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Chapter 1
A general introduction to paleoenvironmental
reconstruction and stable isotopes
What was life like, millions of years ago? What kind of landscape did our human ancestors
inhabit? In what seas did prehistoric reptiles once roam?
Paleontology has been answering these questions for centuries, investigating the
preserved remains of plants and animals in order to compose an ever more detailed
reconstruction of prehistoric life on our planet. A relatively recent addition to the toolbox of
paleoreconstruction techniques is stable isotope analysis. A subject of study since the 1960s,
this field has grown tremendously in the last two decades. Now regularly applied in studying
the diets, habitats, ecologies and climates of the past, isotope methods are based on the
premise that, literally, “you are what you eat’’. Food is the raw material that your body uses
to build its tissues: the isotopic variation within these tissues ultimately links back to your
dietary habits and your environment.
Isotopes, variants of an element that differ slightly in molecular mass, provide a
unique tool in this regard (Fig. 1.1, Fig. 1.2). Tiny differences in the rate at which they react in
chemical and physical processes can cause the ratio between isotopes to shift: this is called
isotope fractionation. Unlike radioactive isotopes, stable isotopes do not decay over time.
Stable isotope ratios recorded in fossilized remains, especially in the robust mineral fraction of
teeth and (to a lesser extent) bones, have the potential to be preserved for millions of years
after the animal’s death.
The isotope approach allows us look upon historic fossil collections in a new light (Fig.
1.3). In addition to studying the outward appearance of an ancient tooth ‐ comparing its shape
to the teeth of other species, examining the pattern of microscopic scratches on its surface ‐
we can access an entirely new and unexplored trove of information hidden within. When after
millions of years we finally release the atoms from the enamel into a mass spectrometer, they
may reveal an animal’s predilection for grazing out on the savanna as opposed to nibbling on
forest leaves, or a propensity for taking long dives. They may testify of the distance to the
ocean shore, the intensity of the monsoon, and the impetuosity of climate change.
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Figure 1.1 The naturally occurring stable isotopes of carbon and their average abundance. Because they have the
same number of electrons, different isotopes behave very similar in chemical reactions. However, additional neutrons
raise atomic mass, and a lighter isotope (in this case, carbon‐12) tends to react faster than a heavier isotope. Oxygen
isotopes are subject to a similar kinetic effect. Strontium isotopes are so heavy that the mass difference is relatively
small, and fractionation negligible.

Figure 1.2 The pathway followed by the matter analyzed in this thesis, including processes that modify its isotope
ratios, and the reconstruction of paleoenvironment and behavior from these isotope ratios.
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Figure 1.3 Bovid teeth and jaw fragments collected during the 1907 Selenka expedition to Trinil, Indonesia. This
material is now housed in the Museum für Naturkunde in Berlin.

1.1 The aim of this thesis
The course of this thesis follows my own path within the discipline of isotope geochemistry.
During my first academic research project I studied a particular marine turtle species from the
Late Cretaceous. While my purely osteological approach provided interesting answers
regarding population dynamics and bone pathologies, it also raised new questions; questions
that proved impossible to answer by examining the shapes, dimensions and textures of the
bones. To look within and examine their chemical makeup was the next logical step, and in this
way I proceeded to investigate the wider ecosystem of the Maastrichtian type area. Later, the
versatility of these geochemical tools led me to apply them to a range of other case studies,
chief of which was the study covered by the second half of this thesis: the terrestrial
environments of early hominins in Indonesia. Here, I discovered that the very same techniques
that enabled me to delve into questions of trophic level and paleo‐seawater temperature in a
Cretaceous subtropical sea could also be applied to reconstruct vegetation patterns in
Quaternary landscapes, and ultimately contribute to constraining the geochronology of the
investigated fossil sites. As such, this thesis is not structured around a single, case study‐
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specific research problem. Instead, it asks: In which ways can isotope geochemistry support,
test, and expand on the findings of more ‘traditional’ paleontology? In the reconstruction of
ancient habitats and the behavior of their inhabitants, how can geochemical tools best be
embedded? Special consideration is given to the the question of diagenesis, the post‐mortem
and post‐depositional chemical alteration that is a constant threat to the preservation of the
original isotopic composition of fossil material. How should we test for and mitigate the effects
of diagenetic alteration?
More specifically, this thesis applies carbon, oxygen and strontium isotope techniques
to the teeth and bones of vertebrates. What follows is a short introduction to these proxies
and their use.

1.2 Carbon isotopes
Carbon stable isotope values are measured as the relative amount of the heavier 13C isotope
over the lighter 12C isotope, the latter being much more common in natural systems (Nier and
Gulbransen, 1939). The small differences in carbon isotope ratios are expressed in the δ13C
notation:
δ C

13

C/12C
13 12
C/ C

1 ∗ 1000‰

The ratio of isotopes in the sample is divided by the ratio in a standard, which for δ13C is the
Pee Dee Belemnite (PDB). Because the differences in ratio are very small, a value of 1 is
subtracted and the result is then multiplied by 1000. A more positive δ‐value thus denotes a
relative enrichment of 13C over 12C. Most organic material contains less 13C than the Pee Dee
Belemnite standard, so that their δ‐values are negative. This table gives some examples of
carbon isotope ratios and illustrates how the δ‐notation gives more workable numbers:
average 13C over 12C ratio

average δ13C (VPDB)

PDB standard

0.0112372

0‰

atmospheric carbon dioxide

0.0111473

‐8‰

marine plankton

0.0109787

‐23‰

C3 plants

0.0109338

‐27‰

C4 plants

0.0110911

‐13%
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Isotopes of light elements like carbon and oxygen are easily fractionated by physical and
chemical processes. When we look at carbon in an ecological system, the two main
fractionation processes at play are photosynthesis and the incorporation of carbon from diet
into body tissues (Fig. 1.4). In photosynthesis, plants strip the carbon atoms from atmospheric
CO2. This process favors the lighter isotope 12C (the δ13C value of plants is thus lower than that
of atmospheric CO2) but different photosynthetic pathways vary in the extent of fractionation.
The so‐called ‘C4 pathway’, which is used by tropical grasses and sedges, fractionates carbon
to a lesser degree than the ‘C3 pathway’ utilized by the majority of leafy plants (shrubs and
trees). In other words, C3 plants exhibit lower δ13C values than C4 plants (Smith and Epstein,
1971).
For the research in this thesis I have measured δ13C values in the bone and dental
enamel of various animals. To be precise, I have targeted the so‐called structural carbonate
within the apatite crystals that make up these materials. The carbon built into this carbonate
fraction derives from all dietary macronutrients (carbohydrates, fat, and protein) and thus
reflects the whole diet (e.g. Ambrose and Norr, 1993). When herbivores digest plants and
incorporate the carbon into their tissues, metabolic processes have a preference for the heavy
13
C isotope as opposed to the light 12C isotope. The δ13C values of these animals are therefore
higher than those of their diet (DeNiro and Epstein, 1978). At the same time, the contrast
between C3 and C4 propagates through the food chain. A herbivore with a diet based on tree
leaves will be distinguishable from a herbivore with a diet based on savanna grasses, and the

Figure 1.4 Flow diagram of carbon isotope compositions in a typical C3‐ and C4‐based terrestrial foodweb, after
Cerling et al. (1997); Lee‐Thorp and Sponheimer (2006); Kohn (2010).
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tissues of a carnivore feeding mainly on either C3 browsers or C4 grazers will continue to show
this δ13C contrast (e.g. Cerling et al., 1997; Lee‐Thorp and Sponheimer, 2006).
Carbon isotope ratios are one of the most commonly used indicators in paleodiet
reconstructions. And because feeding on particular plants per definition implies that this type
of vegetation was available in an animal’s environment, the investigation of paleodiet also
allows us to reconstruct paleohabitats. For instance, Chapter 3 of this thesis shows how the
carbon isotope composition of terrestrial herbivores reflects relative differences in vegetation
balance and ultimately paleoclimate.
Carbon isotopes give us insight into the base of the food chain, but Chapter 2 of this
thesis discusses the fact that the δ13C signature of lung‐breathing marine animals is also
strongly affected by respiratory physiology. As carbohydrates, protein and fat are broken down
for energy, their carbon atoms leave the body as CO2, and this carbon is depleted in 13C. When
marine mammals or reptiles hold their breath during diving sessions, respired CO2 builds up in
the body and exchanges with the carbon in hard tissues, ultimately lowering their δ13C value
(McConnaughey et al., 1997; Biasatti, 2004; Robbins et al., 2008; Schulp et al., 2013). Diving
duration is thus inversely correlated with apatite δ13C. In contrast, sharks occupying a similar
trophic level will have much higher δ13C values because they are gill‐breathers.

1.3 Oxygen isotopes
Similarly to carbon, oxygen isotope values are reported in the δ‐notation. For carbonate δ18O,
the Pee Dee Belemnite is used as a standard. For water samples, a mixture of ocean water
samples called Standard Mean Ocean Water (SMOW) is in use.
18

δ O

O/16O
18
O/16O

1 ∗ 1000‰

When the δ18O value of a sample is relatively high, the heavier 18O isotope is enriched
compared to the lighter 16O isotope. The following table lists typical oxygen isotope values for
water in the ocean and precipitation (precipitation values after Mook, 2001).
average 18O over 16O ratio

average δ18O (VSMOW)

SMOW standard

0.0020052

0‰

ocean (present‐day)

0.0020052

0‰

ocean (glacial)

0.0020072

1‰

(sub)tropical precipitation

0.0019892 to 0.0020119

‐8 to ‐2‰

temperate precipitation

0.0019731 to 0.0019992

‐16 to ‐3‰
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In a marine environment, the δ18O values in biogenic apatite of an ectothermic animal are
determined by seawater oxygen isotope ratio and the temperature at which oxygen is
incorporated in the animal tissue (Longinelli and Nuti, 1968; Kolodny et al., 1983; Pucéat et al.,
2010). With a realistic estimate for one of these two factors, the value of the other factor can
be calculated.
In terrestrial systems, oxygen isotopes in water fractionate when it evaporates or
precipitates. Heavier water molecules have a lower vapor pressure and diffuse more slowly,
causing them to evaporate less easily and rain out more readily than lighter water molecules.
As a result, meteoric water is depleted in the heavier 18O isotope compared to the ocean; its
δ18O values (given relative to the SMOW standard) are negative. A complex interplay of
geographical and climatic factors determines the exact oxygen isotopic composition of
meteoric water in a specific location (Fig. 1.5): the oxygen isotopic composition of the moisture
source (i.e. where water has evaporated to form clouds), the distance from the moisture
source, altitude, the temperature at which the precipitation condenses, and precipitation
intensity (Dansgaard, 1964). The latter two factors result in considerable seasonal variation.
The isotope composition of bioavailable oxygen in a specific region may be further modified
by dry conditions, which raise surface water, soil water, and leaf water δ18O values due to
increased evaporation (Gonfiantini et al., 1965; Helliker and Ehleringer, 2002).

Figure 1.5 Simplified representation of factors causing oxygen isotope fractionation of atmospheric and leaf water,
after Dansgaard (1964); Gonfiantini et al. (1965).
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The oxygen in an animal’s tissues derives from oxygen gas in the atmosphere (which has a
relatively constant δ18O ratio), drinking water, and food. Here too, fractionation is affected by
temperature, which varies considerably in ectotherms (cold‐blooded animals) but is relatively
stable in homeothermic endotherms (warm‐blooded animals). The δ18O values of food and
drinking water ultimately trace back to the δ18O values of meteoric water, and in this way the
oxygen isotope composition of terrestrial animals functions as a proxy for several climatic
factors. Simultaneously, it can be used as a geographical provenancing tool: if the δ18O value
of a tooth does not match the expected paleo‐δ18O values of the location where it was found,
the conclusion may be that the animal has migrated (Müller et al., 2003; Kennedy et al., 2011;
Chau et al., 2017).
The oxygen isotopic composition of structural carbonate from bone and teeth is
measured simultaneously with its carbon isotopic composition. Chapter 2 of this thesis also
features data on the oxygen isotope values of the phosphate (PO4) molecule in tooth enamel,
which has the advantage of being more resistant to diagenesis (Tudge, 1960; Iacumin et al.,
1996; Zazzo et al., 2004).

1.4 Strontium isotopes
Strontium is a heavy element compared to carbon and oxygen. Its four isotopes are 88Sr, 87Sr,
86
Sr and 84Sr, and the isotope 87Sr is radiogenic: it is partially produced by the radioactive decay
of the rubidium isotope 87Rb, which has a half‐life of 48.8 billion years. In Chapter 4 of this
thesis I measure and interpret the ratio between 87Sr and 86Sr. Because of the large atomic
mass of these isotopes, they do not fractionate in low temperature physical and chemical
reactions, such as those that take place in weathering and biological processes) (Graustein,
1989; Flockhart et al., 2015). Because of the initial variation in Rb concentration and 87Sr/86Sr‐
ratio, and the subsequent slow increase in 87Sr due to the radioactive decay of 87Rb, 87Sr/86Sr
ratios vary substantially between different minerals and rocks. Crustal rocks are enriched in Rb
compared to the upper mantle, and therefore become more enriched in radiogenic 87Sr with
time. 87Sr/86Sr values of rocks with a crustal source thus tend to be higher than those of rocks
from a mantle‐source (Faure and Powell, 2012). Because ocean Sr is a mixture of Sr from both
types of rocks, marine limestones and dolomites tend show intermediate 87Sr/86Sr values
(Faure and Hurley, 1963).
Geological substrate is usually the main source of strontium entering the food chain,
as plants take up Sr from the substrate. Animals build small amounts of this element into bone
and teeth apatite because Sr substitutes for calcium in the crystal lattice. The 87Sr/86Sr values
of herbivore tissues directly reflect the geological area where the animal foraged, and remain
the same throughout the food chain (Lenihan et al., 1967; Dasch, 1969). Strontium isotopes
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can thus be used as a powerful provenancing tool, potentially allowing us to reconstruct the
geographical origin and movements of terrestrial animals.

1.5 Thesis outline
The research presented in this PhD thesis focuses on two contrasting paleogeographical and
paleoenvironmental settings of different ages.
The first part centers on the type area of the Maastrichtian Stage, which includes the
southern part of the Dutch Limburg province as well as the neighboring provinces of Limburg
and Liège in Belgium. Its soft carbonate deposits, which have long been excavated to produce
building stone and cement, were laid down in a shallow subtropical sea that covered this area
at the end of the Cretaceous period (Felder, 1994; Herngreen and Wong, 2007; Vonhof et al.,
2011). A variety of vertebrate fossils have been recovered from these highly fossiliferous
sediments: abundant shark and ray teeth, remains of turtles, mosasaurs, plesiosaurs,
elasmosaurs and crocodiles, and rare finds of terrestrial taxa such as hadrosaurid dinosaurs
(Dortangs et al., 2002; Jagt, 2003; Mulder, 2003; Schulp et al., 2016).
Chapter 1 of this thesis describes the taphonomy and paleopathology of the marine turtle
Allopleuron hofmanni (Gray, 1831), which is only found in the Maastrichtian type area ~66
million years ago. I show how preservation and collection bias has resulted in an
overrepresentation of large, robust skeletal elements, and hypothesize why the collections
almost exclusively contain adult individuals. Chapter 2 further explores the paleoenvironment
of A. hofmanni, using oxygen and carbon isotope analyses of this turtle and contemporary
shark and ray species to test the extent of diagenetic alteration of these fossil remains, to
calculate paleoseawater temperatures and δ18O values for the Maastrichtian type area, and to
investigate the behavior of A. hofmanni in terms of diet and diving.
In the second half of this thesis I focus on the terrestrial environments of Indonesia in
the late Quaternary, between 1.5 million and 2.5 thousand years ago. Specifically I examine
the extensive fossil assemblages from Java and Sumatra, which include a wealth of terrestrial
mammal remains as well as Homo erectus and archaic Homo sapiens. Repeated glacial periods
lower global sea level, so that the western islands of the Indonesian archipelago periodically
become mountain ranges on the exposed continental shelf (Hutchison, 1989), thereby
allowing faunal exchange with the Asian mainland. This glacial‐interglacial cycle also affects
regional climate and vegetation, affecting the relative abundance of rainforests and savannas.
With the research presented in this thesis I aim to gain more insight into how this dynamic
ecological system responds to glacial‐interglacial climate change.
In Chapter 3 I use the carbon and oxygen isotope composition of tooth enamel from
ungulates (hoofed animals) from Indonesia as a paleodiet and paleovegetation proxy,
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observing that individual sites from different ages are dominated by either C3‐browsers or C4‐
grazers, and that this division is also reflected in oxygen isotope values. This pattern is
interpreted to reflect the overall vegetation balance, and as such is indicative of the
environmental contrast between glacials and interglacials. Chapter 4 assesses the extent to
which the Sr isotope ratios of the Indonesian faunas reflect the surrounding substrate geology,
and whether deviation from this general local signal is linked to dietary preferences. I show
that the dominant C4 signal observed in the Sangiran and Trinil herbivore faunas corresponds
with foraging in different landscape settings: δ13C values in their enamel are thus likely to be
representative of the overall vegetation balance in these areas in the Early and Middle
Pleistocene.
Chapters 1, 2, and 3 are based on papers published in peer‐reviewed scientific
journals. There may therefore be overlap in the scope of some chapter sections.
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