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Abstract

Bioapatite in mammalian teeth is readily preserved in continental sediments and repre-
sents a very important archive for reconstructions of environment and climate evolution.
This project intends to provide a detailed data base of major, minor and trace element
and isotope tracers for tooth apatite using a variety of microanalytical techniques. The5

aim is to identify specific sedimentary environments and to improve our understanding
on the interaction between internal metabolic processes during tooth formation and
external nutritional control and secondary alteration effects. Here, we use the electron
microprobe, to determine the major and minor element contents of fossil and modern
molar enamel, cement and dentin from hippopotamids. Most of the studied specimens10

are from different ecosystems in Eastern Africa, representing modern and fossil lakus-
trine (Lake Kikorongo, Lake Albert, and Lake Malawi) and modern fluvial environments
of the Nile River system.

Secondary alteration effects in particular FeO, MnO, SO3 and F concentrations,
which are 2 to 10 times higher in fossil than in modern enamel; secondary enrichments15

in fossil dentin and cement are even higher. In modern and fossil enamel, along sec-
tions perpendicular to the enamel-dentin junction (EDJ) or along cervix-apex profiles,
P2O5 and CaO contents and the CaO/P2O5 ratios are very constant (StdDev ∼1 %).
Linear regression analysis reveals very tight control of the MgO (R2 ∼0.6), Na2O and
Cl variation (for both R2 >0.84) along EDJ-outer enamel rim profiles, despite large20

concentration variations (40 % to 300 %) across the enamel. These minor elements
show well defined distribution patterns in enamel, similar in all specimens regardless
of their age and origin, as the concentration of MgO and Na2O decrease from the
enamel-dentin junction (EDJ) towards the outer rim, whereas Cl displays the opposite
variation.25

Fossil enamel from hippopotamids which lived in the saline Lake Kikorongo have
a much higher MgO/Na2O ratio (∼1.11) than those from the Neogene fossils of Lake
Albert (MgO/Na2O∼0.4), which was a large fresh water lake like those in the western
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Branch of the East African Rift System today. Similarly, the MgO/Na2O ratio in mod-
ern enamel from the White Nile River (∼0.36), which has a Precambrian catchment of
dominantly granite and gneisses and passes through several saline zones, is higher
than that from the Blue Nile River, whose catchment is the Neogene volcanic Ethiopian
Highland (MgO/Na2O∼0.22). Thus, particularly MgO/Na2O might be a sensitive finger-5

print for environments where river and lake water have suffered strong evaporation.
Enamel formation in mammals takes place at successive mineralization fronts within

a confined chamber where ion and molecule transport is controlled by the surrounding
enamel organ. During the secretion and maturation phases the epithelium generates
different fluid composition, which in principle, should determine the final composition10

of enamel apatite. This is supported by co-linear relationships between MgO, Cl and
Na2O which can be interpreted as binary mixing lines. However, if maturation starts
after secretion is completed the observed element distribution can only be explained
by recrystallization of existing and addition of new apatite during maturation. Perhaps
the initial enamel crystallites precipitating during secretion and the newly formed bioa-15

patite crystals during maturation equilibrate with a continuously evolving fluid. During
crystallization of bioapatite the enamel fluid becomes continuously depleted in MgO
and Na2O, but enriched in Cl which results in the formation of MgO, and Na2O-rich, but
Cl-poor bioapatite near the EDJ and MgO- and Na2O-poor, but Cl-rich bioapatite at the
outer enamel rim.20

The linkage between lake and river water composition, bioavailability of elements for
plants, animal nutrition and tooth formation is complex and multifaceted. The quality
and limits of the MgO/Na2O and other proxies have to be established with system-
atic investigations relating chemical distribution patterns to sedimentary environment
and to growth structures developing as secretion and maturation proceed during tooth25

formation.
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1 Introduction

Apatite (Ca5(PO4)3(F,Cl,OH)) is the most common phosphate mineral, and is widely
distributed in igneous, sedimentary and metamorphic rocks. It is a key part of the ter-
restrial phosphorus cycle and on a geological time scale apatite regulates the supply
of biomineralizing phosphorus in the biosphere. Phosphorus is essential for the syn-5

thesis of soft tissue, but it is also a vital component of bones and teeth, which are
intricate frameworks of proteins and apatite. The nano- to microcrystalline structure of
tooth bioapatite has several sites for cations and anions which permits the uptake of
a variety of elements with rather different chemical features. Chemical elements find
their way from the geosphere and biosphere into plant and animal tissue, including10

bone and tooth material. For this reason, the chemical and isotopic composition of
bioapatite became an important complementary and even stand-alone tool to monitor
climatic and ecological change (Kohn and Cerling, 2002; Sillen, 1988; MacFadden et
al., 1999; Tütken et al., 2008).

Despite a common mineralogy, bone, cement, dentine and enamel in mammals have15

different microstructures and chemical compositions. Compared to cementum, dentin
and bone, tooth enamel has a high mineral content of ca. 96 % compared to ca. 70 %
in dentin and bone and less organic matrix. Enamel also consists of highly ordered mi-
crocrystals compared to nm-sized crystallites in cementum, dentin and bone (Glimcher
et al., 1990; Glimcher, 2006; Pasteris et al., 2008). In effect, enamel has significantly20

less pore spaces and a smaller surface to volume ratio which minimize the introduction
of diagenetic solutions, adsorption of metals und recrystallization, whereas dentin, ce-
mentum and bone is chemically less stable. Thus, enamel is regarded as one of the
most diagenetically inert biominerals and its chemical and isotopic compositions are
preferred paleoenvironmental and paleoclimatic proxies (Koch et al., 2004; Forbes et25

al., 2010; Fricke et al., 1998; Fricke and O’Neil, 1996; Koch, 1998; Kohn, 1996; Kohn
and Cerling, 2002) providing information on diet, migration patterns and habitat use
even on a seasonal scale (Sponheimer et al., 2003; Kohn et al., 1996; Boisserie et al.,
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2005; Cerling et al., 2003, 2008; Koch, 1998). During their precipitation, biominerals
not only respond to the local chemical environment, i.e. the bioavailability of chemical
elements, but also to physiological, taxonomical characteristics.

Patterns of major and minor elements compositions in teeth of mammals have been
systematically studied in the seventies and early eighties of the last century with re-5

gard to tooth development and mineralization and tooth diseases using electron micro-
probe and more recently secondary ion mass spectrometry (SIMS) (Norén et al., 1983;
Driessens et al., 1990; Johnson, 1972; Shaw and Yen, 1972; Verbeeck et al., 1985;
Lundgren et al., 1998). Trace element studies concentrated on Sr, Ba, Zn and Pb con-
tents and Sr/Ca, Ba/Ca and Zn/Ca ratios have been used to distinguish dietary groups10

or trophic levels of mammals and to discriminate between geological background and
vegetation type (Sponheimer and Lee-Thorp, 2006; Safont et al., 1998; Sillen and Ka-
vanagh, 1982; Tütken et al., 2008; Dolphin and Goodman, 2009). However, there is
no systematic data base for testing the potential of major, minor and trace elements as
tracers of environmental change.15

Oxygen and carbon stable isotope systems represent the most valuable climate prox-
ies for terrestrial environments (Kohn and Cerling, 2002; Cerling et al., 2008; Boisserie,
2005). δ18O and δ13C of mammalian tooth enamel are well established tools for re-
constructing herbivore diet (C3 vs. C4) and drinking water composition (i.e. meteoric
water) in the fossil record (Koch et al., 2004; Sillen, 1988; Tütken et al., 2008). Simi-20

larly, radiogenic isotope compositions of Sr or Pb of animal tissue are markers of the
provenance or tracers for migration and diet changes (Copeland et al., 2010; Fitch et
al., 2010; Simonetti et al., 2008).

During the fossilization process bone and tooth materials become chemically and
physically altered as chemical components diffuse into the bioapatite and become ad-25

sorbed on the crystal surfaces or cause recrystallization of the apatite (Kohn, 2008;
Millard and Hedges, 1996). Whether the original animal tissue has been altered or not
represents an important and disputed issue in many geochemical studies – compare for
example the different conclusions of studies on east African hominin sites (Sponheimer
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and Lee-Thorp, 2006; Kohn et al., 1999; Dauphin and Williams, 2004). However, mobi-
lization of an element within the sediment column and eventually its incorporation into
the apatite tissue is controlled by environmental and climatic conditions set apart by
temperature, redox conditions, pH, and presence of complexing ligands. Therefore,
the trace element distribution imposed on apatite tissue during fossil diagenesis can5

also be used as a proxy for certain environments and climates (Wright et al., 1987;
Grandstaff and Terry Jr., 2009; Anderson et al., 2007; Patrick et al., 2004; Trueman et
al., 2006).

Most of the studies summarized above used a bulk sample approach in order to
determine the chemical and isotopic compositions. Since this technique samples a10

large volume information is not provided on the spatial-temporal progress of chemical
change either during the growth phase of the tooth or during the interaction of the burial
environment with the tooth. Such a resolution, however, is essential in order to identify
und understand the development of the individual fingerprint of these processes and
before detailed paleoecological reconstructions can be made.15

This study is part of a comprehensive project which systematically investigates the
distribution of major, minor and trace elements as well as stable (δ18O and δ13C)
and radiogenic (Sr, Pb) isotopic compositions in modern and fossil hippopotamid teeth
using analytical techniques which provide high spatial resolution, such as the electron
microprobe, scanning electron microscope and LA-ICPMS. These techniques can min-20

imize invasion or destruction of fossils and achieve maximum spatial resolution. The
present study provides a detailed data base on the composition of tooth apatite in or-
der to identify distinct environments by evaluating the interaction between internal pro-
cesses during tooth formation, external nutritional controls and diagenetic alteration.
We compare tooth material of hippopotamids from different environments in Eastern25

Africa, representing modern and fossil lakustrine, and modern fluvial environments.
We show that the minor element distribution is established during the maturation pro-
cess of amelogenesis and the patterns of MgO variation to be a tool for distinguishing
fluvial, saline and fresh water lake environments. Trace element and radiogenic isotope
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variations in the same sample will be presented in a second paper. Stable isotope data
have already been published (Brachert et al., 2010) and will be integrated into the
results of the major, trace element and radiogenic isotope studies.

2 Samples and methods

2.1 Samples5

Hippopotamids are regarded to be opportunistic grazers living within a small territory
due their water-dependency. Samples for chemical analyses of tooth enamel, dentin
and cementum were selected from an extensive collection of recent and fossil hip-
popotamids available to us at the Museum of Natural History (Kampala, Uganda), Insti-
tut für Geowissenschaften (Mainz, Germany), Forschungsinstitut Senckenberg (Frank-10

furt, Germany), and Naturhistorisches Museum Wien (Vienna, Austria). We have de-
cided to study molars of hippopotamids, since these are common fossils of mammals
in terrestrial sediments and these robust structures are usually well preserved. In ad-
dition, geochemical data in molars are not biased by potential effects of nursing in
deciduous teeth. One modern tooth is derived from a zoo collection now housed at15

the Institut für Geowissenschaften, University of Mainz, Germany (sample S276). Fur-
ther samples of recent teeth are from animals living in natural environments, including
the freshwater lakes of Lake Malawi (Senga Bay, sample Mal-08), and Lake Albert
(near the village of Sebugoro in Uganda, sample Alb-10) and the river Nile. The sam-
ples from the river Nile represent mini cores of enamel taken at the “Naturhistorisches20

Museum Wien” in Vienna. Details of the coring procedure are given by Brachert et
al. (2010). The animals lived in the Sudanese part of the Upper Nile (samples Nile-
1+2), the White Nile (sample Nile-3) and in the Blue Nile (sample Nile-4). The fossil
molar teeth studied are from different environments in Eastern Africa, representing fos-
sil lakustrine and fluvial environments, vary in age (recent to 6.5 Ma) and in degree of25

preservation (Brachert et al., 2010). Sample “Kikorongo” was collected from sediments
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of the Kikorongo Crater to the SE of the Rwenzori Mountains. The crater belongs to
the Katwe-Kikorongo volcanic field and is believed to be 0.01 Ma old. Today this crater
is filled with alkaline, saline water which probably represents a mixture of geothermal
and evaporated lake water (Bahati et al., 2005). The remaining 18 fossil specimens
were collected in Neogene sediments of the Nkondo-Kaiso and Makondo area at the5

East shore of Lake Albert (Brachert et al., 2010). Lake Albert is one of a series of
large freshwater lakes in the western branch of the East African Rift (Lake Edward,
Lake Kivu, Lake Tanganyika, Lake Rukwa, and Lake Malawi) which is a graben system
dominantly filled with fluvio-deltaic deposits and lake sediments. The lithostratigraphy
as well as the tectonic and paleoecological evolution of Lake Albert is well established10

(Van Damme and Pickford, 2003; Beuning et al., 1997; Pickford et al., 1993; Senut
and Pickford, 1994). Information related to our samples, including the age model, is
summarized by Brachert et al. (2010). Taxonomically, all modern teeth studied belong
to the species Hippopotamus ambibius. However, some of the fossil teeth collected in
Uganda are conspicuous for their small size. It has been suggested to classify these15

using open taxonomy as “Small Hippopotamids” before more detailed systematic anal-
yses have been carried out (Boisserie, 2005).

2.2 Microprobe analysis

Carbon-coated polished halves of drill cores and parasagittal or frontal thin sections
up to 300 µm thick were used for the microprobe measurements. The samples were20

analysed for major and minor elements using the Jeol JXA8200 microprobe at the Max-
Planck-Institute for Chemistry, Mainz. We used natural minerals and oxides for calibra-
tion. Instrument drift during the analysis was corrected, if necessary with repeated
measurements of standard apatite (USNM 104021). Table S1 in the Supplement sum-
marizes the measurement conditions, the achieved detection limits and representative25

standard errors. The spot analyses were done with an acceleration voltage of 15 kV, a
probe current of 12 nA and a de-focussed beam with a diameter of 20 µm in order to ac-
count for the limited stability of enamel and dentine under the electron beam. Counting
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times were 20–60 s on the peak and 10–40 s on the background. Distribution maps for
major elements were measured with a dwell time of 110 ms at a beam current of 25 nA
at 15 kV with a beam diameter between 1 and 20 µm. Strontium, Cl, F, Ca, and P were
detected with WDS spectrometers and Fe, Mg and Si with an EDS spectrometer. The
step size varied between 1 and 40 µm.5

The major element composition of 20 to 30 spots was systematically determined
along 2–3 mm long profiles approximately perpendicular to the enamel-dentin junction
(EDJ). In most cases these profiles started at the outside margin of the tooth which is
directly exposed to local weathering and leaching, and chemical and/or isotopic inter-
actions with soils, sediments or pore water. The outer part consists either of cement or10

enamel. The profiles continue crossing the EDJ and ending with a few spot analyses
in dentin (Fig. 1). If possible, two profiles were sampled near the apex and cervix,
respectively, to cover the full spectrum of compositional variability. In a few specimen
profiles were measured from the cervix to the apex, close to and parallel to the EDJ
(S276-L, Mal-08-L, 5306-L).15

3 Results: major and minor element composition of hippopotamid molar teeth

Tables 1, 2, and 3 summarize the composition of enamel, dentin and cement from
the modern specimens and of fossil teeth from Lake Kikorongo and Lake Albert. The
complete set of 1880 major element analyses on 26 teeth specimen is presented in
the electronic attachment (Tables S2–S4). One concern when analyzing different tooth20

materials with relative large spot sizes is their variable porosity which pretends differ-
ent apatite compositions. The total oxide sum in the various segments of the teeth is
always considerably less than 100 wt. % ranging from about 93 wt. % for enamel to
70 wt. % for dentin and cement (Total in Tables 1, 2, 3). The deviation from 100 % is
mainly due to the presence of carbonate and residual organic substances – which have25

not been determined – and of empty pore spaces within the measured spot area. This
also becomes obvious in element maps like those of Ca shown in Fig. 2. It suggests a
large concentration difference between dentin, cement and enamel although effectively
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the difference is just about 3 wt. % CaO. The Ca distribution also indicates an intensity
decrease from the apex towards the cervix (Fig. 2). These variations do not only indi-
cate systematic differences in the Ca content of bioapatite, but also reflect differences
in mineral density between enamel and dentin (∼95 wt. % versus 70 wt. %, respectively;
Pasteris et al. (2008) and within enamel, which is characteristic of mammal enamel in5

general (Robinson et al., 1995; Weatherell et al., 1974). In order to facilitate compo-
sitional comparison between different tooth materials the data shown in Tables 1 to 3
and in the Figs. 3, 4, and 8 are normalized to 100 %. The original analytical results are
given in the electronic attachment. In our sample set the discussion of concentrations
or element ratios using CaO or P2O5 as the denominator are interchangeable and pro-10

vide equivalent interpretations and conclusions regarding chemical variations induced
by metabolic/nutritional and diagenetic processes.

The concentrations of the main oxides CaO and P2O5 in modern and fossil enamel
vary by about 1 % (1 standard deviation; Table 1), although dentin and cement show
larger concentration variations of up to 7.6 % (Tables 2, 3). Typically, fossil dentin and15

cement are more heterogeneous and have higher CaO and lower P2O5 contents than
their modern counterparts (Fig. 3). In fossil samples dentin and cement have lower
CaO and P2O5 contents than enamel (Fig. 3). Modern and fossil enamel have on
average similar CaO and P2O5 contents. This is also reflected in the similar CaO/P2O5
ratio of modern and fossil enamel (1.28±0.3 versus 1.31±0.2, respectively; Table 1).20

Modern dentin and cement have lower and higher whereas fossil dentin and cement
have always higher CaO/P2O5 ratios than enamel (Tables 2, 3). Figure 4 summarizes
typical distribution patterns along profiles from the outside rim, across the EDJ into the
dentin. Enamel thickness has been normalized to 1 in order to minimize the influence
of variable enamel thickness in different specimen. The concentration patterns of CaO25

and P2O5 across the enamel are flat and similar for all specimens, reflecting the small
standard deviation of the average concentrations. The P2O5 contents in dentin and
cement are systematically lower, but the CaO can be enriched or depleted relatively to
the enamel (Fig. 4).
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The third most abundant component in modern teeth is Na2O (∼1 wt. %). Modern
tooth materials and fossil enamel have similar concentrations, whereas fossil dentin
and cement are on average lower in Na2O (Tables 1–3, Fig. 3). In element maps, the
contacts of cement/enamel and enamel/dentin are clearly delineated by sharp con-
centrations changes (Figs. 2, 4). Even within the enamel Na2O contents increase by5

about 40 % from the outside towards the EDJ (Fig. 2). This is observed in all profiles
perpendicular to the EDJ throughout the tooth crown, regardless of provenance and
geological age of the specimen and is not due to changes in mineral density but re-
flects variable apatite composition. Similar Na2O distributions in enamel have been
observed in other mammal teeth, for example from rats, porcupine and humans (Norén10

et al., 1983; Driessens et al., 1990).
The distribution pattern of MgO in modern and fossil Hippopotamid enamel is simi-

lar to that of Na2O, as MgO concentrations increase from the enamel rim towards the
EDJ, although the enrichment is slightly less (∼35 %; Figs. 2, 4). However, it differs
in that modern enamel has 4 to 8 times lower concentration than cement and dentin15

(Tables 1, 2, 3, Fig. 3). This pattern of MgO distribution between different materials
is also typical for many other mammal teeth (Driessens et al., 1990; Steinfort et al.,
1991). Fossil enamel from Lake Albert has MgO contents of about 0.22 which is within
the range of the MgO contents in modern enamel (Fig. 3). There are two obvious
exceptions; enamel of the hippopotamus tooth from Lake Kikorongo and enamel from20

the White Nile River have distinctively higher MgO contents (∼0.4 wt. %), and higher
MgO/P2O5 (<0.07) and MgO/Na2O ratios (>0.28) than all the remaining enamel sam-
ples (Table 1).

Chlorine content in modern and fossil enamel is overlapping (∼0.4 wt. % on average)
and it is always higher than that in dentin and cement (Tables 1–3, Figs. 2, 3). However,25

the average Cl content in enamel varies by about 40 %. This rather large variation does
not reflect differences among different teeth but is mainly due to intra enamel variation
where concentrations may increase from 0.1 to 0.7 wt. % Cl as one moves from the
EDJ towards the outer rim (Fig. 4). This distribution can be observed all along the
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tooth crown (Fig. 2). The study of Kohn et al. (1999) describes a similar concentration
range in different regions of enamel from fossil hippopotamids and studies on other
mammal teeth corroborate these observations (Norén et al., 1983; Driessens et al.,
1990).

Modern tooth material has low F contents (0.1.–0.7 wt. %; Tables 1, 2, 3; Fig. 3)5

and it represents with regard to its halogen abundances (Cl, F, OH) the composition
of hydroxyapatite. Fossil material has systematically higher F contents than the mod-
ern examples. This is particularly true for fossil cement and dentin which are enriched
by containing on average about 2 wt. % of F (Fig. 3). This concentration contrast be-
tween enamel and cement and dentin is clearly seen along profiles (Fig. 4). Within10

the enamel, the distribution of F differs among modern and fossil material. In modern
enamel, F contents stay rather constant or decrease from the EDJ towards the outside.
Previous studies on human, monkey, rat or porcupine enamel, however, observed the
opposite trend (Norén et al., 1983; Driessens et al., 1990). Such a distribution pattern
is displayed in most of our fossil enamel material (Fig. 4); however, we also find an U-15

shape distribution where the central enamel region has the lowest F contents (Fig. 4).
Even in these cases the outer rim has always the highest F contents.

In modern specimens concentration of the remaining analyzed components (SrO,
FeO, MnO, K2O, SiO2, Al2O3, and SO3) are consistently very low, often close to or
below the detection limits, so that the relationships between the different tooth regions20

cannot be reasonably well resolved (Tables 1, 2, 3). Whereas modern tooth parts
and fossil enamel have on average similar SrO contents, the concentrations in fossil
dentin and cement are higher and more variable (Fig. 3). One specimen stands out
(Lake Kikorongo) because it has consistently higher SrO contents, which are 3 times
higher in enamel compared to all other samples (Table 1; Fig. 4). Fossil materials, in25

particular dentin and cement, are highly enriched in FeO and MnO and show large
variations of concentrations (>50 %; Tables 1, 2, 3; Fig. 3). Variable FeO contents are
easily recognized macroscopically by the different coloring of the teeth samples (Fig. 1).
Modern tooth material is entirely white and concentrations of FeO and MnO are below
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0.1 wt. % (Tables 1, 2, 3). Fossil dentin and cement and to a lesser degree enamel
are characterized by light to dark brown staining and may contain up to 24 wt. % FeO
and 1.4 wt. % MnO (sample 053-06; Table 2 and Fig. 4). The FeO distribution in fossil
enamel is systematic in that concentration can increase from detection limit at the EDJ
towards wt. % levels at the enamel rim (Fig. 4).5

The very low concentrations of K2O, SiO2, and Al2O3 in modern and fossil materials
indicate that crystallization or mechanical introduction of silicate phases into the fossil
during diagenesis is not of importance. These components will not be discussed further
on.

4 Discussion10

Teeth are composite materials consisting of organic and inorganic components which
undergo profound changes in chemistry and structure during growth and eventually
during fossil diagenesis (Boskey, 2007; Kohn et al., 1999; Smith, 1998; Robinson et
al., 1995). In the following, we decipher the chemical signatures preset during the
growth of the tooth and later on superimposed during fossilization. This is done by15

comparing the chemical composition of modern and fossil material on the basis of the
bulk composition as well as on the element distribution observed across enamel and
dentin growth structures. These comparisons are supported by statistical methods
such as linear regression analysis and single factor analysis of variance (ANOVA).
However, the compositions of dentin and cement are highly variable. ANOVA does not20

reveal significant differences among tooth populations and no systematic concentration
relationships between these materials can be observed.

In order to generalize the observation made on the distribution of the major elements
and to compare the compositions of enamel of different geological age and habitat, the
relationship between concentration and enamel thickness (x) are quantified by linear25

regression analysis for each EDJ-rim profile in each specimen (number of profiles: 18
modern, 42 fossil). In order to account for variable thickness of enamel in large and
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small teeth and various regions of a tooth, enamel thickness along measurement tran-
sects has been normalized from x= 0 to 1. For each regression line, the coefficient of
determination (R2), the slope (m) and the enamel composition at the outer rim (x= 0)
and at the EDJ (x = 1) have been calculated. The result of the analysis is given in
Table 4 which summarizes the average value and standard deviations of each param-5

eter for all modern specimens, for fossil specimens from Lake Albert and from Lake
Kikorongo.

In order to decipher differences among various tooth populations we applied single
factor analysis of variance (ANOVA). The data set has been divided into 3 main pop-
ulations, modern enamel, enamel from Lake Kikorongo and enamel from fossil Lake10

Albert. The variances of the elements were then compared using the concentration
values determined by the regression analysis close to the EDJ (x= 1 in Table 4). The
results are shown in Table 5 indicating that there are significant differences (α <0.05)
for MgO, SrO, Na2O, Cl, F and FeO among the 3 sample populations, but this cannot
be verified for the measured Total, CaO, P2O5 and SO3. The Scheffé test is applied15

to determine which population pairs cause the significant differences suggested by
ANOVA. As a first approach the results can be used to subdivide the elements into
2 groups: distributions which are considerably influenced by post-mortem processes
(SO3, F and FeO) and distributions which dominantly reflect in vivo processes (MgO,
Na2O, Cl, CaO, P2O5).20

4.1 Chemical characteristics of Hippopotamid teeth: recognizing post-mortem
alteration

An obvious visual difference between modern and fossil teeth is their coloring
(Fig. 1): fossil material, in particular dentin, shows a brown staining which is caused by
high FeO and MnO contents. The FeO addition becomes apparent if one compares the25

most abundant components in a Ca-P-Fe triangle diagram, where fossil enamel follows
a Fe-enrichment trend of constant Ca/P ratio (P/Ca=0.604±0.012; Fig. 5). This ratio
is indistinguishable from that in modern Hippopotamid enamel (P/Ca=0.618±0.018).
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Fossil dentin and cement tend to have lower P/Ca ratios (0.57±0.02) than enamel but
the enrichment in Fe also follows a trend with a constant P/Ca ratio (Fig. 5). The Fe
distribution in teeth is systematic in that FeO decreases from the outside enamel rim
towards the EDJ in fossil enamel and a distinct concentration increase at the interfaces
of enamel with dentin and cement (Fig. 4). The backscattered image of modern enamel5

is significantly brighter than that of dentin, whereas the opposite is observed in fossil
teeth (Fig. 2). This has also been reported by others (Kohn et al., 1999; Jacques et al.,
2008) and reflects different average atomic numbers of the materials. Modern dentine
and cement have lower concentrations of CaO and higher concentrations of interstitial
organic material than enamel and therefore have lower average atomic numbers than10

enamel. The higher atomic number for fossil dentine must reflect a higher concentra-
tion of elements with high atomic numbers, such as Fe and Mn. These observations all
together indicate impregnation of the tooth by Fe-Mn-bearing solutions which resulted
in the precipitation of submicron sized, interstitial Fe- and Mn-oxides and oxyhydroxides
starting from the outside tooth rim (Kohn et al., 1999).15

The other important chemical change observed in fossil teeth involves the post-
mortem addition of F. In terms of its nomenclature the apatite composition varies from
hydroxyapatite in modern material to fluorapatite in fossil examples (Fig. 5). The F
content in modern enamel is significantly different from fossil enamel but no signifi-
cant difference can be recognized between the fossil samples from Lake Kikorongo20

and Lake Albert having significantly different geological ages (Table 5) supporting the
above contention of secondary F addition. The preferred incorporation of F is expected
because its small ion radius allows easy access into the crystal lattice of hydroxyapatite
and because fluorapatite is less soluble and therefore more stable in the low temper-
ature environment than hydroxyapatite (Wopenka and Pasteris, 2005; Aoba, 1997).25

In human teeth increasing F contents and a systemic increase from the EDJ towards
the outer rim have been positively correlated with nutritional intake (Buddecke, 1981).
This distribution pattern has not been observed in modern hippopotamid enamel; even
the opposite trend is displayed in profiles of the Malawi specimen. The F distribution
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along many fossil enamel profiles shows a U-shape pattern. Although this pattern
may contain a primary fingerprint, it appears to be dominated by secondary F addition
through diffusive migration of the pore fluids into the tooth. Such processes have been
discussed by Millard and Hedges (1996) and Kohn (2008) in order to explain similar
distribution patterns in fossil bones and teeth. Analogous to the Fe trend F enrichment5

occurs without changing the P/Ca ratio (Fig. 5c, d). This implies that no other Ca or
P-bearing phase, such as fluorite (CaF2) or vivianite (Fe2+

3 (PO4)28(H2O)), has been in-
troduced or crystallized during fossilization and diagenesis. Thus, low P2O5 and CaO
contents in fossil enamel are solely due to their ”dilution” by other components such as
F and FeO.10

The SO3 concentration in teeth material is highly variable (Fig. 3) and ANOVA cannot
distinguish teeth populations (Table 5). However, SO3 concentrations in fossil enamel
tend to be higher than in modern enamel (Fig. 3; Table 4) and there is a significant
correlation between SO3 and F contents in fossil enamel (R2 =0.43, p< 0.0001), but
not in modern material. The distribution pattern of F and SO3 along profiles of fossil15

specimens is also similar (Fig. 4), although no overall trend can be recognized (Ta-
ble 4). This suggests that the SO3 content and distribution in the teeth has also been
significantly modified during diagenesis.

The FeO, F and SO3 contents do not systematically change with the geological age
of the hippopotamid teeth. This implies that local sedimentary factors influencing the20

mobilization of these components, such as rock composition, pH value and redox po-
tential, control the introduction of these elements into the tooth materials during fos-
silization, rather than chemical exchange on large time scales. With regard to the FeO
content of fossil samples, those from Lake Kikorongo appear to be distinct because
they have much lower contents of FeO, F and SO3 than fossil teeth from Lake Al-25

bert (Table 4). This difference probably reflects the depositional environment in which
the teeth have been fossilized. Throughout its history Lake Albert has been a fresh-
water lake (Pickford et al., 1993). In contrast, the water of Lake Kikorongo is saline
and alkaline representing an environment where FeO mobilization is limited. Hence,
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although these elements bear little information on the diet of primeval hippopotamids,
post-mortem concentration changes in fossil teeth may provide information on past
ecological changes, because the mobility of the element in the local pore water is af-
fected by climate parameters such as temperature or precipitation.

4.2 Chemical characteristics of dentin and cement from Hippopotamid teeth5

Dentin and cement exhibit a rather “spongy” texture and for this reason these materials
become severely altered during diagenesis. This has been clearly documented for
elements like F and Fe (see discussion in previous chapter). However, the influence
of diagenesis cannot be unambiguously evaluated for major and minor components
(CaO, Na2O, MgO, Cl, P2O5) because we have not systematically investigated the10

composition of dentin and cement along specific growth structures. The composition
of dentin and cement differ from enamel even among modern teeth which becomes
obvious along profiles from the outer margin of the tooth crown towards and into the
dentin (Fig. 4). The interface between enamel and dentin or enamel and cement is
narrow (<100 µm) and well defined for most elements. The pattern of concentration15

change across the dentin-enamel and cement-enamel has the same trend for individual
elements, although with different magnitudes. Dentin and cement are depleted in CaO
and Cl, but are enriched in MgO and P2O5 relative to enamel (Fig. 4). One exception
appears to be Na2O, which is depleted in dentin but enriched in cement relative to
enamel. However, there are no systematic variations along the profiles within dentin20

and cement which appear to be inhomogeneous on the scale of ten’s of micrometers.
The low total sum of the chemical analysis in dentin and cement compared to enamel
(Fig. 4) reflects their lower mineral proportion relative to the organic matrices. This,
however, does not explain the variable CaO/P2O5 ratios as indicated by the atomic
proportions of the elements (Fig. 6) and which differ from that of enamel.25

Although there are large concentration variations in and between modern dentin
and cement, the relative atomic proportions of the main components are very simi-
lar and in these terms fundamental chemical/mineralogical differences between these
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two materials cannot be deciphered. The Na variation is relatively small (Fig. 6) and
comparable to that in enamel which indicates that this element is very well controlled
by metabolic processes. However, Cl and Mg in dentin and cement vary substantially
and appear to delineate different habitats. For example, cement and dentin from Lake
Malawi Hippopotamid are enriched in Mg, whereas the material from the zoo animal is5

enriched in Cl relative to the other samples (Fig. 6). The Na/Ca ratio and the variation of
Mg/Na ratio in modern cement and dentin is similar to that of enamel and distinguishes
different environments (Fig. 6). Nonetheless, the pattern displayed by this material is
different from that of enamel. Whereas enamel from the Nile River Hippopotamid has
a distinctively high Na/Mg and the zoo enamel has the lowest Na/Mg ratio, dentin and10

cement from the zoo animal has the highest Na/Mg ratio (compare Figs. 6d and 7d).
These differences are difficult to reconcile. One plausible explanation is that the timing
of the mineralization of dentin and cement differs from that of enamel which may result
in different chemical signatures, perhaps further accentuated by changing environmen-
tal and nutritional factors.15

The range of minor element concentrations in fossil dentin and cement overlaps with
and in cases extends that of modern specimen (Fig. 6). The proportions of Na, Mg and
Cl in the specimen of Lake Kikorongo are higher than those in fossils from Lake Albert.
However, the contents of these elements in material from Lake Kikorongo overlap with
those in the modern specimen, which suggests that they do not necessarily reflect20

element enrichments indicative for a saline ecosystem. The concentration in the fossil
material from Lake Albert, on the other side, has lower concentration than the modern
one. In particular, the low Na proportion in fossils from Lake Albert is reflected in
the high Ca/Na ratio shown in Fig. 6h, whereas materials from Lake Kikorongo plot
along the line defined by enamel and modern cement and dentin. Thus, a reasonable25

explanation is that the fossil material lost Mg, Na and Cl during fossilization.
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4.3 Chemical characteristics of Hippopotamid tooth enamel: recognizing the
in-vivo control on element distribution

The distribution of the principal components (P2O5, CaO, MgO, Na2O, Cl) is similar in
fossil and modern enamel and is little disturbed by secondary processes. For example,
the slopes calculated with the regression analyses are similar for individual elements5

regardless of the origin and the geological age of the tooth (Fig. 4; Table 4). In some
cases minor enrichment or depletion of these elements exists near the outer enamel
rim (Fig. 4) indicating minor mobilization during diagenesis. In contrast, near the EDJ
concentration variations are small (Table 4). The EDJ is well defined showing no grad-
ual concentration change into the dentin (Fig. 4) which implies very limited chemical ex-10

change or migration by diffusion between enamel and dentin. Thus, the most preferred
sampling site for chemical analysis, if focusing on the unaltered, primary fingerprint, is
enamel close to the EDJ (i.e. x=1 in Table 4).

In particular the relative atomic proportions of the main components are indistin-
guishable in fossil and modern enamel (Fig. 7). The molar P/Ca ratio in modern enamel15

is overall well constrained and varies within tight limits (0.618±0.018; Fig. 7) showing
no clear dependency with tooth growth. Fossil enamel displays the same P/Ca variation
(0.604±0.012) and ANOVA could not identify significant differences (p<0.05) among
enamel populations (Table 5). Similarly, the ranges of the atomic proportions of Mg,
Na and Cl in enamel from fossil samples overlaps with that of modern enamel (Fig. 7).20

The overall limited variation in major and minor elements is also confirmed by ANOVA,
which cannot distinguish different enamel populations by means of the Total of all mea-
sured components (Table 5). This Total decreases from the outer margin towards the
EDJ in fossil and modern enamel to similar degrees (∼2.5 wt. %; total in Fig. 4 and
Tables 1 to 5). One important chemical component not included in our measurement is25

the carbonate content of the enamel. Considering data from other mammals, carbon-
ate shows the opposite behavior, decreasing from the EDJ towards the outside (Aoba
and Moreno, 1990; Verbeeck et al., 1985; Zazzo et al., 2005) which would compensate
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the variation of the Total we measured. Therefore, diagenesis or post-mortem recrys-
tallization has not significantly altered the major components of fossil enamel, which
might also rationalize why oxygen or carbon isotopic studies on enamel are most suc-
cessful tools in revealing paleoclimate and -environmental changes.

The variation of the main components along the profiles follows tree patterns. CaO5

and P2O5 show flat trends along the profiles from all specimens and therefore the con-
centrations at the inner and outer enamel rims overlap, within analytical error (Table 4).
Na2O and MgO display always positive slopes from the enamel rim towards the EDJ,
whereas Cl always follows a negative trend. These three components have the high-
est R2 factor among all studied elements (Table 4), which implies that during enamel10

growth their distribution is well controlled and follows the same laws in fossil as well
as in modern animals. Ratios such as Na/P, Na/Ca, Mg/P, or Mg/Ca are not constant
but systematically increase along constant Ca/P ratios from the outer rim towards the
EDJ (Fig. 7). This means that in order to draw meaningful conclusions about chang-
ing nutritional intake, equivalent sample locations within the enamel body have to be15

compared.
In summary, the compositional variations of P2O5 and CaO are decoupled from the

variation of Na2O, MgO or Cl which implies different control mechanism during the pro-
cess of enamel formation. In addition, there is the remarkable feature that the general
concentration trends of Na2O, MgO or Cl across different enamel profiles are similar,20

but the concentrations of the three elements follow different slopes and the variations
from the enamel rim to the EDJ are large ranging from about 40 % for MgO and Na2O
to more than 200 % for Cl (Table 4). Hence, two principle questions arise: i. what con-
trols the different slopes of the element distribution along the enamel profile, and ii.
what determines the degree of enrichment of MgO and Na2O or depletion of Cl during25

the formation of enamel?
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4.3.1 Recognizing discrete sedimentary environments

Abrupt chemical changes along the enamel profiles have never been observed in our
specimen. This implies that major changes of diet have not occurred and that individ-
ual animals did not moved to substantially different habitats during the time of enamel
formation. This had been anticipated considering the autochthonous behavior of hip-5

popotamuses. The small variation of average concentration of CaO, P2O5 and the
tightly defined distribution pattern (R2 >0.8) with similar Cl and Na2O variations across
all profiles (Figs. 4, 6) imply a tight physiological control of the concentration of these
elements. Overall, the Na/Ca ratio appears to be the least variable, because fossil and
modern enamel follow equal trends of constant Na/Ca (Fig. 7 d, h). Biological extra-10

cellular fluids, such as blood plasma and enamel fluid, are in essence NaCl solutions
(Aoba and Moreno, 1987; Simmer and Fincham, 1995; Larsson et al., 1988; Fraústo
da Silva and Williams, 2001) and may render compositional changes induced by food
intake hard to exist. However, ANOVA and the Scheffé tests suggest the Na2O vari-
ation in the population of fossil enamel from Lake Albert to be distinct from those of15

Lake Kikorongo and modern environments (Table 5). This distinction reflects the low
Na2O content in fossil enamel from Lake Albert (Table 4). The Scheffé tests also indi-
cate a significant difference between Cl contents in modern and fossil enamel (Table 5)
and this is likely due to the low Cl contents in fossil enamel relative to modern enamel
(Table 4). It is not apparent whether these population differences in Na2O and Cl rep-20

resent a primary feature induced by a diverse diet or by vital effects. However, it should
not be related to loss of Na2O and Cl during alteration. The distributions of these two
elements are highly regular in all teeth; this would not be expected, considering the dif-
ferent geological ages and environmental settings, if these elements became mobilized
during alteration processes.25

The larger variation of MgO (R2 = 0.58) along the regression lines, and the vari-
able MgO/Na2O ratios in enamel from different teeth suggest less physiologically con-
trol than in the Na-Cl system (Fig. 7; Table 4). Indeed, enamel from single locations
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has rather well defined MgO/Na2O ratios and there are differences which demarcate
sample origins. ANOVA corroborates and the Scheffé test confirms the distinct MgO
distribution among the different enamel populations (Table 5). The fossil specimens
are from two different environments: the saline Lake Kikorongo which is of volcanic ori-
gin (Bahati et al., 2005) and the Neogene freshwater equivalent to Lake Albert (Lake5

Obweruka) (Brachert et al., 2010; Van Damme and Pickford, 2003). Compared to the
fresh water lakes saline waters are characterized by their high concentrations of Na
and Cl but also of Sr and MgO (Hammer, 1986). Enamel from the tooth of the Kiko-
rongo specimen has distinctively higher SrO and MgO concentration than the Lake
Albert samples (Figs. 4, 7; Tables 1, 5). In particular the relative proportion of Na-Mg-10

Ca or the MgO/Na2O ratio can readily distinguish these two environments (Fig. 7h).
Thus, the concentrations of these elements in enamel have the potential to be used as
proxies distinguishing saline lake from fresh water lake environments. It is interesting
to note that the MgO/CaO ratio increases in fresh water lakes if prolonged evaporation
causes the precipitation of calcite (Crausbay et al., 2006; Yu et al., 2002). Similarly,15

pedogenic carbonate (calcite) forms in dry climates possibly increasing the MgO/CaO
ratio in fluids available to plant roots. There is no significant variation with age in the
MgO/Na2O ratio in fossil enamel from Lake Albert suggesting that the lake water did not
experience major compositional changes between 7 and 1.5 Ma. This is supported by
the sediment record which is dominated by clastic, arenitic to pelitic sediments without20

any significant amounts of carbonate and only minor limestone beds (Pickford et al.,
1993). However, oxygen stable isotope data indicate a trend of continual evaporation
of the lake without precipitating carbonate from about 7 to 2 Ma and carbon isotope
indicate a vegetation change from C3 to C4 plant somewhere 4 and 2 Ma (Brachert
et al., 2010). Obviously, the stable isotope systems are more sensitive to evaporation25

than MgO/CaO ratios.
Modern enamel from hippopotamids living in the Upper and Blue Nile Rivers have

systematically lower Mg/Na ratios than the remaining samples from the White Nile
River, Lake Albert, Lake Malawi, or from the zoo (Figs. 7d, 8). Even enamel from
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hippopotamids living in different parts of the river Nile system can be distinguished be-
cause the MgO/Na2O and the MgO/CaO ratios in White Nile enamel is higher than that
from the Blue Nile and Upper Nile (Table 1; Figs. 7, 8). It is well established that the
chemical and isotope composition of the water and the sediment load in the Blue Nile
and White Nile Rivers differ significantly reflecting the geologically different catchment5

areas in volcanic rocks dominating the Ethiopian Highland and the Precambrian base-
ment in Uganda, respectively (Kempe, 1993; Revel et al., 2010; Scrivner et al., 2004;
Talbot et al., 2000; Palmer and Edmond, 1989). In addition, the White Nile River suffers
from strong evaporation and passes several swampy and saline areas (Sudd, Nuba and
Gezira zone) before joining the Blue Nile River (Salama and Selley, 1997).This could10

explain the higher MgO contents and MgO/Na2O ratios in enamel from the White Nile
(Fig. 7). Enamel from Blue Nile and Upper Nile show similar MgO variations (Fig. 7).
This probably reflects the dominant contribution of the Blue Nile to the main Nile, with
regard to the amount of water flow and sediment load (Foucault and Stanley, 1989;
Williams, 2009). The compositions of enamel from animals which lived in the modern,15

large freshwater lakes (Lake Albert, Lake Malawi) are overlapping (Fig. 8). In fact, no
significant difference should be present in enamel from hippopotamids from these two
lakes, when their similar lake character, the similar climate and their similar country
rock assemblage is taken into account. Therefore, the two branches of the Nile river
system and the shallow and deep lakes, respectively, define distinct settings which20

exert a strong imprint on chemical signatures of hippopotamid enamel via nutritional
uptake (food and drinking water).

4.3.2 Implications for the formation of enamel apatite

Previous studies mainly performed on human, rat or porcupine teeth have established
that enamel formation is the result of coordinated extracellular processes involving25

organic matrix molecules and inorganic ion fluxes that regulate the nucleation and
growth of developing apatite crystals (Simmer et al., 2010). During the initial secre-
tory stage of enamel formation, ameloblasts form a protein matrix which modulates
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the crystallization of long thin ribbons of enamel crystals until the full enamel size is
reached (Smith, 1998; Margolis et al., 2006; Simmer et al., 2010). Subsequently, dur-
ing the maturation stage, these crystals grow in thickness and width maintaining the
structural organization of the enamel established during the secretory stage (Robinson
et al., 1995). This phase is accompanied by the almost complete removal of proteins5

and pore fluid, becoming replaced by bioapatite. Thus amelogenesis occurs in a con-
fined space separated from the interstitial body fluid by an epithelium of ameloblasts,
which control the in- and outflow of organic and inorganic molecules and ions at each
step of enamel formation (Hubbard, 2000; Smith, 1998). Even the regressing epithe-
lium layer during maturation keeps the maturing enamel isolated from the surrounding10

connective tissue (Smith and Nanci, 1995). Tooth development is finalized at the time
of its eruption.

The regular distribution patterns of the main components observed in hippopotamid
enamel appear to be typical for mammal enamel in general, as indicated by studies of
rodents, porcupine, apes or hominoids (Driessens et al., 1990; Verbeeck et al., 1985;15

Shaw and Yen, 1972; Besic et al., 1969; Johnson, 1972). Thus, although the tem-
poral progression of the different stages of amelogenesis and the ultrastructure of the
biominerals differs among species (Smith, 2008), the similar element distribution sug-
gests similar control mechanisms during enamel formation. Secretion and maturation
of the enamel mineral control the element distribution in the same way in all taxa, and20

those processes fractionate the elements to different degrees. The distribution pat-
terns of the minor elements in enamel cannot reflect variations in the diet because
these different taxa live in very different habitats and have very different food require-
ments which render it rather implausible that their diet changes in a similar way during
the time of tooth formation.25

The functions of an element at the cellular or physiological level involve reactions
among minerals and inorganic or organic species in the fluid phase and ultimately are
attributable to interactions at the molecular level. However, the way the fluxes of the
different ions, in particular those of Na, Mg and Cl, physiologically organized across the
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ameloblast layer is not well known. In healthy animal, large concentration variations of
CaO and P2O5 in the enamel fluid will not occur at any stage of enamel formation, be-
cause these components are stoichiometrically controlled and minor changes in fluid
composition alter supersaturating conditions and might trigger the precipitation of differ-
ent apatite phases (Aoba and Moreno, 1992). The epithelial Ca transport in and out of5

the mineralizing zone has been reviewed by Hubbard (2000) and Bawden (1989). Cal-
cium is transported through the ameloblast layer either actively through the ameloblast
cell (transcellular) or passively through the junctional complexes between ameloblast
cells (paracellular). The first transport mode appears to dominate during the secretion
phase and provides a controlled low Ca flux which maintains a stable environment for10

appositional growth and the formation of apatite crystallites in the organic matrix until
the final size of the enamel body is reached. During this stage the enamel fluid has
much lower Ca, Mg and Na concentrations than the interstitial fluid (Aoba and Moreno,
1987; Moreno and Aoba, 1987). However, during the secretion stage concentration
and distribution patterns from the EDJ towards the outer enamel of Na, Mg and Cl vary15

significantly (Sabel et al., 2009).
At the end of appositional growth and the beginning of the maturation phase the rate

of apatite formation increases which suggests a much higher Ca flux during the matura-
tion process, possibly 4 times higher than in the secretory phase (Smith, 1998). At this
stage also concentrations of Na, and Mg in enamel appear to be highest (Sabel et al.,20

2009; Robinson et al., 1995). If maturation begins at the EDJ this explains that enamel
near the EDJ has the highest concentrations of these elements. During maturation the
ameloblast layer undergo systematic, periodical morphological changes which modu-
late the ion transport through paracellular and transcellular pathways. Although these
processes are not well understood for the different elements, the systematic decrease25

in Mg, Na in enamel towards the rim implies that there is a decrease of these elements
in the maturation fluid with time.

The composition of the enamel fluid filling this space is different from the external
fluid and at the various stages of amelogenesis the fluid composition during secretion
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and maturation is changing but appears to remain in equilibrium with the crystallizing
mineral (Aoba, 1997; Aoba and Moreno, 1992; Hubbard, 2000; Smith, 1998). This
implies that the composition of the final, mature enamel apatite represents a mixture
of at least 2 components: the apatite produced during secretion plus that added during
maturation. This is supported by the distribution pattern of the minor elements Na2O,5

MgO and Cl. There is a common trend for Na2O and Cl, but MgO and Na2O contents
display a fan shape distribution (Fig. 8). The samples near the EDJ show a broad
MgO variation which becomes smaller towards the outer enamel rim and lower MgO
and Na2O concentrations (Fig. 8). In fact, the different populations follow linear trends
of rather constant MgO/Na2O ratios passing closely the zero point of the diagram.10

Hence, the MgO/Na2O ratio in enamel is well preserved during maturation and the
concentration of Na2O and MgO follow in a first approximation a binary mixing trend
having secretion and maturation fluid as end members. In other words, the flux of
Na and Mg ions during maturation through the epithelium is very restricted and is
overwhelmed by the flux of major components, such as Ca and P and possibly other15

anions and result in the crystallization of Mg and Na-poor apatite. The distribution of Cl
and Na in all enamel specimens shows one linear trend also resembling binary mixing
(Fig. 8). But the higher Cl concentration in the marginal enamel relative to that near
the EDJ suggests that Cl increases in the fluid during maturation.

We do not dismiss the existence of at least two different fluid compositions during20

enamel amelogenesis including the maturation stage. On the other hand, the observed
distribution of Mg, Na and Cl in enamel cannot be explained by simple mixing pro-
cesses but is ultimately the consequence of the mechanism of apatite crystallization
during maturation, i.e. the partitioning behavior of these elements between apatite and
fluid (DP/Fl). This is because the enamel body is built during appositional growth and it25

may only consists of about 14 wt. % of apatite before maturation starts (Smith, 1998).
If the enamel formed during secretion is homogeneous in composition and ion fluxes of
Na and Mg into the mineralizing compartment are minimized, the subsequent matura-
tion process must include both, formation of new apatite and recrystallization of apatite
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precipitated during tooth secretion. In order to explain the observed element distribu-
tion, Na, Mg and Cl initially deposited during secretion have to be redistributed within
the enamel body.

Modeling minor element composition of bioapatite

Both, Na and Mg can replace Ca by ion exchange on the crystal surface and initially5

during the secretion these elements may occur in a labile status, probably adsorbed
onto the crystal surfaces (Aoba et al., 1992a, b). However, in order to remove these
elements from the fluid they have to be incorporated into the lattice during crystal
growth. This effectively means both elements can be accommodated by hydroxyl ap-
atite (DP/Fl <1) and they have similar partition coefficients as indicated by the rather10

constant MgO/Na2O ratio in single teeth and individual populations (Figs. 7, 8). In
contrast, Cl does not fit well into the hydroxyapatite lattice and becomes highly con-
centrated in the fluid because the pore space decreases to less than 1 %. In this case,
assuming a constant and low partition coefficient between apatite and fluid (DP/Fl <1),
the Cl concentration in apatite must increase with crystallization. The process de-15

scribed above can potentially be quantitatively described by a model assuming equilib-
rium or fractional crystallization. In this case, equilibrium crystallization presumes that
the pores within in the enamel body are connected and concentration gradients in the
enamel fluid can be compensated by diffusion. This scenario applies to the beginning
of the maturation process in order to allow the redistribution Na, Mg and Cl all over the20

enamel body. With increasing rate of apatite crystallization, the enamel fluid becomes
depleted in Mg and Na but enriched in Cl. As the pore spaces are filled with apatite,
the enamel body becomes less permeable. In this case fractional crystallization repre-
sents an appropriate model to describe the evolution of fluid and apatite composition
until it is completely crystallized.25

Figure 8c and d shows models of Rayleigh (fractional) crystallization (Shaw, 1970).
for Na2O, MgO and Cl variations in enamel from fossil Lake Albert and Lake Kikorongo.
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Important parameters such as fluid compositions (CFluid) and apatite-fluid partition co-
efficients (DAp/F) are not known. However, this example demonstrates in principle that
the proposed process of enamel crystallization can explain the variation of the minor
elements in enamel. The calculations are summarized in Table 6 using Eqs. (1) and
(2) to calculate the changes in concentration in the residual fluid (CF) and solid phase5

(CAp), respectively.
In a first step the fluid composition during the secretion process is calculated and

this is followed by a simulation of the maturation process by letting the fluid crystallize
almost to completeness (99 %; F= 0.01, Table 6). The simplest case is to consider
the apatite composition near the EDJ as representative for the apatite crystallizing at10

the end of secretion (CApatite in Table 6; Fig. 8). Assuming DAp/F of 1.2, 1.2, and 0.5
for Na2O, MgO and Cl, respectively, and that at that time 14 wt. % (F= 0.86; (Smith,
1998)) of enamel have crystallized. In this case the initial composition of the secretion
fluids from Lake Albert and Lake Kikorongo have different MgO contents (0.3 wt. %,
0.52 wt. %, respectively; Table 6) but similar Cl and Na2O contents (1.29 wt. % Na2O,15

0.19 wt. % Cl; Table 6). The change in apatite compositions as the fluid crystallizes
follows closely the trend observed in our samples and the apatite composition at the
end of crystallization is very similar to that observed at the outer rim of the enamel from
Lake Albert and Lake Kikorongo (Table 6, Fig. 8). Models of equilibrium crystallization
give similar compositional trends, although partition coefficients for Na2O and MgO will20

be higher (∼3) and for Cl lower (ca. 0.1). One could also consider continued addition
of fluid and minor amounts of Cl, Mg, and Na into the mineralizing compartment us-
ing models describing the concomitant crystallization and replenishment (O’Hara and
Mathews, 1981). However, at this stage fine-tuning of the models provides no addi-
tional information, because important parameters such as fluid composition, ratio of25

fluid addition to amount of crystallization or the partition coefficient between apatite
and fluid are not known.

The model described above implies the maturation process is the dominant pro-
cess controlling the element distribution in enamel. This is likely, because the main
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mass of enamel apatite crystallizes during this phase of tooth evolution (ca. 86 wt. %;
Smith (1998)). In detail, the spatial and temporal progression of the maturation within
the enamel body is not known. However, the MgO, Na2O and Cl concentration along
longitudinal sections near the EDJ are high and rather constant and therefore do not
display the typical distribution observed perpendicular to the EDJ (see data for sam-5

ples Alb10-L1, Mal8-L1, S-276-L1, 5306-L1 in Tables S1 and S3 in the Supplement).
This suggests maturation involves the entire tooth but recrystallization and addition of
new apatite starts at the EDJ. The proposed recrystallization mechanisms might entail
the composition of the enamel near the EDJ to be not representative for the secretion
phase. However, because partition coefficients should be similar at all stages of apatite10

formation, MgO/Na2O ratios in the initial apatite should be similar to that observed at
the EDJ, and therefore our conclusions regarding the potential of this ratio to distinguish
environmental settings are upholding. Future detailed micro analysis with areal resolu-
tion distinguishing growth features such as the Retzius lines and maturation fronts may
quantitatively resolve the different contributions of secretion and maturation processes15

on the element distribution in enamel.

5 Conclusions

This study is aimed to provide a detailed data base on major and minor element com-
positions of modern and fossil tooth from hippopotamids in order to (a) identify sedi-
mentary environments, (b) asses chemical distribution patterns induced during enamel20

formation and (c) to recognize diagenetic overprint.
Secondary alteration controls in particular FeO, MnO, SO3 and F concentration,

which are 2 to 10 times higher in fossil than in modern enamel. The post-mortem
addition of these elements appears to be a general phenomenon in fossil bone and
tooth materials, irrespective of age and the environmental settings worldwide. Very25

often the distribution of these elements along enamel profiles perpendicular to the EDJ
shows U-shape patterns which are the result of diffusive migration of the surrounding
pore solution in the sediment into the tooth (Kohn, 2008; Millard and Hedges, 1996).
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The addition of F, FeO, MnO, and SO3 occurs at constant Ca/P ratios, which implies
that secondary Ca-P minerals, such as fluorite or vivianite, do not precipitate during
alteration. The concentrations of components such as SiO2, Al2O3, K2O are often low
(<0.1 wt. %) in fossil and modern material indicating mechanical introduction and pre-
cipitation of silicate minerals has not being relevant. Fossil dentin and cement have5

lower P2O5 and CaO contents than enamel and even the Ca/P ratio differs from that
enamel. However, because of the large variation of the concentrations, including those
of Na, Mg and Cl, no systematic difference between fossil and modern dentin and ce-
ment can be identified. Systematic studies along dentin growth structure have to be
made in order to evaluate whether the observed chemical distributions represent origi-10

nal patterns manifested during dentin and cement formation or whether they have been
overprinted by post-mortem processes.

Throughout modern and fossil enamel bodies P2O5 and CaO contents and the
CaO/P2O5 ratio are very constant and do not display systematic trends along sec-
tion perpendicular to the EDJ or along cervix-apex profiles. Linear regression analysis15

reveals very tight control on the variation of MgO, Na2O and Cl (R2=0.64 to 0.95)
notwithstanding large concentration variations across the enamel and regardless of
their age and origin. The concentration of MgO and Na2O decrease from the EDJ to-
wards the outer rim, whereas Cl displays the opposite variation. As a result, ratios such
as MgO/CaO, Na2O/CaO or Cl/CaO also systematically decrease or increase towards20

the enamel rim and are interpreted to reflect changes in the apatite composition rather
than changes in mineral density. Similar distribution pattern have been observed in
enamel from other mammals like rats, porcupines, apes and humans, which implies
that the variation of these elements in enamel apatite is well physiologically controlled
and that the fundamental chemical processes of mineralization during amelogenesis25

follow predominantly the same laws.
During the secretion and maturation phases of amelogenesis the epithelium gener-

ates different fluid composition and, in principle, the final composition of enamel apatite
is controlled by two fluid compositions. This is supported by co-linear relationships
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between MgO, Cl and Na2O which can be interpreted to represent binary mixing lines.
A plausible explanation for the observed minor element distribution is that both, ap-
atite crystallites precipitating during secretion and apatite crystallizing during matura-
tion equilibrate with a continuously evolving fluid and bioapatite eventually replaces
organic matrices and the enamel fluid. This process might be described by equilibrium5

and fractional crystallization models with continuous replenishment of the mineralizing
chamber with maturation fluid.

Despite the opposite behavior of Cl and Na2O the variation is co-linear in all spec-
imens and overall differences among enamel from different environments are difficult
to resolve. However, MgO concentrations and MgO/Na2O ratios in enamel are dif-10

ferent among various environments. In particular in river and lake water, which have
suffered evaporation (saline environments), enamel has high MgO concentrations and
MgO/CaO ratios if compared with their fresh water counterparts. The MgO/Na2O ratio
in single specimens is rather constant and this makes this ratio a sensitive fingerprint
of certain environments.15

The proposed process of apatite crystallization during enamel formation, despite rep-
resenting an oversimplification, poses some questions upon the meaning of other prox-
ies regarding environmental changes and regarding sampling strategies. For example,
the oxygen isotope composition is a very sensitive signal of environmental change
(temperature, precipitation or aridity), which is effectively transferred into the animal’s20

body fluid. How does the oxygen isotope composition in the different enamel fluids vary
during secretion and maturation? If enamel apatite crystallizes in equilibrium with the
surrounding, but continuously evolving fluid, how does the oxygen isotope composition
at a specific location in the enamel body change with time and which time frame does
it represent? Which time frames do we analyze if serial sampling follows transects par-25

allel to or perpendicular to the EDJ? The answers to these questions are important in
order to recover meaningful short time-scale information from the incremental growth
structures of bioapatite.
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Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/8/5197/2011/
bgd-8-5197-2011-supplement.zip.
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Table 1. Average chemical composition of enamel from modern and fossil hippopotamid teeth.

Lake Albert Lake Malawi Zoo Nile Nile Nile Lake Lake Albert
Enamel Modern Modern S-276 Blue White Upper Kikorongo Fossil

Specimen/
Analyses

1/120 1/106 1/162 1/24 1/29 2/50 1/156 18/964

P2O5 wt. % 42.81 40.96 42.06 42.57 42.35 42.57 41.30 41.38
SiO2 <0.04 0.56 0.14 0.07 0.05 0.05 0.10 0.13
FeO 0.06 0.06 0.07 0.06 0.05 0.05 0.08 0.66
CaO 53.38 54.69 54.31 53.90 53.89 54.03 54.40 54.16
MgO 0.46 0.49 0.35 0.27 0.43 0.25 0.43 0.22
MnO <0.05 <0.05 0.08 <0.05 0.06 0.07 0.10 0.26
SrO 0.08 0.08 0.07 0.08 0.08 0.07 0.34 0.08
Na2O 1.16 1.19 1.01 1.09 1.18 1.03 1.04 0.94
F 0.16 0.23 0.14 0.11 0.11 0.11 0.26 0.40
Cl 0.31 0.34 0.40 0.46 0.40 0.43 0.34 0.35
SO3 0.06 0.10 0.09 0.06 0.06 0.05 0.09 0.17
K2O 0.04 0.03 0.03 0.05 0.05 0.05 0.04 0.04
Al2O3 0.04 0.04 0.09 0.18 0.05 0.05 0.34 0.07
H2O 1.59 1.54 1.63 1.62 1.63 1.62 1.52 1.41
Total 92.89 91.49 92.53 93.30 93.21 93.10 92.01 92.18
CaO/ P2O5 1.25 1.33 1.29 1.27 1.27 1.27 1.32 1.31
MgO/ P2O5 0.0108 0.0111 0.0083 0.0062 0.0101 0.0058 0.0105 0.0053
FeO/ P2O5 0.0013 0.0015 0.0018 – 0.0013 0.0012 0.0017 0.0288
Na2O/ P2O5 0.0271 0.0288 0.0241 0.0257 0.0278 0.0243 0.0251 0.0226
F/ P2O5 0.0037 0.0055 – – – 0.0015 0.0062 0.0111
Cl/ P2O5 0.0072 0.0085 0.0095 0.0108 0.0094 0.0102 0.0083 0.0082
SO3/ P2O5 0.0013 0.0022 0.0021 0.0014 0.0014 0.0012 0.0020 0.0038
MgO/Na2O 0.41 0.39 0.35 0.25 0.36 0.24 0.42 0.24
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Table 2. Average chemical composition of dentin from modern and fossil hippopotamid teeth

Dentin Lake Albert Lake Malawi Nile Zoo Lake Lake Albert
Modern Modern River S-276 Kikorongo Fossil

Specimen/
Analyses

1/25 1/20 1/6 1/13 1/25 18/136

P2O5wt.% 42.52 38.05 38.65 44.45 36.64 38.29
SiO2 < .04 2.99 < .04 0.13 0.13 0.43
FeO <0.02 0.05 0.06 0.08 0.21 3.55
CaO 50.55 52.58 54.87 49.47 57.08 52.75
MgO 3.41 2.53 3.00 2.38 0.93 0.19
MnO <0.05 <0.05 <0.05 <0.05 0.13 0.73
SrO 0.09 0.09 0.03 0.08 0.72 0.20
Na2O 1.12 1.36 1.14 1.11 1.00 0.55
F 0.31 0.33 0.14 0.20 1.27 2.39
Cl 0.06 0.09 0.11 0.22 0.09 0.03
SO3 0.28 0.34 0.36 0.47 0.25 0.32
K2O 0.04 0.04 0.04 0.04 0.05 0.03
Al2O3 <0.03 0.05 0.15 0.10 0.59 0.12
H2O 1.64 1.59 1.68 1.72 1.16 0.53
Total 70.80 77.76 77.49 75.27 82.08 88.61
CaO/ P2O5 1.19 1.38 1.42 1.11 1.62 1.38
MgO/ P2O5 0.0801 0.0667 0.0777 0.053 0.0282 0.0051
FeO/ P2O5 – 0.0014 – 0.0019 0.0037 0.0906
Na2O/ P2O5 0.0262 0.0358 0.0295 0.0249 0.0274 0.0147
F/ P2O5 0.0073 0.0086 0.0047 0.0066 0.0352 0.0612
Cl/ P2O5 0.0014 0.0023 0.0030 0.0049 0.0022 0.0009
SO3/ P2O5 0.0066 0.0090 0.0101 0.0106 0.0070 0.0082
MgO/Na2O 3.05 1.85 2.64 2.12 1.11 0.36
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Table 3. Chemical composition of cement from hippopotamid molar teeth

Cement Zoo Lake Lake Albert Lake Albert Lake
S-276 Malawi Modern Fossil Kikorongo

Specimen/
Analyses

1/16 1/5 1/3 1/15 1/6

P2O5 (wt.%) 42.65 37.16 38.90 39.19 39.02
SiO2 0.54 2.00 <0.04 0.66 1.24
FeO 0.11 0.06 <0.02 4.09 0.51
CaO 51.63 55.65 56.42 52.11 54.16
MgO 1.17 1.28 1.48 0.20 0.76
MnO <0.05 <0.05 <0.05 0.59 0.08
SrO 0.10 0.08 0.11 0.15 0.42
Na2O 1.02 1.05 0.80 0.45 1.02
F 0.20 0.66 0.34 2.97 0.67
Cl 0.19 0.09 0.03 0.02 0.50
SO3 0.76 0.49 0.34 0.48 0.15
K2O 0.04 0.05 <0.02 0.07 0.14
Al2O3 0.27 0.05 <0.03 0.74 0.06
H20 1.69 1.46 1.58 0.42 1.31
Total 69.14 74.53 71.72 90.39 90.86
CaO/P2O5 1.21 1.50 1.45 1.39 1.39
MgO/ P2O5 0.0274 0.0344 0.0379 0.0055 0.0198
FeO/ P2O5 0.0025 0.0016 – 0.1109 0.0131
Na2O/ P2O5 0.0240 0.0282 0.0206 0.0121 0.0262
F/ P2O5 0.0073 0.0177 0.0087 0.0792 0.0175
Cl/ P2O5 0.0044 0.0024 0.0008 0.0006 0.0127
SO3/ P2O5 0.0179 0.0131 0.0088 0.0127 0.0040
MgO/Na2O 1.17 1.23 1.85 0.45 0.74
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Table 4. Regression analysis of the element distribution in enamel along profiles from the outer
enamel rim (x=0) towards the enamel-dentin junction (x=1).

x=0
x=1 Outer %

Sample Element R2 m EDJ Enamel x1-x0

Modern Ave Total 0.51 −2.40 91.33 (1.00) 93.73 (1.04) −2.63
Fossil L-Albert Ave 0.63 −2.59 91.42 (1.35) 94.01 (1.18) −2.84
Kikorongo Ave 0.54 −2.04 92.56 (0.77) 94.60 (0.39) −2.21

Modern Ave CaO 0.15 −0.11 54.06 (0.78) 54.17 (0.46) −0.22
Fossil L-Albert Ave 0.17 −0.01 54.05 (0.58) 54.06 (0.49) −0.03
Kikorongo Ave 0.32 −0.54 54.01 (0.24) 54.55 (0.11) −1.01

Modern Ave P2O5 0.16 −0.31 41.97 (0.93) 42.28 (0.59) −0.76
Fossil L-Albert Ave 0.16 −0.08 41.45 (0.35) 41.52 (0.37) −0.19
Kikorongo Ave 0.11 −0.10 41.47 (0.47) 41.58 (0.17) −0.25

Modern Ave MgO 0.58 0.17 0.44 (0.11) 0.27 (0.07) 37.9
Fossil L-Albert Ave 0.44 0.09 0.26 (0.03) 0.18 (0.03) 32.1
Kikorongo Ave 0.75 0.23 0.56 (0.08) 0.33 (0.03) 40.6

Modern Ave SrO 0.14 0.02 0.07 (0.02) 0.05 (0.02) 30.0
Fossil L-Albert Ave 0.20 0.04 0.08 (0.03) 0.04 (0.02) 20.3
Kikorongo Ave 0.76 0.21 0.49 (0.11) 0.27 (0.03) 42.7

Modern Ave Na2O 0.84 0.56 1.35 (0.12) 0.79 (0.08) 40.9
Fossil L-Albert Ave 0.85 0.53 1.21 (0.10) 0.68 (0.10) 43.8
Kikorongo Ave 0.90 0.60 1.39 (0.14) 0.79 (0.02) 42.6

Modern Ave Cl 0.95 −0.41 0.20 (0.05) 0.61 (0.05) −223
Fossil L-Albert Ave 0.93 −0.38 0.16 (0.05) 0.54 (0.06) −293
Kikorongo Ave 0.97 −0.40 0.13 (0.01) 0.53 (0.03) −308

Modern Ave F 0.13 0.00 0.08 (0.11) 0.20 (0.02) −3.5
Fossil L-Albert Ave 0.31 0.00 0.37 (0.20) 0.37 (0.25) −20.1
Kikorongo Ave 0.31 0.12 0.32 (0.10) 0.20 (0.06) 38.2

Modern Ave SO3 0.11 −0.03 0.03 (0.04) 0.06 (0.04) 238
Fossil L-Albert Ave 0.24 −0.02 0.09 (0.12) 0.18 (0.16) −189
Kikorongo Ave 0.10 0.01 0.08 (0.01) 0.07 (0.02) 10.3

Modern Ave FeO 0.03 0.00 0.01 (0.01) 0.01 (0.01) −130
Fossil L-Albert Ave 0.39 −0.16 0.55 (0.33) 0.71 (0.45) 99
Kikorongo Ave 0.09 −0.02 0.02 (0.01) 0.04 (0.05) −166

Values in parentheses: 1 standard deviation; m: slope of regression line; R2: coefficient of determination
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Table 5. One Factor analysis of variance (ANOVA) of Enamel and Scheffé tests distinguishing
modern, Lake Kikorongo and fossil Lake Albert populations.

ANOVA
p-value

Scheffé test
p-value

Scheffé test
p-value

Scheffé test
p-value

α=0.05

3 populations: 2 populations: 2 populations: 2 populations:
– Modern
– Kikorongo
– Fossil L.Albert

– Modern
– Fossil L.Albert

– Modern
– Kikorongo

– Fossil L.Albert
– Kikorongo

Total 0.2982
CaO 0.9600
P2O5 0.0571
MgO <0.0001 0.0002 0.0081 <0.0001
Sr <0.0001 0.0285 0.0000 <0.0001
Na2O 0.0007 0.0003 0.2895 0.0045
Cl 0.0451 0.0186 0.0202 0.1696
F 0.0001 <0.0001 0.0184 0.2950
SO3 0.2547
FeO <0.0001 <0.0001 0.4893 0.0012

p<0.05 (bold numbers) implies the population means are different, rejecting the H0 hypothesis of equal variances.
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Table 6. Rayleigh crystallization model for enamel formation

F Na20 MgO CI Na20 MgO CI

Lake Kikorongo Fossil Lake Albert

Calculation of fluid composition during secretion

DAp/Fl 1.2 1.2 0.5 1.2 1.2 0.5
CApatite wt.% 1.5 0.6 0.1 1.5 0.35 0.1
Cfluid wt. % 0.86 1.29 0.52 0.19 1.29 0.30 0.19

Calculation of apatite composition during maturation

CApatite wt. % 0.90 1.51 0.61 0.10 1.51 0.35 0.10
0.80 1.48 0.59 0.10 1.35 0.31 0.13
0.70 1.44 0.58 0.11 1.22 0.28 0.17
0.60 1.40 0.56 0.12 0.98 0.23 0.29
0.50 1.35 0.54 0.13 0.85 0.20 0.41
0.40 1.29 0.51 0.15 0.62 0.14 0.93
0.30 1.22 0.49 0.17 0.54 0.13 1.31
0.20 1.12 0.45 0.21 1.12 0.26 0.21
0.10 0.98 0.39 0.29 0.98 0.23 0.29
0.05 0.85 0.34 0.41 0.85 0.20 0.41
0.01 0.62 0.25 0.93 0.62 0.14 0.93

F: fraction of fluid remaining D: partition coefficient Apatite/Fluid
C: concentration (wt. %) of fluid or apatite.
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Fig. 1. Thin sections of selected samples of molar hippopotamid teeth ranging in age from
recent (S-276), 10 ka (Lake Kikorongo) to 2.3 Ma (5306) indicate variable degrees of diagenetic
overprint. Profiles of major and minor element analyses are indicated.
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Fig. 2. Element maps for Ca, Na, Cl and the backscattered images (CP) of modern (sample
S-276, left) and fossil (sample 5306, right) hippopotamid teeth. Note the significantly higher Ca
intensities in enamel compared to that in dentin and cement, which reflects lower porosity and
higher Ca concentrations in enamel. Variation of Ca along an apex-cervix profile reflects differ-
ences in mineral density. The zonal distribution of Cl and Na in enamel reflects concentration
variation. Note the contrasting brightness levels (CP) in modern and fossil enamel and dentine.
Modern dentine has a low average atomic number (low Z) compared to enamel. Intensities are
reversed in fossil materials.
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Fig. 3. Comparison of the chemical composition of modern and fossil tooth materials from
hippopotamids.
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Fig. 4. Chemical variations along selected tooth profiles from the outside margin through ce-
mentum, enamel into dentin. The distance is normalized to the length of the enamel =1. Loca-
tion of the profiles is shown in Fig. 1.
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Fig. 5. Chemical components (atomic proportions) in enamel, dentin and cement of modern
and fossil Hippopotamid teeth indicating the addition of FeO and F during post-mortem alter-
ation processes. Red line defines the trend of modern enamel having a rather constant Ca/P.
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Fig. 6. Triangular diagram of chemical components (atomic proportions) in dentin and cement
of modern and fossil hippopotamid teeth. Dashed line defines trend of constant P/Ca ratio
observed in modern enamel.
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Fig. 7. Triangular diagram of chemical components (atomic proportions) in enamel of modern
and fossil hippopotamid teeth. Red line defines trend of constant P/Ca ratio observed in modern
enamel. Modern and fossil enamel have identical P/Ca and display similar variations in Na, Mg,
Cl, but variable Mg/Ca and Na/Mg.
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Fig. 8. Variation of MgO, Na2O, and Cl in modern and fossil enamel from Hippopotamid teeth.
Note the coherent variation of Cl and Na2O in fossil and modern enamel but distinct MgO
contents in enamel from different environments. Blue and red lines represent model calculation
assuming fractional crystallization of apatite. For more details see text and Table 6.
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