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A B S T R A C T

Trace element analysis of fossil bone and enamel constitutes a useful tool to characterize the paleoecological 
behavior of mammals. Up to now, most trace element studies have focused on Plio-Pleistocene fossils. Here, we 
show that paleodietary inferences based on trace element analyses can be also obtained from ~14Ma old Miocene 
mammals, in a period of time when important paleoclimatic changes took place due to the development of the East 
Antarctic ice sheet. Trace element ratio (Ba/Ca, Sr/Ca) analyses have been performed on herbivore tooth enamel 
(gomphothere Gomphotherium angustidens, equid Anchitherium cf. A. cursor, suid Conohyus simorrensis and 
ruminants) across three stratigraphic levels from the Somosaguas site (Middle Miocene, Madrid Basin, Spain). 
Previous scanning electron microscope, rare earth element and stable isotope analyses suggested minimal diage-
netic alteration of the tooth enamel samples. Trace element analyses reported here show different paleoecological 
behavior among the studied fossil taxa. Anchitherium cf. A. cursor shows higher Ba/Ca and Sr/Ca ratios than 
Gomphotherium angustidens, indicating the equid was a mixed-feeder, while the gomphothere was a browser. The 
enrichment in Ba/Ca and Sr/Ca ratios in the ruminants is attributed to differences in their gastrointestinal tracts 
and to a more grazing diet. A high variability in trace element values characterizes the suid Conohyus simorrensis, 
which is believed to be connected to some degree of omnivory.

2

1

Geochemistry. Tooth enamel. Diagenesis. Paleoecology. Herbivores.KEYWORDS

1, 2, 3

INTRODUCTION

The last couple of decades have witnessed an increase 
in the use of trace elements as a tool to characterize mam-

malian paleoecological behavior (Sillen, 1986, 1992; Ne-
din, 1991; Gilbert et al., 1994; Safont et al., 1998; Spon-
heimer et al., 2005; Sponheimer and Lee-Thorp, 2006). In 
particular, strontium and barium have been used to infer 
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paleodiets (Gilbert et al., 1994; Safont et al., 1998) as mam-
mals discriminate against these elements (biopurification of 
calcium) in such a way that a decrease in Sr/Ca and Ba/Ca 
ratios up the food chain has been detected (Elias et al., 
1982; Sillen and Kavanagh, 1982; Burton et al., 1999; 
Blum et al., 2000) with carnivores providing the low-
est values (Fig. 1). Therefore, trace element analyses in 
recent and fossil material allow the distinction between 
different types of diet; herbivory (grazing vs. browsing), 
carnivory and omnivory (Balter et al., 2002; Palmqvist 
et al., 2003; Sponheimer et al., 2005; Sponheimer and 
Lee-Thorp, 2006). The concentration of trace elements 
in fossil teeth and bones may also provide an indica-
tion of the proportion of these elements in the soil 
and groundwater which in turn will control the trace 
element content in plants (Bowen and Dymond, 1955; 
Wallace and Romney, 1971). Furthermore, different 
plant parts may show different trace element concen-
trations (Runia, 1987; Burton et al., 1999). Caution is 
recommended when making comparisons between trace 
element concentrations from fossil taxa from different 
paleontological sites situated far away from each other 
as different lithologies may exist at each site ultimately 
affecting the tooth enamel geochemical signal (Sil-
len and Kavanagh, 1982; Sponheimer and Lee-Thorp, 
2006). Therefore, when making paleoecological com-
parisons among taxa, it is desirable to select trace ele-
ment data from taxa coming from a single site (Nedin, 
1991; Sponheimer and Lee-Thorp, 2006).

Previous studies have concentrated on Plio-Pleistocene 
and Holocene fossil and sub-fossil material (Sillen, 1986, 
1992; Gilbert et al., 1994; Safont et al., 1998; Palmqvist et 
al., 2003; Sponheimer et al., 2005; Sponheimer and Lee-
Thorp, 2006). Older fossils were thought to be unsuitable 
for such paleoecological studies because of diagenesis 
giving rise to the loss of the original geochemical signals 
due to intensive chemical interactions within the burial 
environment. However, time is not directly related to the 
degree of geochemical alteration, as the signals of pristine 
preservation can be detected even in very old fossil mate-
rial (Kolodny and Luz, 1991; Botha et al., 2005; Fricke et 
al., 2008). In this sense, Eberle et al. (2009) have demon-
strated that trace element analyses can shed light on the 
dietary behavior of different Early Oligocene mammalian 
taxa from North America. 

Following Reynard et al. (1999) and Lécuyer et al. 
(2003), rare earth element (REE) patterns can be used to 
verify the degree of diagenetic alteration in fossil bones 
and teeth and thus, determine if original paleoecological 
information is preserved in their chemical composition. 
Previous scanning electron microscopy (SEM), REE, and 
stable isotope analyses supported the notion that the 
Somosaguas mammalian tooth enamel, which is as old as 

~14Ma, is well preserved and not significantly altered by 
diagenetic processes (Domingo et al., 2009).

Here, we apply a suite of trace element analyses for 
the first time to Miocene mammalian paleoecology. We 
show that differences in trace element patterns are con-
sistent in different mammalian species and are congruent 
with their expected paleodiets across the Middle Miocene 
stratigraphic succession from the Somosaguas site (Madrid 
Basin, Spain), during a critical span of time when the rees-
tablishment of the East Antarctic ice cap brought about a 
sharp decrease in temperature and strengthening of aridity. 

GEOLOGICAL SETTING

Somosaguas is a Middle Miocene vertebrate paleon-
tological site situated in the Universidad Complutense de 
Madrid Campus in the locality of Pozuelo de Alarcón (Ma-
drid Basin, Spain, Fig. 2A). It has been systematically ex-
cavated since 1998 and up to now, two different sites have 
been discovered: North Somosaguas (recording mainly 
macro-mammal remains) and South Somosaguas (record-
ing micro-mammal remains) separated by a distance of 
60m. To date, a total of 29 vertebrate species, 24 of which 
are mammals, have been found (Hernández Fernández et 
al., 2006; Perales et al., 2009). An analysis of the verte-
brate assemblage suggests a tropical or subtropical savan-
nah paleoenvironment around a temporal/seasonal lake, 
with isotopic analyses of bioapatite and inorganic carbona-
tes across the ~5meters-thick section suggesting a paleo-
climatic shift towards a cooler and more arid environment 
(López-Martínez et al., 2000; Hernández Fernández et al., 
2006; Carrasco et al., 2008; Domingo et al., 2009) as a con-
sequence of the reestablishment of the ice cap in Antarctica. 

The majority of the paleontological mammal record of 
the Madrid Basin is placed in the Aragonian continental 

 Trophic pyramid showing that Ba/Ca ratio decreases up 
the food chain with grasses having the highest values and carnivores 
the lowest ones. 

FIGURE 1
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stage (~17-11Ma) as defined by Daams et al. (1977). Luis 
and Hernando (2000) re-evaluated the Somosaguas site 
on the basis of the micromammals and proposed an age 
range from 14.1 to 13.8Ma (Biozone E, MN 5, Late Middle 
Aragonian, Middle Miocene).

Three different stratigraphic units (T1, T2, T3) made 
up of arkosic and micaceous sands and clays have been 
recognized in Somosaguas (Fig. 2B): T1, T2 and T3 have 
all been identified as middle to distal facies of alluvial fans 
arriving northwards from the Sistema Central Range. Only 
T1 and T3 have provided vertebrate remains. T2 pinches 
out to the North, so that T3 lies directly over T1 at North 
Somosaguas (Mínguez-Gandú, 2000). 

After a 3 dimensional reconstruction of about 2000 po-
sitioned fossils, three distinct levels have been defined in 
the apparently massive arkosic level of the T3 unit, namely 
T3-1, T3-2 and T3-3 from the bottom to the top. These 
three levels have provided the tooth enamel samples ana-
lyzed in this study (Elez, 2005; Cuevas-González and Elez, 
2006).

MATERIAL AND METHODS

In the past, most trace element analyses have focused 
on fossil bone due to the abundance of this material at 

paleontological sites (Toots and Voorhies, 1965; Sillen, 
1986; Gilbert et al., 1994; Palmqvist et al., 2003). Howev-
er, it is well known that bone is more susceptible to under-
go diagenetical alteration compared to the more resistant 
dental enamel (Lee-Thorp and van der Merwe, 1987, 1991; 
Ayliffe et al., 1994; Wang and Cerling, 1994; Sponheimer 
and Lee-Thorp, 1999; Hoppe et al., 2003; Lee-Thorp and 
Sponheimer, 2003; Tütken et al., 2008). Due to this issue, 
Sponheimer et al. (2005) and Sponheimer and Lee-Thorp 
(2006) began to perform trace element analyses on the 
enamel of different mammalian taxa.

	
Due to the scarcity and value of the carnivore remains 

at the Somosaguas site, only herbivore tooth enamel was 
considered in this study. The gomphothere Gomphoth-
erium angustidens (n=24), the equid Anchitherium cf. A. 
cursor (n=17), the suid Conohyus simorrensis (n=8) and 
ruminants (n=7) were analyzed as part of this study. Both 
Gomphotherium and Anchitherium are considered brows-
ing species, although the latter is represented at Somosa-
guas by a species (Anchitherium cf. A. cursor) which is 
better adapted to more open environments (Salesa and 
Sánchez, 2000). Conohyus simorrensis is a suid that may 
have had an omnivorous diet, as deduced from its teeth 
(hypertrophid premolars, bunodont molars with well-
developed pyramidal cuspids and hyaenoid-type teeth, 
Sánchez, 2000). In Somosaguas, three different ruminant 
taxa have been found, a cervid (aff. Heteroprox sp.), a 
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bovid (Tethytragus sp.) and a moschid (Micromeryx sp., 
Sánchez and Morales, 2006), even though analyses were 
only performed on the first two taxa. 

Powdered tooth enamel was recovered by using a rota-
ry drill with a diamond tipped dental burr. Between 1.5mg 
and 2.0mg of powder was enough to carry out the analysis. 
Following Sponheimer and Lee-Thorp (2006), the dental 
enamel was removed from as large an area of the tooth 
enamel surface as possible since our purpose was to obtain 
an average dietary signal, not influenced by seasonal vari-
ations. The fragmentary nature of the Somosaguas site fos-
sils, where almost all the excavated material is composed 
by splinters, made it impossible to fully identify the type 
of tooth selected for geochemical analysis. Tooth enamel 
samples were treated with 1M acetic acid and they were 
ultrasonically bathed at the Universidad Complutense de 
Madrid. Subsequently, they were acid digested by adding 
1ml of 4M nitric acid for ~1h, which was then diluted in ul-
trapure water before analysis. Trace elements (Ba, Sr) were 
analyzed by using a PlasmaQuad PQ2+ Turbo inductively 
coupled plasma-mass spectrometer (ICP-MS) at the Univer-
sity of Plymouth. The precision of the ICP-MS instrument is 
better than ±2-4%. Each standard and sample was analyzed 
with three replicate scans. The average value of these three 
measurements was calculated to determine a final mean 
value. The standard used was the Bone Ash SRM1400. For 
the determination of Ba, the standard value proposed by Bal-
ter and Lécuyer (2004) was selected (245±3μg/g). Sr and 
Ca concentrations in the Bone Ash SRM1400 standard are 
249±7μg/g and 38.18±0.3 (wt%), respectively. Elemental 
data are presented as ratios multiplied by 1000 (e.g., 
(Ba/Ca) x 1000) (Sillen, 1992; Balter et al., 2002; Palmqvist 
et al., 2003; Sponheimer and Lee-Thorp, 2006). The Ca con-
tent was analyzed by using atomic absorption spectrometry 
(AAS) on a Varian Spectr AA at the University of Plymouth. 
The precision of the AAS is ~±2%.

DIAGENESIS

Domingo et al. (2009) carried out different tests to 
check the degree of diagenesis that affected fossil mam-
malian tooth enamel from the Somosaguas site. Three dif-
ferent lines of evidence are indicative of a low degree of 
alteration of these samples:

F/P versus Ca/P analyses performed on the So-
mosaguas dental enamel by using SEM show that the 
mineralogy of this tissue is closer to the carbonate hy-
droxyapatite end-member which is regarded as the pristine 
mineralogy of bioapatite, rather than the fluorapatite end-
member. Furthermore, SEM images do not show any evi-
dence of enamel surface alteration caused by the action of 
micro-organisms (Fig. 3A).

The majority of the dental enamel samples from Somo-
saguas have a flat REE pattern. According to Reynard et 
al. (1999) and Lécuyer et al. (2003) a “bell shaped” REE 
pattern (enrichment of the middle REEs) in enamel is the 
result of extensive recrystallization of the apatite in the 
presence of REE-bearing fluids, since Ca2+ is substituted 
by middle REE as they show similar ionic sizes (Trueman 

A) Scanning electron microscope image of Somosaguas ru-
minant dental enamel; B) Rare earth element patterns of Somosaguas 
mammalian dental enamel. Black symbols: T3-3; grey symbols: T3-2; 
white symbols: T3-1. Square: Gomphotherium angustidens; triangle: 
Anchitherium cf. A. cursor; diamond: ruminants; circle: Conohyus si-
morrensis; C) Mean δ18OCO3

 values (white circles) versus δ18OPO4
 values 

(black circles) (‰ VSMOW) of the Somosaguas mammalian dental 
enamel. After Domingo et al. (2009).

FIGURE 3
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and Benton, 1997). In contrast, a flat REE profile is more 
indicative of the absence of a strong late stage diagenesis 
and recrystallization (Fig. 3B). A strong negative anomaly 
was pinpointed in the case of Ce which may be due to oxi-
dizing conditions in the depositional environment (Metzger 
et al., 2004; Martin et al., 2005). 

The difference between δ18OCO3
 and δ18OPO4

 values 
found in the Somosaguas mammalian tooth enamel is 
close to the ideal isotopic equilibrium fractionation 
(8.6-9.1‰) that occurs between these two phases when 
modern bioapatites precipitate (Bryant et al., 1996; 
Iacumin et al., 1996) (Fig. 3C).

RESULTS

The results of the trace element analysis of fossil mam-
malian enamel from the Somosaguas site are given in Figure 
4 (and Table I; Fig. I, Electronic appendix available at www.
geologica-acta,com). Somosaguas tooth enamel Ba/Ca and 
Sr/Ca ratios are compatible with those shown by modern 
mammals (Fig. II Electronic appendix; Elias et al., 1982; 
Gilbert et al., 1994; Burton et al., 1999; Balter et al., 2002) 
which might be indicative, once more, of a low degree of 
diagenesis in the Somosaguas dental enamel.

The following information can be deduced from each 
individual level (Fig. 4; Table I Electronic appendix): 

Level T3-1: The equid Anchitherium cf. A. cursor 
shows higher Ba/Ca and Sr/Ca ratios in comparison with 
the proboscidean Gomphotherium angustidens, which 
is statistically significant in the case of Sr/Ca (p=0.024, 
t-Student=-2.377). Ruminants, on the other hand, have the 
highest Ba/Ca (0.88±0.59) and Sr/Ca (1.75±0.34) ratios 
when compared to the rest of the taxa. The single Cono-
hyus simorrensis sample has the lowest Sr/Ca ratio of the 
assemblage and the second lowest Ba/Ca ratio at T3-1.

Level T3-2: Once more, Anchitherium cf. A. cursor 
shows an enrichment compared to Gomphotherium an-
gustidens for the two ratios and again the difference is 
significant for the Sr/Ca ratio (p=0.023, t-Student=-2.323). 
The only ruminant sample available from this level on the 
other hand does not show any enrichment in the trace ele-
ment content compared to the rest of the taxa. Conohyus 
simorrensis shows a high variability in trace element ratios. 
This suid has the highest Ba/Ca ratio among the mammali-
ans from this level and an intermediate Sr/Ca ratio.

Level T3-3: As in the previous levels, a consistent en-
richment in the Ba/Ca and Sr/Ca ratios exists in the equid 
Anchitherium cf. A. cursor compared to Gomphotherium 
angustidens, which is statistically significant for the 

Sr/Ca ratio (p=0.004, t-Student=-3.455). Ruminants show 
the highest values in the two ratios compared to the rest of 
the taxa. The suid Conohyus simorrensis shows no defined 
pattern, as observed in previous levels.

When considering the variation of Ba/Ca and Sr/Ca ra-
tios across successive levels T3-1, T3-2 and T3-3, no defined 
trends have been pinpointed (Fig. III Electronic appendix).

DISCUSSION

Sponheimer et al. (2005) and Sponheimer and Lee-
Thorp (2006) indicated a higher Sr/Ca and Ba/Ca ratio in 
grazers than in browsers, since grasses show higher levels 
of these ratios compared to other plants (Runia, 1987; Bur-
ton et al., 1999). The highest trace element values consist-
ently shown by the equid Anchitherium cf. A. cursor com-
pared to the gomphothere Gomphotherium angustidens 
are indicative of a higher grass content in the equid diet. 
This result is congruent with the paleoecological require-
ments inferred for this particular equid species. Although 
the genus Anchitherium has been traditionally considered 
a browser, it has been proposed that Anchitherium cursor 
occupied a more open landscape compared to other species 
of the subfamily Anchitheriinae, as deduced by a bigger 
dentition and some adaptations of the postcranial skeleton 
(Salesa and Sánchez, 2000). Our trace element results sup-
port these morphofunctional inferences, demonstrating that 
Anchitherium cursor was a mixed-feeder herbivore. Kaiser 
(2009) and Tütken and Vennemann (2009) also proposed 
this type of dietary behavior for the species Anchitherium 
aurelianense from Sandelzhausen (Early/Middle Miocene, 
Germany) by means of mesowear analysis and stable iso-
tope analysis, respectively.

At levels T3-1 and T3-3, ruminants (n=4 and n=2, 
respectively) show an enrichment in trace element ratios 
compared to the rest of taxa. This is consistent with a more 
grazing behavior, but other interpretations have been also 
proposed. Balter et al. (2002) stated that the enrichment of 
Ba in ruminants when compared to horses, mammoths and 
rhinoceros could be due to differences in their gastrointes-
tinal tracts, as ruminants have foregut microbial fermen-
tation whereas horses, mammoths and rhinoceros are mo-
nogastric herbivores. As far as we know, the behavior of Sr 
in different gastrointestinal tracts has not been studied, so 
no conclusive remarks can be drawn on this issue. How-
ever, it is possible, that a longer persistence of the gastric 
content in ruminant bodies result in a larger concentration 
of trace elements, like Ba and possibly Sr, in their skel-
etons, compared to other herbivores (Balter et al., 2002).

In the case of the suid Conohyus simorrensis (n=8), 
trace element analyses show a high variability, which may 
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 Mean value ± 1 standard deviation plots for enamel Ba/Ca and Sr/Ca ratios of Gomphotherium angustidens, Anchitherium cf. A. cursor, 
Conohyus simorrensis and ruminants at levels T3-1, T3-2 and T3-3 from the Somosaguas site. Mammal reconstructions by Sergio Pérez, not to scale.
FIGURE 4
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support an omnivorous diet. These heterogeneous values 
may also be explained by a herbivorous diet based on dif-
ferent plant parts. As Burton et al. (1999) stated, Ba and 
Sr are preferentially accumulated in the roots and stems 
and therefore, they will show higher Ba/Ca and Sr/Ca ra-
tios, whereas these ratios are lower in the leaves and fruits 
due to a lower accumulation of the heavier alkaline-earth 
elements. However, due to the dental features shown by 
Conohyus simorrensis (Sánchez, 2000), the high variability 
in trace element ratios observed in this suid is more likely 
related to an omnivorous behavior.

The absence of well defined trends across the strati-
graphic succession (Fig. III Electronic appendix) is in con-
trast with the paleoclimatic signal demonstrated by oxy-
gen and carbon isotopic analyses (Domingo et al., 2009), 
which were indicative of a trend towards cooler and more 
arid climate over the time span represented by the entire 
Somosaguas section. In spite of these paleoclimatic chang-
es, trace element analyses presented here demonstrate that 
the paleoecological requirements of the studied mamma-
lian taxa were maintained. Nowadays, it has been observed 
that herbivore taxa inhabiting arid environments show 
a wider range of versatility in their diet in order to cope 
with extreme climatic conditions (Sinclair, 2000; Hernán-
dez Fernández et al., 2009). Somosaguas taxa may have 
adopted this same strategy when faced with a dry habitat 
by broadening their dietary requirements.

CONCLUSIONS

Trace elements analyses have been performed for the 
first time on Middle Miocene mammals. Fiftysix tooth 
enamel samples have been analyzed from different her-
bivore mammalian taxa (Gomphotherium angustidens, 
Anchitherium cf. A. cursor, Conohyus simorrensis, aff. 
Heteroprox sp. and Tethytragus sp.) from three successive 
stratigraphic levels at the ~14Ma Somosaguas site (Pozue-
lo de Alarcón, Madrid Basin, Spain).

The use of trace element analysis on tooth enamel has 
supported paleoecological determinations initially pro-
posed by morphofunctional studies. In this sense, the equid 
Anchitherium represented by the species A. cursor shows 
higher Ba/Ca and Sr/Ca ratios when compared to the more 
specialized browser gomphothere Gomphotherium angusti-
dens, demonstrating a mixed-feeding behavior for this par-
ticular equid species. Trace element analysis has shown it is 
possible to detect differences in the elemental ratio between 
ruminants and the rest of the herbivores (higher Ba/Ca and 
Sr/Ca ratios), due to differences in diet and/or gastrointesti-
nal tracts. Finally, trace element analyses of the suid Cono-
hyus simorrensis show a high variability, supporting a more 
omnivorous diet. These well defined paleoecological pat-

terns based on trace element analyses of Miocene herbivore 
tooth enamel are consistently observed among taxa across 
the three stratigraphic levels analyzed in this study, in spite 
of the paleoclimatic shift recorded by isotopic analyses. The 
preservation of different and specific paleoecological pat-
terns among taxa indicates that dental enamel trace element 
ratios may be useful to infer paleodiets of extinct mammals 
as far back as the Middle Miocene.
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ELECTRONIC APPENDIX
Supplementary Data 1

Raw Ba, Sr and Ca data and Ba/Ca and Sr/Ca ratios of the mammalian dental enamel samples from the Somosaguas site  

Signature Taxa Level Ba (ppm) Sr (ppm) Ca (ppm) Ba/Ca Sr/Ca
3015 Gomphotherium angustidens T3-3 156.89 610.78 350299.40 0.45 1.74
2431 Gomphotherium angustidens T3-3 555.39 744.08 385687.72 1.44 1.93
2377 Gomphotherium angustidens T3-3 222.41 640.10 393283.33 0.57 1.63
2214 Gomphotherium angustidens T3-3 97.41 463.79 372844.83 0.26 1.24
1562 Gomphotherium angustidens T3-3 116.78 611.41 377516.78 0.31 1.62
914 Gomphotherium angustidens T3-3 104.19 516.28 411627.91 0.25 1.25
598 Gomphotherium angustidens T3-3 94.12 450.98 372549.02 0.25 1.21
170 Gomphotherium angustidens T3-3 104.67 462.00 386666.67 0.27 1.19
2890 Anchitherium  cf. A. cursor T3-3 89.09 824.24 384848.48 0.23 2.14
2821 Anchitherium  cf. A. cursor T3-3 164.44 811.11 361111.11 0.46 2.25
2474 Anchitherium  cf. A. cursor T3-3 99.11 601.75 412966.67 0.24 1.46
2348 Anchitherium  cf. A. cursor T3-3 161.38 972.41 360344.83 0.45 2.70
2323 Anchitherium  cf. A. cursor T3-3 217.66 888.16 382746.58 0.57 2.32
2015 Anchitherium  cf. A. cursor T3-3 173.19 808.92 386311.11 0.45 2.09
701 Anchitherium  cf. A. cursor T3-3 359.23 596.92 350000.00 1.03 1.71
154 Anchitherium  cf. A. cursor T3-3 390.68 695.04 373528.42 1.05 1.86
1077 Ruminant T3-3 236.93 904.56 383817.43 0.62 2.36
623 Ruminant T3-3 355.67 930.73 394729.25 0.90 2.36
2951 Conohyus simorrensis T3-3 94.40 430.40 378000.00 0.25 1.14
2579 Conohyus simorrensis T3-3 129.24 401.99 445182.72 0.29 0.90
2357 Conohyus simorrensis T3-3 217.61 565.64 393553.19 0.55 1.44
635 Conohyus simorrensis T3-3 149.49 730.64 434343.43 0.34 1.68
146 Conohyus simorrensis T3-3 115.54 344.22 438247.01 0.26 0.79
3090 Gomphotherium angustidens T3-2 156.10 585.37 423780.49 0.37 1.38
2912 Gomphotherium angustidens T3-2 124.81 572.18 360902.26 0.35 1.59
2895 Gomphotherium angustidens T3-2 257.02 877.19 392543.86 0.65 2.23
2867 Gomphotherium angustidens T3-2 134.63 532.47 350649.35 0.38 1.52
1747 Gomphotherium angustidens T3-2 242.74 607.26 375000.00 0.65 1.62
1621 Gomphotherium angustidens T3-2 126.14 545.75 352941.18 0.36 1.55
1611 bis Gomphotherium angustidens T3-2 177.45 542.22 395636.36 0.45 1.37
655 Gomphotherium angustidens T3-2 145.22 545.22 361464.97 0.40 1.51
2848 Anchitherium  cf. A. cursor T3-2 493.97 832.47 373924.64 1.32 2.23
2157 Anchitherium  cf. A. cursor T3-2 358.77 1073.95 413058.52 0.87 2.60
1714 Anchitherium  cf. A. cursor T3-2 149.59 933.88 446280.99 0.34 2.09
1611 Anchitherium  cf. A. cursor T3-2 229.14 701.99 362582.78 0.63 1.94
718 Anchitherium  cf. A. cursor T3-2 252.34 461.68 355140.19 0.71 1.30
713 Anchitherium  cf. A. cursor T3-2 147.22 742.59 437500.00 0.34 1.70
2116 Ruminant T3-2 209.64 450.60 385542.17 0.54 1.17
3030 Conohyus simorrensis T3-2 207.83 372.67 394165.87 0.53 0.95
2681 Conohyus simorrensis T3-2 1152.82 1087.16 383058.46 3.01 2.84
3001 Gomphotherium angustidens T3-1 201.05 584.21 360526.32 0.56 1.62
2969 Gomphotherium angustidens T3-1 188.13 547.95 374429.22 0.50 1.46
2444 Gomphotherium angustidens T3-1 93.75 413.39 395089.29 0.24 1.05
2183 Gomphotherium angustidens T3-1 252.55 426.49 389772.42 0.65 1.09
1744 Gomphotherium angustidens T3-1 169.38 548.01 393568.98 0.43 1.39
1189 Gomphotherium angustidens T3-1 143.50 515.70 372197.31 0.39 1.39
1186 Gomphotherium angustidens T3-1 85.48 402.42 360887.10 0.24 1.12
1071 Gomphotherium angustidens T3-1 92.17 507.76 375624.79 0.25 1.35
3120 Anchitherium  cf. A. cursor T3-1 346.34 508.13 361788.62 0.96 1.40
2952 Anchitherium  cf. A. cursor T3-1 110.30 696.97 372727.27 0.30 1.87
2816 Anchitherium  cf. A. cursor T3-1 271.56 723.07 392618.68 0.69 1.84
2819 Ruminant T3-1 357.29 574.58 415625.53 0.86 1.38
2813 Ruminant T3-1 212.87 539.60 349009.90 0.61 1.55
2586 Ruminant T3-1 113.64 681.82 342532.47 0.33 1.99
2453 Ruminant T3-1 658.30 805.15 387384.26 1.70 2.08
3109 Conohyus simorrensis T3-1 164.04 403.51 361842.11 0.45 1.12

Raw Ba, Sr and Ca data and Ba/Ca and Sr/Ca ratios of the mammalian dental enamel samples from the Somosaguas site  TABLE I
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L .  D O M I N G O  e t  a l .  Mammalian paleodiets in the Middle Miocene

III

Mean value ± 1 standard deviation plots for enamel Ba/Ca and Sr/Ca ratios of Gomphotherium angustidens, Anchitherium cf. A. cursor, 
Conohyus simorrensis and ruminants of all levels from the Somosaguas site. Mammal reconstructions by Sergio Pérez, not to scale. 
FIGURE I

Variation of Ba/Ca and Sr/Ca ratios across levels T3-1, T3-2 and T3-3 from the Somosaguas site. No well defined trends can be observed. 
Black square: Gomphotherium angustidens, white triangle: Anchitherium cf. A. cursor, black diamond: ruminant, white circle: Conohyus simorrensis.
FIGURE III
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Mammalian paleodiets in the Middle Miocene

IV

Log (Ba/Ca) vs. Log (Sr/Ca) diagram. Somosaguas mammalian taxa show typical herbivore values. Line A represents the Southwestern Cape 
ecosystem (South Africa; Gilbert et al., 1994); line B corresponds to the Yosemite Park ecosystem (USA; Elias et al., 1982); line C represents Michigan/
Wisconsin border ecosystem (USA; Burton et al., 1999). Modified from Balter et al. (2002). Mammal reconstructions by Sergio Pérez, not to scale.

FIGURE II




