with respect to calcite
(Roberts et al., 1998). The IDD process is believed to overwhelm the PCP signal in P16 and is likely
responsible for the observed antiphase relation. During winter recharge, saturation of the water in the
epikarst with respect to calcite is not attained and dolomite does not dissolve.
The comparison of the annual stacks for Mg, Sr and Ba of the different intervals corroborates the idea
that PCP is the main process controlling the seasonal variations of these trace elements in P19 based on
the in-phase relation of Mg, Sr and Ba. Within P16, enhanced seasonality in recharge causes IDD to
dominate over PCP. This explains the antiphase relation of Mg against Ba and Sr. Somewhere between
the P16 and P19 periods, a turnover in the hydrological regime of the epikarst allowed PCP to become
dominant over IDD in the seasonal variations in the proxies. Within P17, the relationship between Mg, Sr
and Ba is less clear. This could point towards a transition period between the P16 and P19 hydrological
regimes.

Figure 7: Annual stacks of δ13C (black) and δ18O (red). Dashed lines mark the 2σ uncertainty. The x-axis represents one year. For the years
used, see Fig. 5.

Uranium
In speleothems, U is thought to be mainly derived from bedrock dissolution (Bourdin et al., 2011;
Jamieson et al., 2016) and to be subsequently transported by the ground water towards the speleothem
(Fairchild and Baker, 2012). The partition coefficient of U is <1 for calcite (Johnson et al., 2006; Jamieson
et al., 2016). This causes U to be preferentially excluded from the calcite and enriched in the remaining
drip water during the process of PCP. However, in P19, where PCP is evoked as the dominant process
controlling Mg, Sr and Ba seasonal variations, an antiphase relationship of U with Mg, Sr and Ba is
observed (Fig. 6). Johnson et al. (2006) concluded that scavenging of U as uranyl ion (UO 22+) from the
drip water onto the calcite crystal surfaces during PCP has a more dominant control on seasonal U
variability than the partition coefficient. Such mechanism explains why U is antiphase with the Mg, Sr and
Ba variations.
Seasonal variations in δ13C and δ18O
To compare and understand the seasonal variations in δ13C and δ18O, annual stacks were created (Fig.
7) by virtual resampling based on the occurrence of peaks in δ13C values as this proxy reflects the seasonal
cycle best (Fig. 4). The minima in δ13C always occur in DCL, for P16 and P17. In P19, this relation is less
clear, however, the majority of the δ13C minima occur within the DCL. Van Rampelbergh et al. (2014)
suggested that seasonal changes in δ13C of nowadays calcite are driven by changes in PCP. Higher δ13C
values occur when more PCP is observed, i.e. during periods of lower recharge. The in phase variations
of Mg, Sr and Ba in P19 described above supports the hypothesis of a seasonally changing degree of
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PCP. Seasonal variations in the amount of PCP and its effect on δ13C has previously been recognized in
monsoon regions (Johnson et al., 2006; Ridley et al., 2015). During P16, seasonal changes in incongruent
dolomite dissolution dominate the trace element variations of Mg versus Sr and Ba over PCP. However,
since the main source of carbon in Han-sur-Lesse cave waters is the vegetation cover above the cave
(Genty et al., 2001), IDD is not expected to change the δ13C signal. For example, a case study carried out
by Oster et al. (2014) showed that an increase in IDD did not affect the δ13C of the speleothem significantly,
despite a difference of ~0.5 ‰ in δ13C between the limestone and dolomite component in the host rock.
Since δ13C is not affected by IDD, the influence of PCP on the δ13C remains observable. Indeed, similar
as in P19, for both P17 and P16 δ13C minima occur within DCL, suggesting that these DCL layers were
deposited by during seasonal periods of increased drip water discharge.
Observations from cave monitoring have shown that seasonal changes in cave temperature are the
main driver of δ18O variations in freshly deposited calcite (Van Rampelbergh et al., 2014). The δ18O
periodograms show that the seasonal cycle is less developed compared to δ13C (Fig. 4 and S13.1-S13.3).
This is also expressed in the annual stacks. For P19, there is tendency towards a positive correlation of
δ13C and δ18O but in P17 and P16 this is unclear. Although analysis of recent calcite have clearly shown
that δ18O values are at least partly controlled by the cave temperature, interpretation of the seasonal δ18O
changes is difficult due to the reduced seasonal cyclicity in the δ18O records compared to other proxies.
However, average δ18O values of speleothem calcite are obviously more depleted for P17 and P16
compared to P19 (Fig. 3 and Fig. 5). The hypothesis put forward here is that the lower average δ18O
values of P16 point towards an increase in winter precipitation above the cave, since Van Rampelbergh
et al. (2014) has shown that winter precipitation, such as the presence of snow, above Han-sur-Lesse
cave causes a severe decrease in δ18O of the precipitation. Subsequently, this decrease is then transferred
to the drip water and into the speleothem calcite.
Differences in the seasonal cycle between ~1600, ~1650 and 1960-2010 CE
The observed changes of the seasonal variations in Mg, Sr and Ba between P19, P17 and P16 can
only be explained by a change in the process controlling the seasonal variability in Mg, Sr and Ba. In the
recent period, between 1960 and 2010 CE, PCP is identified as the main driver for seasonal changes in
Mg, Sr, Ba trace element concentrations. This hypothesis is supported by the δ13C variations. In the 17th
century intervals, Mg, Sr and Ba variations suggest that incongruent dissolution of dolomite rather than
PCP, dominates the seasonal signal. Fairchild and Baker (2012) defined the term transfer function to
describe the quantitative relation between the behaviour of speleothem proxy variables and changing cave
environments or climate. In this case, there is a change in (qualitative) transfer function from incongruent
dolomite dissolution to prior calcite precipitation. This change in transfer function is likely to be climatecontrolled since there are no indications for drastic changes in cave morphology over the last 500 years,
as interpreted from the long term stable isotope ratio record (Van Rampelbergh et al., 2015; Fig. 1). It is
known that the strength of the acting transfer function can be used as a paleoclimate proxy. For example,
Jamieson et al. (2016) demonstrated that the seasonal (anti-)correlation between δ13C and U/Ca varies
through time within a Common Era stalagmite from Belize. During drier years, reduced seasonal variability
in prior aragonite precipitation (which is the U/Ca transfer function) causes U/Ca and δ 13C to correlate
more positively compared to wetter years. This illustrates how a transfer function can be regarded as a
valuable paleoclimate proxy. In any case, a certain threshold must be reached for a switch between
transfer functions to take place. A prerequisite for PCP to occur is the presence of sufficient karstic voids
filled with a gas phase characterized by a lower pCO2 than that with which the infiltrating waters previously
equilibrated (Fairchild and Treble, 2009). The presence of such karstic voids is dependent on the multiannual to decadal recharge amount of the karstic aquifer. Indeed, the average values of trace element
concentrations imply an increased water availability during P16 and P17 compared to P19. More
specifically peaks in soil-derived trace element concentrations (Zn and Y) are higher for P16, pointing
towards enhanced flushing and an increased seasonality in water availability. An anthropogenic influence
explains the higher concentrations of Pb in P19. In addition, trace element concentrations originating from
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host rock dissolution (Mg, Sr, Ba and U) are significantly lower for P16, resulting from lower multi-annual
water residence time. Lastly, layers in P16 and P17 are up to three times thicker compared to P19 (Fig. 2
and S13.1-S14-3), which reflects higher growth rates. The positive relationship between water supply and
growth rate has been demonstrated in the past (Baker et al., 1998; Genty and Quinif, 1996). In large and
irregular shaped stalagmites, such as the Proserpine, within-layer thickness can often be quite large (Baker
et al., 2008). Nevertheless, the long-term layer thickness evolution shows a clear difference between the

17th century and present day. The significantly thinner layers during recent times clearly indicate that less
water is available compared to the 17th century.
Figure 8: Chart showing the calculated theoretical amount of water excess calculated with the Thornthwaite equation (Thornthwaite and
Mather, 1957), based on temperature and precipitation data near Han-sur-Lesse cave from 1999 to 2012 (Royal Meteorological Institute, KMI).
X-axis represents the months from January to December.

A straightforward explanation for the observed wetter cave conditions during, in particular, P16 is an
increase in seasonal water excess. An elevated water excess can be caused by an increase in precipitation
or a decrease in temperature. A lower temperature, especially during summer, results in a decreased
evaporation of surface water. Calculations of present-day potential evapotranspiration (PET) with the
Thornthwaite equation (Thornthwaite and Mather, 1957) for the period 1999-2012 show a negative water
excess lasting from May to September (Fig. 8). Although the Thornthwaite and Mather (1957) method
does not include vegetation effects, it is still a reliable tool to provide an idea of the effect of changes in
the temperature and/or precipitation on the PET (Black, 2007). The effect of a temperature decrease during
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summer months on the water excess was simulated with an arbitrarily chosen 1°C temperature drop
compared to the 1999-2012 average monthly temperature. Such a temperature drop appears to have only
a minor influence (Fig. 8). A hypothetical increase of total annual rainfall with 200 mm, equally spread
across 12 months, has a much larger effect on the water excess (Fig. 8). However, this would decrease
the length of the annual interval during which no recharge occurs (i.e. only during June-July instead of
May-September) providing less suitable conditions for dolomite dissolution to occur. Therefore, the most
plausible explanation would be to have a stronger seasonal distribution in the amount precipitation (with
more winter precipitation), whereas today no seasonality in the amount of rainfall is observed.
Implications for 17th century paleoclimate
The majority of Common Era paleoclimate reconstructions are based on tree-ring data (D'Arrigo et al.,
2006), although other archives, for example historical documents (e.g., Dobrovolny et al., 2010), ice cores
(e.g., (Zennaro et al., 2014) or speleothems (e.g., Baker et al., 2011; Cui et al., 2012) are used as well.
Over the last decades, consensus has been reached that changes in solar irradiance and volcanic activity
are the main drivers of natural climate variability during the last millennium (e.g. Crowley, 2000; Bauer et
al., 2003). Interpretations of the stable isotope and trace element proxies obtained on the Proserpine
speleothem show that a higher recharge state of the karstic aquifer characterizes the 17th century intervals
compared to 1960-2010. Such an increase in recharge requires a decrease in evapotranspiration, which
can result either from lower summer temperatures or higher total annual precipitation. Although it is difficult
to discriminate between both, the effect of a total annual precipitation increase on the recharge is expected
to be higher compared to a decrease in summer temperature (Fig. 8). Globally dispersed regional
temperature reconstructions indicate that there is no synchronous multi-decadal warm or cold intervals,
such as the Medieval Warm Period or the Little Ice Age (LIA), yet a general cooling trend starting at 1580
CE is observed in the majority of the reconstructions (PAGES 2k Consortium, 2013). Although the
persistence of the LIA as a global event is often disputed, several paleoclimate reconstructions agreed
upon the occurrence of a cold period around 1600 CE, with negative temperature anomalies persisting
over nearly half of Europe at decadal and multi-decadal scales (Ljungqvist et al., 2012; Luterbacher et al.,
2016; Masson-Delmotte et al., 2013). Reconstructions of European summer temperature provided by
Luterbacher et al. (2016) indicate that the coldest 11 and 51 year period since 755 CE in the area of Hansur-Lesse cave occurred within the 17th century. These reconstructions showed a summer temperature
decrease of 1 – 1.5°C around 1600-1650 CE. Although the 17th century has been recognized as the coldest
of the past twelve centuries, hydrological climate conditions appear close to the long-term mean
(Ljungqvist et al., 2016), with no significant wetting or drying trend. However, to account for the differences
between the 1960-2010 interval and the 17th century observed in this study, an increase in the amount
winter precipitation is needed, suggesting that climatic conditions were wetter during that time. Such a
hypothesis is also supported by the depleted δ18O values in P16, indicating an increase in winter
precipitation.
Conclusions
This study of annual trace element and stable isotope (δ13C and δ18O) variations over three different
time intervals of the annually laminated Proserpine stalagmite from the Han-sur-Lesse Cave (Belgium)
shows that seasonal changes in Mg, Sr and Ba during the recent period (1960-2010) suggest a strong
effect of prior calcite precipitation, caused by lower water availability during summer. In the 17 th century
(1600 CE ± 30 and 1640 CE ± 30), however, Mg is in antiphase with Sr and Ba. This implies that another
process overwrites the PCP dominated seasonal cycle in these trace elements. A varying degree of
incongruent dolomite dissolution is the most plausible hypothesis, with more dissolution occurring during
summer when water residence times in the epikarst are longer. The transfer function governing the trace
elements, PCP or a varying degree of dolomite dissolution, depends on water-rock interaction. Stable
isotope ratios (δ13C and δ18O), soil derived trace element concentrations (Zn, Y and Pb) and speleothem
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morphology indicate that the multi-annual recharge of the epikarst was higher in the 17th century. The
turnover in the (qualitative) proxy transfer function for Mg, Sr and Ba was identified to be climate-driven
and likely results from a recharge increase caused by a combination of lower summer temperatures and
an increase in the amount of winter precipitation in the 17th century for the Han-sur-Lesse cave region.
The effect of an increase in winter annual precipitation on the recharge is expected to be larger compared
to a decrease in summer temperature. The data obtained in this study clearly shows a stronger seasonal
cycle in cave hydrology during the 17th century.
This high-resolution, multi proxy study provides a good example of how seasonal proxy transfer
functions of trace elements in speleothem calcite can change over time. Such an observation has
implications for future speleothem-based paleoclimate reconstructions, since transfer functions for specific
cave sites, determined by cave monitoring, are often assumed to remain constant when no drastic changes
in the cave environment have occurred. As the change in trace element proxy transfer function observed
in this study is climate-driven, this change by itself can serve as a valuable paleoclimate proxy.
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A4 Archaeology studies
The study provided below tackles the problem of pretreatment for the trace element composition of
archaeological bones. Since bone bioapatite is less crystalline and contains smaller crystallites than
enamel (see 1.4.3; Pasteris et al., 2008), it is more sensitive to diagenetic alteration. This makes bone an
ideal substrate for testing the effect of burial diagenesis on the chemical composition of bioapatite and its
preservation in the fossil and archaeological record. In this study, several archaeological bone samples
with different diagenetic histories are divided into two parts. One part is left untreated while the other part
is subject to pretreatment procedures. A combination of µXRF and LA-ICPMS techniques is used to
investigate the effect of diagenesis and pretreatment on the spatial distribution of a range of trace elements
in the bones. The combination of techniques allows the analysis of a wide range of trace elements,
shedding light on the migration of these elements in and out of the bones during diagenesis. Results of
this study also shed light on the limitations of bone bioapatite as an archive for archaeological
reconstructions. Trace element profiling reveals that pretreatment of bioapatite samples redistributes trace
elements in the sample by dissolving the more labile bioapatite minerals and carbonates. Such trace
element profiling studies also allow quantification of the amount of leaching that occurred during diagenesis
and assess the state of preservation of original bioapatite for reconstruction studies (see 3.2). By
extension, the sensitivity of the more susceptible bone bioapatite to diagenesis on archaeological
timescales (1000s of years) has implications for the potential alteration of more resistant bioapatites (e.g.
tooth enamel) on longer timescales (millions of years).
References
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A4.1 Evaluating the impact of acetic acid chemical pre-treatment on “old” and cremated bone with the
‘Perio-spot’ technique and ‘Perios-Endos’ profiles
This chapter is currently under review in an international peer-reviewed journal:
McMillan, R., Snoeck, C., de Winter, N.J., Claeys, P., Weis, D. 2018. Evaluating the impact of acetic acid
chemical pre-treatment on “old” and cremated bone with the ‘Perio-spot’ technique and ‘Perios-Endos’
profiles Palaeogeography, Palaeoclimatology, Palaeoecology (in review)
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Abstract
Diagenetic alteration of archaeological and paleontological bone complicates the analysis of in-vivo
chemical and isotopic characteristics for life history investigations. Such bone is typically pre-treated in an
attempt to remove diagenetic alteration prior to trace element or isotopic analyses, although very few
standardized approaches exist for evaluating pre-treatment effectiveness. Here, we characterize the
diagenetic alteration and assess the impact of acetic acid chemical pre-treatment on the trace element
and structural characteristics of four bones from Belgium, including an Early Medieval cremated bone from
Broechem and three ‘old’ bones of different ages (ca. 35-140 ka) from the well-documented Late
Pleistocene sedimentary sequence of Scladina Cave. Each bone was analysed before and after acetic
acid pre-treatment using the ‘Perio-spot’ technique and ‘Perios-endos’ profiles. We collected trace element
concentrations with laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) and micro
X-ray fluorescence spectroscopy (µXRF). Structural characteristics were measured with Raman
spectroscopy and Fourier transform infrared spectroscopy (FTIR). Our results indicate that chemical pretreatment had little to no significant impact on the trace element content of the Early Medieval cremated
bone. The pre-treatment had the most impact on the trace element content of the youngest bone from
Scladina Cave and had less impact on the trace element content of two older bones from Scladina Cave.
Analyses of the organic matter and water content by FTIR and of the structural characteristics of bioapatite
crystallites by Raman spectroscopy suggest that the chemical pre-treatment preferentially removed less
stable and less diagenetically altered components from the oldest bone from Scladina Cave. The
effectiveness of acetic acid chemical pre-treatment thus appears to be greater for more reactive bones
undergoing early diagenetic processes, has minimal impact on the trace element content of cremated
bone, and potentially preferentially leaches in-vivo signatures from older bones undergoing later
diagenesis. The weights of leachates removed from each bone during pre-treatment also correspond well
with their diagenetic states and reactivity at the time of discovery. As a result, researchers should assess
the diagenetic state of bones by drying down and weighing the leachates produced during acetic acid pretreatment to evaluate their likelihood of retrieving life history information. This new approach provides a
valuable step toward effectively and consistently differentiating among in- and ex-vivo trace element
signatures in archaeological and paleontological bone.
Introduction
Reconstructions of past human and animal behaviour typically rely on the analysis of well-preserved
biogenic tissues for diet-related chemical and isotopic compositions. However, the chemical and isotopic
characteristics of vertebrate hard parts (i.e., bone, dentin, and enamel) are modified both during life (invivo) and after death (ex-vivo; ‘taphonomy’, Efremov, 1940). As such, archaeological and paleontological
bone records evidence of both life and taphonomic histories (e.g., Müller et al., 2003; Bentley and Knipper,
2005; Bentley, 2006; Trueman et al., 2006; MacFadden et al. 2012; Keenan et al., 2015; Keenan and
Engel, 2017; de Winter et al., 2016; McMillan et al., 2017). However, differentiating between in- and exvivo chemical and isotopic signals is difficult, complicating life history investigations of archaeological and
paleontological remains.
Vertebrate hard parts each contain various proportions of calcium phosphate biominerals (‘bioapatite’,
a non-stoichiometric carbonate-bearing calcium apatite; Pasteris et al., 2008; Alexander et al., 2012),
organic matter (e.g., proteins and lipids), and water (LeGeros, 1981; Wopenka and Pasteris, 2005; Pasteris
et al., 2004, 2008; Keenan and Engel, 2017). In bone, bioapatite exists as small crystallites (~2-3 unit cells
thick; Pasteris et al., 2008) within an organic matter framework composed primarily of collagen (protein)
fibrils (Alexander et al., 2012). In-vivo chemical modifications of the bioapatite crystal lattice typically
facilitate ion exchange and regulate acid-base chemistry (Bergstrom and Wallace, 1954; Green and
Kleeman, 1991; Rollin-Martinet et al., 2013; Keenan and Engel, 2017). Once a bone is removed from
biological control, both microbial (e.g., Pfretzschner, 2004) and abiotic (Leinkina et al., 2002) processes
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degrade organic material, increasing the bone’s porosity (Nielsen-Marsh and Hedges, 2000) while
simultaneously decreasing the stability of associated bioapatite crystallites (Hedges, 2002; Keenan and
Engel, 2017). As porosity increases, surrounding sedimentary pore fluids transport exogenous (ex-vivo)
trace elements into the bone (e.g., Child, 1995; Kohn, 2008) that concurrently exchange with endogenous
(in-vivo) chemical elements. The timespan when organic matter is degrading and associated bioapatite
crystallites are highly reactive is commonly referred to as ‘early diagenesis’.
Exogenous trace elements, including radionuclides (e.g., of Sr and Pb), have three possible fates once
they have entered a bone during early diagenesis: 1) they adsorb onto the outer surfaces of bioapatite
crystallites or onto the remaining organic material, 2) they precipitate into pore spaces as components of
new mineral species (‘permineralisation’; e.g., Daniel and Chin, 2010; Pfretzschner and Tütken, 2011), or
3) they are incorporated into the destabilized bioapatite crystallites during early diagenetic recrystallization
(Trueman, 1999; Nielsen-Marsh and Hedges, 2000). The ionic and structural flexibility of the bioapatite
crystal lattice, as well as site- and context-specific hydrological, mineralogical, geochemical, and
depositional characteristics, result in overprinting of in-vivo lattice-bound chemical and isotopic signatures
with diagenetic signals related to the bone’s ex-vivo history (e.g., Berna et al., 2004; Trueman et al., 2004;
Trueman et al., 2006; Keenan and Engel, 2017; McMillan et al., 2017). Such early diagenetic
recrystallization results in relatively rapid (>1-50 kyr; e.g., Trueman et al., 2006; Keenan and Engel, 2017)
elemental and isotopic exchange between a bone and its surrounding environment and modifies the
bone’s crystallinity (e.g., Trueman et al., 2008; McMillan et al., 2017).
In calcined bone burned at temperatures above 650ºC, all organic matter is destroyed during the
process of cremation and only the white biomineral component remains (e.g. Stiner et al. 1995). The
proportion of carbonates also decreases and the structure of bioapatite concurrently becomes more
crystalline (Lebon et al. 2010; 2014; Snoeck et al. 2014). Therefore, calcined bone can be reliably used
for radiocarbon dating (e.g. Lanting et al. 2001) and Sr isotope analyses (Snoeck et al. 2015). Laboratory
controlled contamination experiments showed that, in calcined bone, strontium is mostly adsorbed onto
the bone surface and can be efficiently removed with acetic acid pre-treatment (Snoeck et al. 2015). Still,
much remains unknown about the behaviour of trace elements in highly crystalline calcined bone after
burial.
To remove diagenetic alteration prior to trace element or isotopic analyses, bones may be chemically
or mechanically pre-treated (e.g. Garvie-Lok et al., 2004; Trueman et al., 2006; Snoeck et al. 2015;
Pellegrini & Snoeck 2015). Cremated bones and bones of different ages inherently have different physical
and chemical properties that affect their responses to both taphonomic alteration and chemical pretreatment. Any procedure selected to evaluate the effectiveness of pre-treatment thus depends on the
material and chemical or isotopic system of interest. These variables challenge the development of a
standardized approach for evaluating the effectiveness of pre-treatment procedures. A number of proxies
already exist for specific analytes and associated geochemical systems (e.g., C:N for light stable isotope
and radiocarbon analysis of organic matter; DeNiro, 1985; Van Klinken, 1999). However, few, if any,
frameworks are currently available for evaluating the effect of diagenetic alteration and pre-treatment
procedures on trace elements and their isotopes, and those that exist are limited to a single element and/or
alteration type (e.g., Snoeck et al. 2015, Greene et al., 2018).
We characterised the effects of acetic acid chemical pre-treatment on archaeological and
paleontological bone for a suite of cations (Mn, Fe, Cu, Sr, La, Ce, Pb, and U) that were selected based
on their capacity to substitute Ca in bioapatite (due to bioavailability, ionic radius, and valence both in- and
ex-vivo) and/or are documented geochemical proxies for life and death histories (e.g., Müller et al., 2003;
Bentley, 2006; Trueman et al., 2006; Price and Gestsdóttir, 2006; Jaouen et al., 2012, 2013, 2016;
McMillan et al., 2017). The trace element and structural characteristics of three bones of different
Pleistocene ages and one cremated Early Medieval human bone, all from Belgium, were documented
before and after chemical pre-treatment. The objectives of this study are 1) to characterise early diagenetic
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alteration within and among bones at high spatial resolution, 2) to evaluate the effectiveness of chemical
pre-treatment for bones of different ages and with various states of alteration, and 3) to compare and
contrast different techniques for identifying early diagenetic alteration of the trace element content in
archaeological and paleontological bone.
Materials: sample types, collection, and context
Bone samples were collected from two settings: 1) a Pleistocene sedimentary sequence in a karst and
2) an Early Medieval archaeological site where the deceased were cremated. These two juxtaposing
contexts present some of the greatest differences in the post-mortem alteration of bone. ‘Old’ bone is
commonly highly diagenetically altered and can exhibit varying degrees of recrystallization (Trueman et
al., 2006; Trueman et al., 2008; McMillan et al., 2017), and the chemical and structural properties of
cremated bone are inherently difficult to alter after burning due to the recrystallizing effects of heat
treatment (Lebon et al. 2010, 2014; Snoeck et al. 2014). We chose to analyse bone because of its greater
susceptibility to diagenetic alteration when compared to enamel, and because it is more commonly found
in the archaeological record than dentine.
Samples of ‘old’ (Late Pleistocene) bone were obtained from well-documented sedimentary profiles
within Scladina Cave, Belgium. Bone samples from Scladina were chosen based on their sedimentary
context and ‘diagenetic facies’ or ‘diagenetic period’ (McMillan et al., 2017). ‘Diagenetic periods’ are groups
of sedimentary facies first identified at Scladina Cave that contain bones with similar states of diagenetic
alteration. Scladina samples were all cortical bone from indeterminate megafauna. Sample OSGRO-1, the
youngest bone, was collected from Sedimentary Complex 1B, which is dated to >45-~40 ka and was
deposited during MIS 4 or 3 (ca. 71-29 ka). Sample OSGRO-24 was collected from Unit 3-SUP, which
dates to beyond the range of radiocarbon dating and has been situated in MIS 4 or 5 (ca. 130-57 ka).
Sample OSGRO-14 from Unit 6A, the oldest bone from Scladina, is also beyond the range of radiocarbon
dating and has been placed confidently in MIS 5 (ca. 130-71 ka) (McMillan et al., 2017). One human
calcined cranial bone fragment was collected from the Early Medieval Cemetery of Broechem, Belgium,
where both inhumation and cremation co-occur.
Methods
Sample preparation and acetic acid pre-treatment
Prior to trace element and structural analyses, bone samples were sectioned along their transverse
planes with a Buehler IsoMet 4000 Linear Precision saw (~2700 RPM blade speed). Half of each bone
sample was submerged in 18.2 M.cm water and sonicated for 20 minutes followed by an additional 20
minutes of sonication in 1 M acetic acid, which was repeated for two cycles (until the solution remained
clear after sonication). Acetic acid was selected for pre-treatment, as it is often used during sample
preparation prior to radiocarbon dating, C, O, and Sr isotope analyses, as well as trace element analyses
of bone (e.g. Sillen, 1986; Sealy et al., 1991; Price et al., 1992, 1994; Sillen and Sealy, 1995; NielsenMarsh and Hedges, 2000; Lanting et al. 2001; Garvie-Lok et al. 2004; Trueman et al., 2006; Snoeck et al.
2015; Pellegrini and Snoeck, 2016). To quantify the amount of material lost during each step, each bone
sample was dry-weighed three times before the chemical pre-treatment, and the leachate and supernatant
from each step were dried down overnight at 95°C and also weighed three times. Both the treated and
untreated halves were then embedded in Buehler (Lake Buff, Illinois) Epoxi-Cure resin.
The ‘Perio-spot’ technique and ‘Perios-endos’ profiles
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The ‘Perio-spot’ technique (McMillan et al., 2017) involves conducting in-situ geochemical and
structural analyses within close proximity to one another, typically at two or more locations directly adjacent
to a bone’s periosteal surface (‘Perio-spots’; Figure 1), the part of a bone that has the most interaction
with sedimentary pore waters ex-vivo. The extent of the ‘diagenetic front’ is recorded in concentration
gradients of ex-vivo trace elements that extend inward from the periosteal surface (e.g., Millard and
Hedges, 1996; Henderson et al., 1983; Kohn, 2008; Herwartz et al., 2011; Kohn and Moses, 2013;
Herwartz et al., 2013; Greene et al., 2018). ‘Perios-endos’ profiles are investigated by extending spot
analyses toward the bone interior along a line oriented perpendicular to the periosteal surface (Figure 1).
These profiles include one ‘Perio-spot’ at the periosteal surface (Figure 1) and allow the direct
investigation of concentration profiles of exogenous trace elements incorporated into a bone ex-vivo. Low
concentration diagenetic indicators, such as the lanthanides, are typically not present in measurable
quantities by ~250 µm away from the periosteal surface of Late Pleistocene bone. Elements at higher
concentrations (e.g., Mn, Fe) can extend much farther into the bone. Both ‘Perio-spots’ and ‘Perios-endos’
profiles allow simultaneous investigation of inter- and intra-bone diagenetic alteration from the most
affected region of a bone and with high spatial resolution. ‘Perio-spot’ analyses and ‘Perios-endos’ profiles
were conducted on mirrored locations on both pre-treated and untreated sides of each sectioned bone
sample, and additional ‘Perio-spot’ and ‘Perio-endos’ analyses were carried out on the untreated halves
where possible to investigate intra-bone heterogeneity of diagenetic alteration (Table 1).

Figure 1: Panels A and B: ‘Perio-spots’ and accompanying ‘Perios-Endos’ profiles extending from the periostrial surface towards the medullary
cavity for Post-Archaean Australian Shale (PAAS; Taylor and McLennan, 1985) normalized REE concentrations in two untreated bones from
Scadina Cave (OSGRO-1, Complex 1B; OSGRO-14, Unit 6A). Panel C and D: images of the samples OSGRO-1 and OSGRO-14 after LA-ICPMS
analyses; ‘Perio-spot’ locations are indicated by the darkest orange markers. Figure modified from McMillan et al. (2017).
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Table 1: All 'Perio-spot' data collected by LA-ICPMS and Raman spectroscopy. 'Perio-spots' that are components of 'Perios-endos' profiles
are bolded, and mirrored profiles are indicated by * or **. 'Perio-spot' data of the untreated samples from Scladina Cave was also used in McMillan
et al. (2017) for stratigraphic provenancing applications.

Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS)
Trace element analyses were carried out with LA-ICPMS after McMillan et al. (2017) at the Pacific
Centre for Isotopic and Geochemical Research (PCIGR) at the University of British Columbia (Vancouver,
Canada) with a RESOlution M-50-LR ArF excimer laser system (193 nm, 20 ns pulse width) coupled to an
Agilent 7700x Quadrupole ICPMS. Bones, standards, and reference materials were ablated with a 5 Hz
repetition rate, a fluence of 2 J/cm2, and spot size of 64 m. Helium carrier gas was mixed with Ar and
trace amounts of N2 via a smoothing device. Oxides monitored on ThO/Th were consistently below 0.3%.
Spots were ablated for 40s after pre-ablation to remove surface contamination, followed by 30s washout
time. Bone analyses were bracketed by analyses of the synthetic silicate glass NIST SRM612, and we
used the USGS bone reference material MAPS-4 and NIST SRM610 as quality controls. Iolite v. 3.0
(Patton et al., 2011) extension for the software Igor Pro was used for data reduction. We used 43Ca as the
internal standard with a value of 38.2wt% (McMillan et al., 2017). The internal (instrumental) precision for
low-concentration trace elements (La, Ce, Pb, U) in ‘Perio-spots’ is typically better than 10% 2RSE and
the limit of detections (LODs) for these elements are all ≤0.09 ppm. The internal precision is typically better
than 6% 2RSE for trace elements present in higher concentration (Cu, Sr) and the LOD for Cu is ≤0.5 ppm
and ≤0.05 ppm for Sr. The external precision (among averages of multiple analyses) for all elements of
interest in NIST SRM610 is typically better than 10% 2RSD, and the external precision for all elements of
interest in the USGS MAPS-4 reference material is typically much better than 15% 2RSD. To ensure that
bone was accurately targeted, we monitored 43Ca counts and other trace element characteristics for each
analysis and compared them to laser spot analyses of the surrounding epoxy.
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Micro X-ray Fluorescence (µXRF)
Micro X-ray Fluorescence (µXRF) analyses were carried out at the Analytical, Environmental and GeoChemistry (AMGC) research unit of the Vrije Universiteit Brussel (VUB), Belgium to produce ‘Perios-endos’
profiles. A Bruker M4 Tornado µXRF scanner (Bruker, Berlin, Germany) was used for all µXRF
measurements. This instrument operates under vacuum conditions (20 mbar), using a Rh source operating
under 50 kV and 600 µA without source filters (de Winter and Claeys, 2017). A polycapillary lens allows
the focusing of X-rays onto a 25 µm spot (Mo-kα). Returning X-rays were detected using two Silicon Shift
Detectors and XRF spectra were processed using Bruker’s Esprit software. Quantitative point-by-point
XRF line scanning was carried out by allowing the X-ray beam to dwell on each 25µm point for 60s to allow
the ‘Time of Stable Reproducibility and Accuracy’ to be reached (de Winter et al., 2017a, b). Such XRF
line scans were positioned directly next to the LA-ICPMS spots to allow comparison between the results.
Spectra from XRF line scans were quantified using the Fundamental Parameters algorithm calibrated for
bioapatite matrix effect by the CCB01 bone standard (Bureau of Analyzed Samples, Middlesbrough, UK)
in the Bruker Esprit software. The resulting elemental concentration data was checked by Ca/P ratios and
Ca counts to separate measurements in the bone from those on the resin.
Raman Spectroscopy
Raman ‘Perio-spot’ analyses were also conducted following the procedures of McMillan et al. (2017)
with a 532nm Horiba XPlora Plus Raman system housed in the LaserSpot facility at the PCIGR. Our
instrumental settings were optimised for obtaining a visible v1 (PO4)3- peak and included: 2400/mm grating,
100% filter, 200mm slit, and 300-500mm hole. The analysis locations are situated outside the LA-ICPMS
‘blanket’ (the area outside the ablation crater covered with redeposited material) for every ‘Perio-spot’. We
collected the Raman shift between 350 and 1200cm-1 with an acquisition time of 1.5s per accumulation,
and we averaged 20 accumulations per analysis. We calibrated the instrument daily on a SiO2 standard at
~520 cm-1. LabSpec 6 software (Horiba) was used for instrumental calibration and to collect the spectra.
To reduce noise and bias among analyses related to instrumental or sampling variability, mathematical
pre-treatment was performed on the raw data in Origin (OriginLab, Northampton, MA) software. Baseline
subtraction of each spectrum was carried out with the Asymmetric Least Squares Smoothing function, and
each spectrum was normalised to its standard deviation. To accurately identify and fit the v1 (PO4)3- peak
at approximately 940-960cm-1, the mathematically pre-treated spectra were clipped to 800-1100 cm-1, and
v1 (PO4)3- peaks were identified from Savitsky-Golay (quadratic) smoothed 2nd derivatives of each spectrum
with 25-point smoothing windows. The peaks were then fitted to the raw data in the same batch process
with a Gaussian curve to acquire values for peak centre at maximum intensity (PCMI) and the full-width at
half- maximum (FWHM) of the v1 (PO4)3- peak.
Fourier Transform Infrared Spectroscopy (FTIR)
Infrared analyses of the elemental and structural characteristics of bone were carried out on at AMGCVUB on a Bruker Vertex 70v infrared spectrometer coupled with a Hyperion 3000 infrared microscope, to
which a germanium ATR point was attached. For each sample, 2 or 3 line scans of 7 to 11 points were
measured next to the LA-ICPMS profiles. At each spot, a total of 32 scans were recorded. Only
measurements with sufficient infrared absorbance, showing good contact between the germanium crystal
and the bone sample, were included. For each spectrum, several infrared indices were measured.
Unfortunately, the use of the germanium crystal prevents the measurement of wavenumbers below 600cm 1
, where the infrared splitting factor, an indicator of crystallinity, is usually measured (Weiner & Bar-Yosef,
1990). Instead, we used the 1060/1075 ratio (Lebon et al. 2010) that also provided information about the
crystallinity of the samples. The WAMPI (Water-Amide Phosphate Index; Roche et al. 2010) provides
information about the amount of organic matter and structural water present in the bone. It is usually
measured by comparing the infrared band at 1650 cm-1 to the phosphate band measured at 605 cm-1,
though that band is not available here. Instead the WAMPI* was calculated using the 1650/1030 ratio using
the major phosphate peak at 1030 cm-1. For the same reason, the BPI* was measured instead of the BPI
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(LeGeros & LeGeros 1983; Sponheimer & Lee-Thorp 1999) to evaluate the amount of type B carbonates
present in the samples before and after pre-treatment. The indices calculated throughout the different line
scans of the same sample were reproducible, varied minimally along ‘Perios-endos’ profiles, and were
thus averaged prior to interpretation.
Results
Trace element characteristics before and after pre-treatment
LA-ICPMS ‘Perio-spots’
The trace element concentrations of ‘Perio-spot’ analyses from both pre-treated and untreated bone
samples are presented in Table 1. Trace element variations observed between the ‘Perio-spots’ of
untreated and treated aliquots of the cremated bone (BR06) were small, not systematic, and likely related
to intra-bone heterogeneity. Concentrations of Sr, La, and Ce were similar before and after pre-treatment
of the youngest bone from Scladina (OSGRO-1), and concentrations of Cu, Pb, and U increased after pretreatment (Figure 2). In the second oldest bone from Scladina (OSGRO-24), concentrations of Cu, Sr,
and U were comparable before and after pre-treatment and concentrations of La, Ce, and Pb decreased
after pre-treatment. Concentrations of Cu, Sr, Pb, and U were comparable before and after pre-treatment
of the oldest bone from Scladina (OSGRO-14), and La and Ce concentrations decreased after pretreatment.
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Figure 2: Box plots of trace element concentrations in ‘Perio-spots’ collected by LA-ICPMS. Boxes are 1st and 3rd quartiles, separated by the
median and filled green for treated samples and red for untreated samples ; whiskers and min/max with no outliers removed. From youngest to
oldest, samples include OSGRO-1 (Complex 1B ; left), OSGRO-24 (Unit 3-SUP ; middle), and OSGRO-14 (Unit 6A ; right). All from Scladina
Cave.

LA-ICPMS ‘Perio-endos’ profiles
The two mirrored ~250-micron ‘Perios-endos’ profiles on the cremated bone, BR06, show no systematic
change as a result of pre-treatment (Figures 3 and 4; Table 2). After pre-treatment, the youngest bone
from Scladina Cave, OSGRO-1, is characterized by higher or relatively unchanged Cu, Sr, Pb, and U
concentrations at the periosteal surface, lower concentration of La and Ce at the periosteal surface, and
much lower concentrations of all elements except for Sr and U farther into the bone. The concentration
gradients in the second-oldest bone from Scladina Cave, OSGRO-24, and the oldest bone, OSGRO-14,
both show similar trends: the pre-treatment decreased the concentrations of all elements along the
periosteal surface and the impacts of pre-treatment typically decreased farther into the bone (except U in
OSGRO-24). In general, the effectiveness of pre-treatment at removing exogenous trace elements from
bone correlates with the age of the samples from Scladina Cave.
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Figure 3: ‘Perios-Endos’ concentrations profiles for the treated/untreated concentrations of Sr, Cu, Pb, U, Ce and La collected by LA-ICPMS.
Curves below the dashed grey line indicate that the pretreatment procedure was ‘effective’ (i.e., the untreated aliquot has higher concentrations
of trace elements than the treated fractions). Each LA-ICPMS spot is 64 microns in diameter, and the x-axis labels represent the midway point of
each analysis spot; all curves were smoothed but not fitted (i.e. the curve transects the measured value at each x-axis label).
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Figure 4: Treated/untreated La concentration ‘Perios-endos’ profiles collected with LA-ICPMS in three bones from Scladina Cave (Pleistocene)
and one cremated bone (Holocene; two profiles were obtained from this bone). La is a valuable diagenetic indicator, as vertebrates have extremely
low in-vivo concentrations (e.g., Trueman et al., 2006). Each LA-ICPMS spot is 64 microns in diameter, and the x-axis labels represent the midway
point of each analysis spot; all curves were smoothed but not fitted (i.e., the curve transects the measured value at each x-axis label).

A-130

NIels_de_Winter_def.indd 416

13/02/19 10:33

A-131

NIels_de_Winter_def.indd 417

13/02/19 10:33

Table 2: Trace element concentrations for each 'Perios-endos' profile collected with LA-ICPMS. Bolded values indicate the fist spot in the
profile, or 'Perio-spot', and * or ** indicates which profiles were in mirrored locations. Note that there are more 'Perio-spots' for each untreated
aliquot than for the pre-treated aliquots, which were used to evaluate intra-bone heterogeneity of diagenetic alteration.

µXRF ‘Perios-endos’ profiles
Pre-treatment impacted both Sr/Ca and Pb/Ca of ‘Perios-endos’ profiles among treated and untreated
aliquots of all bones (S13; Figure 5). The Sr/Ca and Pb/Ca at the periosteal surface of the two younger
bones from Scladina, OSGRO-1 and OSGRO-24, decreased as a result of pre-treatment. Both the
cremated bone (BR06) and the oldest bone from Scladina (OSGRO-14) have consistently higher Sr/Ca
and Pb/Ca along the periosteal surface after pre-treatment. The Mn/Ca and Fe/Ca of ‘Perios-endos’
profiles show similar trends among all bones (Figure 5). The pre-treatment procedure resulted in a higher
Mn/Ca and Fe/Ca in the oldest bone from Scladina (OSGRO-14) and lower Mn/Ca and Fe/Ca in the
youngest bone from Scladina (OSGRO-1). Both the second oldest bone from Scladina (OSGRO-24) and
the cremated bone (BR06) showed no significant change in Fe/Ca, and Mn/Ca in these bones decreased
as a result of pre-treatment.
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Figure 5: Fe/Ca, Mn/Ca, Sr/Ca, and Pb/Ca for treated/untreated ‘Perios-endos’ profiles collected by μXRF of treated / untreated aliquots of
in three bones from Scladina Cave (Pleistocene) and one cremated bone (Early Medieval). The vertical lines indicate the midway point of 64 μm
LA-ICPMS spots from the same ‘Perios-endos’ profile for comparison; all curves were smoothed but not fitted (i.e., the curve transects the
measured value at each circle marker).

Structural characteristics pre- and post-treatment
Raman crystallinity of ‘Perio-spots’
The Raman characteristics of all ‘Perio-spots’ are presented in Table 1 and Figure 6. The Raman PCMI
of the v1 (PO4)3- peak for all samples range between 942.39 to 959.87 cm-1 and the FWHM of the v1 (PO4)3peak for all samples range from 9.03 to 25.01 cm-1. The Raman characteristics of bones of different ages
from Scladina Cave all responded differently to pre-treatment, and the cremated bone (BR06) was only
minimally affected (Figures 6 and 7). On average, the v1 (PO4)3- FWHM of OSGRO-1 did not change, but
the v1 (PO4)3- PCMI increased; both the v1 (PO4)3- FWHM and the v1 (PO4)3- PCMI of OSGRO-24, the second
oldest bone from Scladina, increased; and the v1 (PO4)3- PCMI of OSGRO-14, the oldest bone from
Scladina,
decreased
and
the
v1
(PO4)3FWHM
increased.

Figure 6: Averaged Raman v1 (PO4)3- PCMI and v1 (PO4)3- FWHM for bone samples analyzed before and after chemical pretreatment (the
resulting change is indicated by the black arrows). Error bars are 1 standard deviation of the mean value.
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Figure 7: Baseline-subtracted, normalized, and averaged Raman spectra of the v1 (PO4)3- peak from bones analyzed in this study before
(solid line) and after (dashed line) chemical pretreatment.

Fourier Transform Infrared Spectroscopy (FTIR)
There was no systematic variation in BPI* or WAMPI* observed among the FTIR analyses situated
along ‘Perios-endos’ profiles on the same bone. Averages of the analyses from each bone show that BPI*
and WAMPI* are inversely correlated and vary with age prior to pre-treatment (Table 4). The cremated
bone (BR06) did not contain any organic matter nor water at any point, and, as a result of pre-treatment,
the BPI* of BR06 remained within uncertainty (Figure 8). Pre-treatment of the youngest bone from
Scladina (OSGRO-1), caused a decrease in both WAMPI* and BPI*. Pre-treatment of the second oldest
bone from Scladina (OSRGRO-24) resulted in an increase in WAMPI* and BPI*. The WAMPI* of the oldest
bone from Scladina (OSGRO-14) did not change and the BPI* decreased as a result of pre-treatment.
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Table 3: Treated/untreated trace element concentrations for each 'Perios-endos' profile collected with LA-ICPMS. Bolded values indicate the
fist spot in the profile, or 'Perio-spot', and * or ** indicates which profiles were in mirrored locations.

Table 4: Measured weights of untreated bones and leachates from each pretreatment step. All weights are reported in grams. External
precision on all measurements is better than 0.002 grams, 2SD.
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Figure 8: FTIR carbonate/phosphate (BPI*) and the organic matter and water content (WAMPI*) for bone samples analyzed before and after
chemical pretreatment. The resulting change is indicated by the black arrows; error bars are 1 standard deviation of the mean value.

Pre-treatment leachate weights
The measured weights for the leachates from ‘old’ bone produced during each pre-treatment step are
provided in Table 4 and plotted down Scladina Cave stratigraphy in Figure 9. The cremated bone (BR06)
lost no measurable amount of mass during all stages of the chemical pre-treatment, and thus is not
included in Table 4 or Figure 9. On average, the youngest bone from Scladina (OSGRO-1) lost the least
mass (~5%) as a result of chemical pre-treatment, whereas the two older bones, OSGRO-24 and OSGRO14, responded similarly to each other in terms of total mass lost (~12%) but to a greater extent than
OSGRO-1. The two youngest bones from Scladina, OSGRO-1 and OSGRO-24, each lost mass during
both the water and the acid steps; the oldest Scladina bone lost no mass during the water step and only
lost mass during the acid step.
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Figure 9: The amount of bone material (% total bone weight) removed by each pretreatment step plotted down the Scladina Cave stratigraphy
(after McMillan et al., 2017). Note how in the ‘Later Diagenesis’ period (sample OSGRO-14, Unit 6A), the H2O step is not effective.

Discussion
Characterizing diagenetic alteration of the trace element content and structural characteristics of bone
at high spatial resolution
As cation exchange occurs in calcium phosphates, Lanfranco et al. (2003) have demonstrated that the
Raman v1 (PO4)3- peak location (quantified as PCMI) decreases during the substitution of Ca with both Sr
and Pb. They also suggest that the width of the v1 (PO4)3- peak (quantified as FWHM) is influenced by
cation substitution and increases during substitution of Ca with up to ~90% Sr and ~50% Pb. Similar trends
have been documented by Thomas et al. (2011), who showed increasing v1 (PO4)3- FWHM and decreasing
v1 (PO4)3- PCMI with replacement of Ca2+ with Sr2+ in synthetic apatite, and were able to readily differentiate
among synthetic, geological, and biogenic apatite with Raman spectroscopy alone. Although the v1 (PO4)3FWHM of bioapatite can also increase as a result of short-range disorder due to the lack of large crystallites
and the presence of organic matter (Wopenka and Pasteris, 2005), as well as by increased CO 32+
concentrations (Thomas et al., 2011), the combination of lower peak location (v1 (PO4)3- PCMI), greater
peak width (v1 (PO4)3- FWHM), and higher trace element concentrations or ratios to Ca provides valuable
evidence for diagenetic cation replacement. Using these empirical observations, we applied the
combination of structural analysis by Raman spectroscopy and FTIR as well as in-situ trace element
analysis by µXRF and LA-ICPMS to investigate the diagenetic states of each bone analysed in this study
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and, importantly, attempt to differentiate among trace element adsorption and cation replacement in
bioapatite.
The low concentrations of exogenous trace elements (<5 ppm of La, Ce, Pb, and U; Table 1) and the
minimal intra-bone variation among ‘Perio-spots’ and ‘Perios-endos’ profiles in the cremated bone (BR06)
prior to pre-treatment show that little to no diagenetic alteration occurred after burning. Only slightly
increased concentrations of La, Ce, Pb, and U are present near the periosteal surface compared to the
bone interior. This concentration gradient may relate to the minimal diagenetic alteration potentially
induced during post-burial contamination of the bone surface from surrounding sediments or contamination
from the surrounding epoxy. The Raman v1 (PO4)3- PCMI of BR06 are similar to those of unaltered bone
(Lanfranco et al., 2003; Thomas et al., 2011), showing that any exogenous trace elements in the cremated
bone were likely adsorbed and not incorporated into the bioapatite crystallites. Additionally, increased
concentrations of exogenous trace elements are limited to well within 250µm from the periosteal surface
and thus would likely not greatly influence life history analyses.
Prior to pre-treatment, the ‘old’ bones from Scladina Cave all exhibit much higher average
concentrations of ex-vivo trace elements along their periosteal surface than the cremated bone (Table 1).
The youngest Scladina bone (OSGRO-1) has much more variance in trace element concentrations among
‘Perio-spots’ than the two older bones (OSGRO-24 and OSGRO-14). For example, the concentration of
La in OSGRO-1 ranges from 0.863-14.24 ppm, whereas the concentration of La ranges from 1.91-3.54
ppm in OSGRO-24 and from 18.34-23.8 ppm in OSGRO-14 (Table 1). OSGRO-1 also exhibits a wide
range of Raman v1 (PO4)3- PCMI, no correlation between Raman v1 (PO4)3- PCMI and La/Ca (R2=0.265),
and localised correlation of Sr/Ca and Pb/Ca with Raman v1 (PO4)3- PCMI (Figure 10). The Raman v1
(PO4)3- FWHM is also locally correlated with increasing Sr/Ca and Pb/Ca and exhibits a large variance,
indicating that a range of concurrent processes were affecting OSGRO-1 at the time of discovery, some
of which increase short-range disorder, and some of which likely relate to the recrystallization of bioapatite.
These observations suggest that, at the time of discovery, OSGRO-1 was likely undergoing numerous
early diagenetic processes (e.g., loss of organic matter, permineralization, recrystallization) and was much
more diagenetically reactive than the two older bones from the site. This is also supported by the FTIR
WAMPI* results, which indicate that the bone still likely contains organic matter.
Average concentrations of exogenous trace elements in the second oldest bone from Scladina
(OSGRO-24) are lower than those of both OSGRO-1 and OSGRO-14 and exhibit much less variance than
OSGRO-1. The Raman v1 (PO4)3- PCMI correlates extremely well with Pb/Ca (R2=0.997) and Sr/Ca
(R2=0.881) and not for La/Ca (R2=0.278; Figure 10), indicating incorporation of Pb and Sr into bioapatite
crystallites. The presence of organic material identified by FTIR suggests that OSGRO-24 may still be
undergoing early diagenetic processes; however, the limited variance in trace element concentrations
along its periosteal surface, the more pervasive exogeneous trace element concentration gradients
compared to OSGRO-1, and the correlation of Raman v1 (PO4)3- PCMI with Pb/Ca and Sr/Ca for all ‘Periospots’ indicate that systematic recrystallization has taken place, and thus the bone was less diagenetically
reactive at the time of discovery than OSGRO-1. The sedimentary facies from which OSGRO-24 was
exhumed, Unit 3-SUP, exhibits strong evidence for erosional reworking (McMillan et al., 2017) that may
have mechanically removed the original periosteal mineral coatings and permineralized components,
which could explain the lower concentrations of exogeneous trace elements along the periosteal surface
of this bone compared to others from the site.

A-138

NIels_de_Winter_def.indd 424

13/02/19 10:33

Figure 10. The Raman v1 (PO4)3- Peak Centre at Maximum Intensity (PCMI; left column) and the v1 (PO4)3- Full Width at Half Maximum
(FWHM; right column) plotted against Sr/Ca, La/Ca, and Pb/Ca collected by LA-ICPMS for each ‘Perio-spot’ analysis from the untreated halves
of each bone analyzed in this study.

The oldest bone from Scladina Cave (OSGRO-14) has the highest concentrations of exogeneous trace
elements among the three bones analysed from the site and exhibits a variance similar to OSGRO-24 in
‘Perio-spot’ trace element concentrations. The FTIR results show that organic matter could still be present
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in the bone, and, with the exception of one of ‘Perio-spot’, the Raman v1 (PO4)3- PCMI consistently
decreases with increasing Sr/Ca (R2=0.996, with the outlier removed), La/Ca (R2=0.980, with the outlier
removed), and Pb/Ca (R2=0.498, with the outlier removed). The Raman v1 (PO4)3- FWHM also increases
with increasing Sr/Ca (R2=0.950, with the outlier removed), La/Ca (R2=0.978, with the outlier removed),
and less so for Pb/Ca (R2=0.224, with the outlier removed). Without the removal of the uncorrelated ‘Periospot’, the R2 values are typically 3-5 orders of magnitude lower among all variables. Additionally, the
Raman characteristics for ‘Perio-spots’ from OSGRO-14 typically have greater absolute v1 (PO4)3- FWHM
values than OSGRO-24, which is consistent with the replacement of Ca by Sr and Pb in calcium
phosphates (Lanfranco et al., 2003; Thomas et al., 2011). Due to the high concentrations of trace elements
and the strong evidence for diagenetic cation replacement of Ca with ex-vivo trace elements such as La,
we propose that OSGRO-14 was the least diagenetically reactive at the time of discovery and has
potentially entered stages of later diagenesis (i.e., it had already reached a relatively diagenetically stable
state by the time of discovery).
Impact of acetic acid pre-treatment on the trace element and structural characteristics of cremated and
‘old’ bones
The pre-treatment procedure had minimal impact on the chemical composition and structure of the
cremated bone (BR06). This demonstrates the resilience of such bones to diagenetic alteration and
supports their value as analytes for life history investigations (e.g., Snoeck et al. 2016), assuming that they
were not intensively ‘contaminated’ during the cremation process. Albeit minimally, the pre-treatment of
BR06 typically increased the concentrations of Sr, La, Ce, and Pb along the periosteal surface (profile
BR06*; Figure 3 and 5). Although contamination resulting from the pre-treatment could explain these
observations, increases in the concentrations of Sr and Pb as well as Sr/Ca and Pb/Ca after pre-treatment
are more likely due to the dissolution and removal of more soluble and reactive bioapatite and/or calcium
carbonate and thus a decrease in Ca concentrations (as shown by the µXRF results), rather than the
addition of exogeneous trace elements. This was not visible in the Raman v1 (PO4)3- PCMI and v1 (PO4)3FWHM of ‘Perio-spots’ likely due to the very small area within which the dissolution of bioapatite occurred
adjacent to the periosteal surface. As a result, we consider the minimal impact of pre-treatment and
removal of more reactive bioapatite (and/or calcium carbonate) from cremated bone as beneficial to
investigations of in-vivo Sr and Pb isotopic signatures.
Among the Pleistocene bones from Scladina Cave, the impact of the pre-treatment procedure correlates
with their age and degree of diagenetic alteration. The trace element content was modified most in the
youngest, most diagenetically reactive bone (OSGRO-1), for which the pre-treatment procedure was most
effective at removing trace elements from the bone interior (i.e., >100µm into the bone from the periosteal
surface; Figures 3 and 4). After pre-treatment, OSGRO-1 appears to still be ‘contaminated’ with higher or
unchanged concentrations of Cu, Sr, La, Pb, and U adjacent to the periosteal surface (Table 3; Figures
3 and 4). Both older bones from Scladina (OSGRO-24 and OSGRO-14) typically exhibited lower
concentrations of exogenous trace elements (such as La and Ce) in the pre-treated halves compared to
the untreated halves, although the diagenetic concentration gradients in ‘Perios-endos’ profiles were still
present after pre-treatment and the impacts were overall less significant on OSGRO-14 than OSGRO-24
(e.g., Figure 4). The increase in Sr/Ca and Pb/Ca along the outer bone surface after pre-treatment
identified in BR06 was also observed for the oldest bone from Scladina (OSGRO-14; Figure 5).
For the youngest bone from Scladina (OSGRO-1), we suspect that the increased or unchanged trace
element concentrations at the periosteal surface after pre-treatment is related to two possible mechanisms:
1) the inability of the procedure to remove Fe-Mn periosteal surface coatings or 2) the redistribution of
trace elements initially removed from farther within the bone. For the oldest bone (OSGRO-14), we suggest
that the increased relative concentrations along the periosteal surface may be a result of the preferential
removal of less stable and more reactive bioapatite and the resilience to pre-treatment of the biomineral
component that has either undergone in- or ex-vivo cation replacement. This outcome has great potential
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to increase the relative abundance of exogeneous trace elements in old, diagenetically altered and
recrystallized bone.
Small changes in the FTIR BPI* suggest that little or no carbonates and bioapatite were removed from
the cremated bone (BR06) during pre-treatment, and no organic matter was present in either the treated
or untreated halves (Figure 8). The youngest Scladina bone, OSGRO-1, showed a decrease in BPI*
related to the removal of more carbonates than bioapatite during pre-treatment, as well as a decrease in
the organic matter and water content. The organic matter and water content of OSGRO-24, the secondoldest bone from Scladina, increased dramatically, likely as a result of the removal of sediments from pore
spaces as well as carbonates and bioapatite. This suggests that enough altered or unaltered biomineral
phase was removed OSGRO-24 that the relative amount of organic matter and water increased drastically.
The oldest bone from Scladina, OSGRO-14, had a similar response to pre-treatment as BR06, in that no
organic matter was removed.
The Raman results provide a key piece of evidence regarding the dissolution of more soluble and
reactive bioapatite as a result of pre-treatment of old bone. As with the FTIR, the Raman results indicate
that the cleaning procedure had little to no impact on BR06. The v1 (PO4)3- PCMI of OSGRO-1 and of
OSGRO-24 typically increased to slightly below typical calcium phosphate values (Lanfranco et al., 2003;
Thomas et al., 2011) as a result of pre-treatment (Figures 6 and 7), indicating that altered bioapatite and
adsorbed trace elements were preferentially removed during pre-treatment (i.e., the pre-treatment was
‘successful’). Although the average v1 (PO4)3- FWHM of OSGRO-24 increased during pre-treatment, this
is likely a result of a relative increase in the abundance of amorphous organic matter and the exposure of
very small bioapatite crystallites (increasing short-range disorder; Wopenka and Pasteris, 2005) and not
an increase in the abundance of diagenetically altered apatite crystallites, as exemplified in the FTIR
results. However, the v1 (PO4)3- PCMI of the oldest Scladina bone (OSGRO-14) decreased as a result of
pre-treatment and the v1 (PO4)3- FWHM greatly increased as a result of pre-treatment (Figures 6, 7 and
10); both characteristics indicate a relative increase in the abundance of altered, recrystallized bioapatite.
Considering that there was no observed change in organic matter content between the treated and
untreated aliquots of OSGRO-14 by FTIR, this suggests that unstable, more soluble, and less altered
bioapatite crystallites were preferentially removed from OSGRO-14 instead of the more stable, less soluble
recrystallized diagenetic apatite crystallites that have undergone cation exchange (i.e., the pre-treatment
was not ‘successful’).
These outcomes support the hypothesis that elements that become lattice-bound during diagenesis
cannot be removed by chemical pre-treatment without completely dissolving bioapatite crystallites (e.g.,
Bentley, 2006). Once dissolved, differentiating between in- and ex-vivo geochemical signatures in solution
would also pose a major, perhaps greater, challenge to researchers than doing so in situ. As a result,
evaluating the effectiveness of pre-treatment by comparing the trace element and structural characteristics
in pre-treated and untreated aliquots of the same bone indicates how well adsorbed and permineralized
exogenous elements are removed, and identifies the effects of recrystallization; the pre-treatment
procedure cannot correct diagenetic cation replacement without partially dissolving the analyte, initiating
a host of other potential issues. However, very reactive bones still undergoing early diagenetic processes
respond positively to chemical pre-treatment with acetic acid, and, for less reactive, older bones, avoiding
diagenetically altered areas could be accomplished by mapping diagenetic indicators and microsampling
unaltered regions.
Identifying the diagenetic state of bones via chemical leaching
With the stratigraphic, temporal, and diagenetic control afforded by the Scladina collections, we have
developed another potentially valuable proxy for evaluating the diagenetic state of archaeological and
paleontological bones. The two youngest and most reactive bones analysed from Scladina, OSGRO-1
and OSGRO-24, lost significant mass during both the water and acid pre-treatment steps, whereas the
bone from the Later Diagenesis period (OSGRO-14) did not; rather, it lost all of its leached mass in the
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subsequent acid step. The total amount of material lost during each leaching step correlates with the
diagenetic state of the bone, with more material removed from older, more altered bones than from
younger bones (Figure 9; Table 4). This suggests that the water step primarily removes sediments
incorporated into pore spaces and degraded organic matter, and thus it is most effective on bones
undergoing early diagenesis that are more porous than recrystallized/diagenetically altered bone. The acid
step removes permineralized carbonates and other inorganic diagenetic impacts, as well as more reactive
bioapatite crystallites. As such, researchers can tentatively identify the diagenetic state of a bone, and thus
estimate the success of chemical pre-treatment, by measuring the fraction of the sample that is removed
in each step of the procedure, which, ideally when combined with observations of the evolution of trace
element and structural characteristics before and after pre-treatment, can be used to identify the likelihood
of collecting in-vivo signatures from a sample.
Comparison of LA-ICPMS, µXRF, Raman spectroscopy, and FTIR for evaluating the diagenetic
alteration of bone
Trace element analysis by LA-ICPMS and µXRF
We analysed the trace element content of bones with two complementary techniques, LA-ICPMS and
µXRF. Both techniques have unique benefits for identifying diagenetic alteration. LA-ICPMS has lower
detection limits than µXRF, making this technique better suited for measuring REE and other lowconcentration elements at high spatial resolution. The low concentration trace elements measurements
with µXRF are also less precise than LA-ICPMS, but LA-ICPMS is minimally destructive to the bone
surface. µXRF has several additional advantages: it permits more accurate measurements of diagenetic
indicators that are more challenging to measure with ICPMS due to technical issues such as polyatomic
interferences (e.g., Mn, Fe), can be used to quantify Ca concentrations (LA-ICPMS of bone typically
requires the use of Ca as an internal standard), is completely non-destructive to the bone surface, and can
map the elemental distribution within a sample at high spatial resolution more efficiently and less
destructively than LA-ICPMS.
Structural analysis by Raman Spectroscopy and FTIR
One of the major outcomes of this study is the identification of the possible preferential removal of
unaltered bioapatite during the pre-treatment of OSGRO-14, our interpretations of which were made more
confident due to the combination of Raman spectroscopy and FTIR. The applicability of Raman
spectroscopy to identifying cation replacement in calcium phosphates is somewhat limited if organic matter
content is not also measured by FTIR, as the v1 (PO43-) peak broadening observed in Raman spectra during
cation replacement can also occur due to increases in short-range disorder related to the exposure of very
small unaltered bioapatite crystallites, which are only stable when surrounded by organic matter. For
example, if the Raman v1 (PO43-) peak broadens as a result of pre-treatment and the organic matter content
does not change (as in the case of OSGRO-14), then modifications to the abundance of altered mineral
components is much more likely to cause v1 (PO4)3- peak broadening than an increase in short-range
disorder due to the degradation of organic matter that surrounds the bioapatite crystallites. Combining two
independent lines of evidence to support the same conclusions also greatly improves the confidence we
have in our interpretations of the impacts of pre-treatment on bones of different ages or those that have
been treated differently ex-vivo.
Future work
Some notable directions of future work exist that would further quantify the impact of chemical pretreatment on the trace element characteristics of both diagenetically and anthropogenically altered bone.
Measuring the trace element content of leachates removed from each bone would aid in confirming the
impacts of pre-treatment we have identified in situ, and also would facilitate identifying which pre-treatment
step removed most of the exogenous trace element content. More samples should be characterised before
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and after chemical pre-treatment from different archaeological and paleontological contexts to strengthen
the interpretations of the trends we have identified. Additionally, evaluating the modifications to the Sr, and
potentially Pb, isotopic composition with LA-(MC/HR)-ICPMS in situ before and after chemical pretreatment with the ‘Perio-spot’ technique and ‘Perios-endos’ profiles would quantify the relationship among
the differences we observe in trace element characteristics and changes in radiogenic isotope
composition.
Conclusions
We characterized both the diagenetic alteration and the impact of acetic acid pre-treatment on the trace
element and structural characteristics of 1) ‘old’ bones of different Pleistocene ages and 2) cremated bone.
We found that the cremated bone exhibits little to no diagenetic alteration with regards to Cu, Sr, La, Ce,
Pb, and U, and the diagenetic alteration of bones from Scladina Cave increases with increasing age.
Although the concentrations and ratios to Ca of trace elements in the cremated bone increased slightly
after pre-treatment, it is most likely due to the preferential removal of more soluble and reactive bioapatite
or calcium carbonate. The youngest and most reactive bone from Scladina showed the most dramatic
change in trace element content as a result of pre-treatment, although the trace elements removed from
the bone interior appear to have been redistributed along the periosteal surface. The second oldest bone
from Scladina responded relatively well to pre-treatment, with a reduction of exogenous trace element
concentrations and structural changes that indicate a greater potential to obtain in-vivo signatures after
pre-treatment. The trace element content of the oldest bone from Scladina responded similarly to the
second oldest bone, although the observed structural changes and Sr/Ca and Pb/Ca show that the pretreatment process preferentially removed less stable, more soluble, and less altered bioapatite, increasing
the potential for contamination of in-vivo signatures during life history analyses. The effectiveness of
chemical pre-treatment for removing exogenous trace elements from diagenetically altered bone thus
varies greatly depending on their diagenetic state and if they have been cremated prior to burial. We also
observed large differences in the leaching characteristics of each bone that strongly correlate with their
diagenetic states. Comparing the amount of material removed by each pre-treatment step by weighing
dried-down leachates may therefore be a valuable approach to estimate the success of pre-treatment
procedures. Before conducting life history investigations, researchers should thus pre-treat cremated bone
to remove sediments and calcium carbonates and characterize the diagenetic state of ‘old’ bones by
measuring the amount of bone leached during chemical pre-treatment with acetic acid to evaluate the
probability of obtaining in-vivo signatures.
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