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Chapter 18
Stable Isotope Paleoecology of the Baynunah Formation

Kevin T. Uno and Faysal Bibi

Abstract The Baynunah Formation contains the only
known late Miocene terrestrial fossils from the Arabian
Peninsula. Based on renewed field work since 2002, we
present paleoenvironmental and dietary reconstructions from
carbon isotope data from plant wax biomarkers and carbon
and oxygen isotope data from fossil tooth enamel in
combination with previously published fossil tooth enamel
and pedogenic carbonate isotope data. The organic and
isotopic data indicate that the highly seasonal ecosystem
supported a herbivore community that relied heavily on C4

vegetation. Carbon isotope and molecular abundance data
from n-alkanes indicate mostly mixed C3–C4 and C4-
dominated ecosystems. Carbon isotope data from fossil
teeth indicate a range of C3, mixed C3–C4, and C4 diets, with
suids, deinotherids, and rhinocerotids browsing, and bovids,
elephantids, and equids mixed feeding to grazing. Hip-
popotamids show the most positive carbon and most
negative oxygen values, with narrow ranges indicating
year-round grazing and semi-aquatic habits. The Baynunah
sivatheres represent the earliest evidence for a C4-domi-
nanted diet among giraffids. Equid intratooth oxygen isotope
profiles indicate a highly seasonal hydroclimate regime,
reflecting strong monsoonal conditions with a single rainy
season. Corresponding carbon profiles record large seasonal
changes in equid diets, with mainly grazing in the wet
season and increased browsing in the dry season. Baynunah
ecosystems comprised savanna habitats (woody grasslands)
with the proboscidean trackway site of Mleisa 1 likely being
a seasonally flooded C4 grassland.

Introduction

The Baynunah Formation contains the only known terrestrial
vertebrate fossils from the late Miocene of the Arabian
Peninsula. Most outcrops of the Baynunah Formation are
jebels that rise above the flat landscapes of western Abu
Dhabi Emirate (Fig. 18.1). The Baynunah Formation is
several tens of meters thick in most places and exceeds 50 m
at the type section at Jebel Barakah (Whybrow et al., 1999).
The lower part of the formation is comprised primarily of
fossil bearing fluvial channel deposits and paleosols,
whereas the upper part has some carbonate beds and several
packages of finer grained sediments that suggest small lakes
or seasonally flooded areas (fig. 3.2 in Schuster, 2022).
Channel clasts in the lower part of the formation are com-
monly reworked, intraformational pedogenic carbonates or
rarely, oncolites. Root casts are a common feature of the
paleosols and sandy channel deposits. More detailed
descriptions of the sedimentology, fluvial architecture, and
depositional environments are found in the first Baynunah
volume (Friend, 1999; Whybrow et al., 1999) and an
updated synthesis with new observations is given by
Schuster (2022).

Like much of the Arabian Peninsula, the climate of Abu
Dhabi is hyperarid, with mean annual temperature in excess
of 27 °C and annual precipitation of less than 100 mm per
year. The harsh environment today is a stark contrast to what
the Baynunah fossil and sedimentary evidence indicates:
lush, verdant habitats supported by a perennial braided river
system that was home to many large mammals, including
ancient elephants, horses, hippos, antelopes, giraffes, rhinos,
and pigs, among other mammals, reptiles, fishes, birds, and
invertebrates (Whybrow & Hill, 1999; Bibi et al., 2022a).

The fossils of the Baynunah Formation were likely
known to locals for centuries, but the first written records in
English come from petroleum industry reports from the late
1940s and early 1950s (Hill et al., 1999). These early reports
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eventually led to a collaborative research project on the
geology and fauna of the Baynunah Formation in the 1980–
1990s, which culminated in the publication of the first
research volume (Whybrow & Hill, 1999). Fieldwork in the
Baynunah Formation resumed in 2002 and a wealth of new
fossil material has been recovered since then. The amount of
new fossil material and sites warrants a fresh look at the
Baynunah material and its paleoecological context. Also,
since 1999, many new records have been published that
document regional vegetation, dietary, and faunal change
across Neogene sites of the Old World (Badgley et al., 2008;
Barry et al., 2002; Behrensmeyer et al., 2007; Feakins et al.,
2005; Leakey & Harris, 2003; Polissar et al., 2019; Uno
et al., 2011; Uno et al., 2016a). The paleoecology of Bay-
nunah has therefore much to contribute to the global context
of late Neogene ecosystem change, characterized by the
expansion of C4 grasslands and mammalian dietary shifts.
Furthermore, new analytical techniques, such as compound
specific isotope analysis of plant waxes, can now contribute

additional information. Stable isotope analyses of biomark-
ers (plant waxes) and biominerals (tooth enamel) are now
well-established and widely used methods to reconstruct
mammal diets and terrestrial vegetation.

In this chapter, we use geochemical analyses of plant wax
biomarkers and fossil tooth enamel to reconstruct the veg-
etation, hydroclimate, and mammalian diets of the Baynunah
Formation. Carbon isotope ratios of plant wax biomarkers
extracted from sediments are used to reconstruct the pro-
portion of C3 to C4 vegetation. We reconstruct the diets of
eight herbivore lineages using carbon isotope ratios in fossil
tooth enamel and evaluate the dietary structure of the her-
bivore community. Oxygen isotope ratios in tooth enamel
provide additional information on dietary niche partitioning
and environmental aridity. We assess the seasonality of
vegetation, precipitation, and equid diets from intratooth
isotope profiles of cheek teeth. Environmental and dietary
reconstructions incorporate previously published stable iso-
tope data from pedogenic carbonate and fossil tooth enamel

Fig. 18.1 Location of Baynunah Formation localities (circles) in the Al Dhafra region, western Abu Dhabi Emirate, United Arab Emirates. Sites
are coded by color based on isotopic sample type (PW, plant wax; EN, enamel; PC, pedogenic carbonate). Modified from Bibi et al. (2013).
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data from Kingston (1999). Together, these data support
previous interpretations and also give new insight into the
paleoecology of the Baynunah. To provide a more global
perspective, we compare the Baynunah tooth enamel and
pedogenic carbonate isotope data to isotope data from other
major late Miocene fossil localities in Africa and South Asia.

Materials and Methods
Materials

The material used in this study includes fossil teeth that were
sampled in 2011 and 2014. All fossil localities of the Bay-
nunah Formation are described in detail in Chap. 2 (Bibi
et al., 2022b). This study considers both new data as well as
that presented by Kingston (1999). All sites from which data
are known are shown in Fig. 18.1. In cases where samples
come from unknown or unnamed localities at known site
areas, these are denoted as ‘UL’.

Baynunah Formation sediments analyzed for compound
specific carbon isotope ratios of plant waxes were collected
in December 2014 from fine grained deposits, typically
brown or green silts or silty clays, at Hamra (HMR 5),
Ruwais (RUW SE), Kihal (KIH 2), and Mleisa (MLS 1).
GPS coordinates are given in Table 18.3. Newly sampled
fossil teeth come from surface and in situ finds at Jebel
Barakah (JBR UL), Shuwaihat (SHU 1, 2, and 4), Hamra
(HMR 1, 2, 3, 5 and 6), Jebel Dhanna (JDH 4), Ras
Dubay’ah (RDB 2 and UL), Jebel Mimiyah (MIM 1),
Ruwais (RUW UL), and Gerain al Aysh (GAA 1, 2, and 3).

Kingston’s (1999) tooth enamel data come from HMR (1,
5, and UL), JBR (2 and ‘east’), JDH (3, 4, 5, and UL), KIH
(1 and UL), RDB 2, SHU (1 and 4), and THM 4. Some of
Kingston’s (1999) fossil enamel samples are not associated
with a specimen number, but rather identified only by his
'AD' numbering system (not to be confused with cataloged
specimen numbers, which begin with AUH). His pedogenic
carbonate samples all come from Hamra (HMR 5), Kihal
(KIH 1), and unknown localities at Shuwaihat (SHU UL)
and Jebel Barakah (JBR UL). Kingston’s ‘site numbers’ are
also his own and not to be confused with actual fossil
localities (e.g. his ‘sites H12–16’ are all from locality
HMR 5).

Paleomagnetostratigraphic work indicates the entire
Baynunah Formation was deposited in less than 750 kyr, and
perhaps in as little as 300–200 kyr (Peppe et al., 2022). This,
in combination with the fact that depositional environments
are broadly similar across localities, leads us to consider the
ages of all stable isotope samples from the Baynunah fossil
localities as broadly contemporaneous.

Methods
Stable Isotopes in Vegetation and Teeth

In tropical and subtropical ecosystems today,woody plants use
the C3 photosynthetic pathway, or Calvin cycle, while low
elevation (<1500 m) grasses, some sedges (e.g., Cyperus pa-
pyrus), and select shrubs (e.g., Salsola sp.) use the C4 pathway,
or Hatch-Slack cycle (Cerling & Harris, 1999; Livingstone &
Clayton, 1980; Tieszen et al., 1979; Young & Young, 1983).

The carbon isotope ratio of C3 plants today is
around −28‰ on average with an observed range of
about −36 to −23‰. The wide range in d13C values in the
bulk tissues of C3 plants is controlled by environmental
conditions: more negative values are found in closed canopy
forests whereas xeric conditions – common across the Ara-
bian Peninsula today – lead to more positive values
(e.g., −26 to −23‰). C4 plants exhibit a narrower range of
values, from about −14 to −10‰ (Cerling et al., 2003b).
Stable carbon and oxygen isotope ratios are reported as delta
(d) values relative to the Vienna Pee Dee Belemnite
(VPDB) standard using permil (‰) notation where

d13C ðor d18OÞ ¼ Rsample= Rstandard $ 1
! "

% 1000 ð18:1Þ

and Rsample and Rstandard are the 13C/12C (18O/16O) ratios in
the sample and in the standard, respectively, and the d13C
and d18O values of VPDB are defined as 0‰.

Terrestrial plants produce long chain n-alkyl lipids pri-
marily as epicuticular waxes on their leaves (Eglinton &
Hamilton, 1967). The two types of n-alkyl lipids analyzed in
this study are n-alkanes, which are linear, saturated hydro-
carbon molecules, and n-alkanoic acids, which are similar in
structure to n-alkanes but have a terminal carboxyl group. n-
Alkanoic acids are commonly referred to as fatty acids. Due
to their structure, n-alkanes and fatty acids are recalcitrant
and resistant to microbial breakdown, and are therefore
commonly preserved in fluvio-lacustrine sediments over
millions of years (Uno et al., 2016b). While there are a
variety of n-alkyl lipid sources in sediments, terrestrial plants
produce long chain homologs, generally those with & 26
carbon chainlengths. Whereas, short chain n-alkyl lipids (C8

to C18) are produced by bacteria or microbes and mid-chain
lipids (C19 to C25) can also be microbial in origin or come
from aquatic macrophytes or sphagnum (Corrigan et al.,
1973; Cranwell et al., 1987; Ficken et al., 2000; Nott et al.,
2000). In terrestrial plants, odd numbered n-alkanes homo-
logs (e.g., C27, C29, and C31) occur in higher concentrations
compared to even-numbered ones. The odd-over-even
preference in n-alkanes provides a unique signature of
plant origin. A common measure of this metric is the carbon
preference index (CPI), which is calculated using the
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equation from Marzi et al. (1993) for both n-alkanes and
fatty acids. The CPI of plants ranges widely, but is generally
between 5 and 40 (Bush & McInerney, 2013), and is usually
lower, from about 2 to 10, in soils (Bush & McInerney,
2015). Plant-derived fatty acids show a similar pattern, but
instead have an even-over-odd preference. Petroleum also
consists of n-alkanes, but has a CPI of *1, which allows
CPI to be used to verify that n-alkyl lipids are from plants
rather than petroleum. We also report the average chain
length (ACL), which is an abundance weighted average of
the area of odd numbered n-alkanes homologs (C27 to C35)
or even numbered fatty acids (C26 to C34).

In the early 1990s, Hayes and colleagues developed a
method to measure carbon isotope ratios of n-alkyl lipids
and other molecular biomarkers, paving the way for pale-
ovegetation studies using compound specific isotope analy-
sis of biomarkers (Freeman et al., 1990; Hayes et al., 1990).
Carbon isotope measurements of n-alkanes from terrestrial
sedimentary archives can be used to determine the propor-
tion of C3 to C4 plants on the landscape, similar to carbon
isotope ratios in soil organic matter (Baczynski et al., 2016;
Freeman & Colarusso, 2001; Uno et al. 2016b).

Stable carbon and oxygen isotope ratios of tooth enamel
are determined by an animal’s diet and body water,
respectively, and therefore can be used to reconstruct her-
bivore diets, vegetation, and local hydroclimate in past
ecosystems (Kingston & Harrison, 2007; Levin et al., 2006;
e.g., Uno et al., 2011). Carbon isotopes in enamel from large
herbivores reflect the proportion of C3 to C4 vegetation in
their diet during the time in which the tooth formed. Oxygen
isotopes in enamel are primarily determined by the isotope
ratio of precipitation but also influenced by food water; plant
water; evaporative processes in soils, plants, and water
sources; and animal physiology (Kohn et al., 1996; Levin
et al., 2006; Luz et al., 1984). Stable carbon and oxygen
isotope ratios of tooth enamel are reported as delta (d) values
relative to the Vienn Pee Dee Belemnite (VPDB) standard
using permil (‰) notation given Eq. 18.1.

Carbon Isotope Enrichment in Plant Waxes
and Tooth Enamel

Carbon isotope fractionation occurs during the synthesis of
plant waxes and during tooth enamel formation. Isotope
fractionation is expressed using the term alpha (a), and it
occurs during biological processes that include but are not
limited to diffusion, enzymatic fixation of carbon, synthesis
of lipids, and mineralization. The fractionation between two
substrates is described by the following equation

aatm$plant ¼
1000þ d13Catm

1000þ d13Cplant
ð18:2Þ

where the fractionation between atmospheric and plant bulk
tissue carbon (aatm-plant) is a function of the d13C values of
the atmosphere and plant. Isotopic enrichment (e) is another
term used to describe changes in the d13C value between
substrates and is related to a through the following equation:

eatm$plant ¼ aatm$plant $ 1
! "

% 1000 ð18:3Þ

The enrichment factors are necessary for deriving end-
member values of C3 and C4 for bulk plant tissue,
biomarkers, and tooth enamel and are therefore reviewed
here. Using known enrichment factors (Table 18.1), the C3

and C4 endmembers can be calculated as follows by rear-
ranging Eqs. 18.2 and 18.3,

d13Cplant ¼
1000þ d13Catm

eatm$plant

1000 þ 1
$ 1000 ð18:4Þ

The carbon isotope enrichment associated with the synthesis
of n-alkanes by the plant results in d13C values more depleted
than bulk plant tissue. In this study we use an enrichment
factor, denoted as e*lipid-plant, of −8‰. This is based on the
e*lipid-plant mean values determined for C3 and C4 plants from
Collister et al. (1994). We apply the same e*lipid-plant of − 8‰
for fatty acids but acknowledge this number is not yet as well
constrained as the value for n-alkanes.

For tooth enamel, we use an isotopic enrichment between
diet and enamel, denoted as e*enamel-diet, of 14.1 ± 0.5‰, as
determined by Cerling and Harris (1999) for large ungulates.
The e*enamel-diet value in mammals has recently been found
to vary with body mass and the degree of methanogenesis in
the gut (Tejada-Lara et al., 2018; Cerling et al., 2021), with
medium to large ungulates generally between 13 and 15‰.
Uncertainties in estimating precise body mass for the Bay-
nunah fauna preclude application of the equations developed
by Tejada-Lara and colleagues for determining e*enamel-diet,
so here we use a single value of 14.1‰.

C3 and C4 Endmembers from Plant Waxes
and Tooth Enamel

In addition to enrichment factors, the atmospheric d13C
value (d13Catm) must be known or estimated in order to
establish the C3 and C4 endmembers for carbon isotope
ratios of plant waxes (d13Calkane, d

13Cacid) and tooth enamel
(d13Cenamel). We use the mean value of −6.3‰ for the
d13Catm based on the high resolution benthic foraminifera
record from 6 to 8 Ma from Tipple et al. (2010). We use this
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time interval because it best matches the estimated age for
the Baynunah Formation (Bibi et al., 2022a, b, c; Peppe
et al., 2022). By combining the d13Catm and the biosynthetic
fractionation factors for C3 and C4 plants, the C3 and C4

endmember d13C values of bulk tissue can be calculated
(Table 18.1). By further applying the enrichment values
e*lipid-plant of −8‰ and e*enamel-diet of 14.1‰, the C3 and C4

endmembers for d13Calkane and d13Cenamel can be deter-
mined. This results in endmember d13Calkane values
of −33.1‰ and −18.8‰ for C3 and C4 vegetation, respec-
tively. Endmember d13Cenamel are −11.4‰ and +3.2‰ for
pure C3 and C4 diets, respectively. The d13Catm value,
enrichment factors, and calculated endmember values are
presented in Table 18.1.

With endmember values established, two-member mixing
models can be used to estimate the proportion of C4 vege-
tation on the landscape or in mammalian diets using
d13Calkane and d13Cenamel values, respectively. For plant
waxes, we convert only the d13Calkane values percent C4 (%
C4) because the carbon isotope systematics of n-alkanes are
better constrained than for acids using the following
equation,

%C4 ¼ d13CC3 $ d13Calkane

d13CC3 $ d13CC4

% 100 ð18:5Þ

where d13Calkane is the measured d13C value of the sample
and d13CC3 and d13CC4 are the calculated C3 and C4 end-
member values for n-alkanes. We propagate the uncertainty
in both the n-alkane endmember values and in the analytical
procedure (±0.1‰), which results in uncertainties of ca. 12–
23%. We note that uncertainties in the calculated %C4 are
higher towards the C3 end of the continuum due to the larger
uncertainty of the C3-endmember value, which is ±4‰. We
use the same Eq. (18.2) to estimate the %C4 in the diet of
Baynunah mammals by substituting in the d13Cenamel for
d13Calkane and the enamel C3 and C4 endmembers
(Table 18.1). Using the average C3 and C4 d

13Cenamel values
we define C3-dominated diets as those with d13Cenamel values
of (−7.8‰ (<25%C4), mixed C3–C4 diets as having values

from −7.8 to −0.5‰ (25–75%C4), and C4-dominated diets
as those with d13Cenamel values of &−0.5‰ (>75%C4).
Finally, we also incorporate into pedogenic carbonate carbon
isotope data published by Kingston (1999) into vegetation
reconstructions. The %C4 is similarly calculated from the
d13C value of the pedogenic carbonate (d13Cpc) using
Eq. 18.2 and the endmember values given in Table 18.1.

Plant Wax Sampling and Analysis

Approximately 500 g of sediment was collected for plant
wax analyses. The sampling protocol was designed to pre-
vent contamination from modern plant biomarkers in the
field. Samples were collected by trenching 10–80 cm into
outcrop surfaces to expose fresh, unweathered sediment.
Samples were collected in places where there was little to no
overlying modern vegetation and all samples were screened
for modern roots, which can be a source of modern n-alkyl
lipids, particularly fatty acids (Mueller et al., 2012). Sedi-
ment was collected onto aluminum foil and the sample
collector (K. Uno) wore nitrile gloves to prevent any oils or
other foreign lipid sources from contaminating the
samples.

In the lab, samples were rinsed with dichloromethane
(DCM), an organic solvent, to remove any possible con-
taminants. A subset of each sample was then crushed to a
powder in a mortar and pestle. Lipids were extracted from
103 to 131 g (median: 119 g) of powdered sediment with
organic solvents (9:1 DCM: methanol) using a Dionex
Accelerated Solvent Extractor in batches of approximately
60 g of sample packed into 66 ml extraction cells. Samples
were extracted with four 10 min static cycles at 100° C with
a solvent flush volume of 150% of total cell volume. An
internal standard was added to the total lipid extract
(TLE) that included 5a-androstane and cis-11-eicosenoic
acid (2,000 ng of each) for later quantification of lipids.

The TLE was separated by solid phase extraction on silica
gel columns (approx. 0.5 g solvent rinsed silica gel, 230–
400 mesh). The aliphatic fraction (F1), which contained n-

Table 18.1 Calculated d13C values (‰, VPDB) for plant waxes, paleosol carbonate, and enamel formed in equilibrium with C3 and C4 vegetation.
The atmospheric CO2 value is from the high resolution benthic foramanifera record in Tipple et al. (2010). Enrichement factors for CO2-plants and
for diet-enamel are from Cerling and Harris (1999); for n-alkanes, from Collister et al. (1994); and for pedogenic carbonates, from Cerling (1984).

Substrate d13C
atmos

eCO2-
C3plant

d13C
plant

d13C
plant

eCO2-
C4plant

d13C
plant

eplant-proxy d13C d13C d13C

CO2 Avg.
C3

Max.
C3

C4 Avg.
C3

Max.
C3

Avg
C4

n-Alkanes −6.3 19.6 −25.4 −22.6 4.7 −10.9 −8.0 −33.1 −30.3 −18.8
Fossil enamel −6.3 19.6 −25.4 −22.6 4.7 −10.9 +14.1 −11.4 −8.6 3.2
Pedeogenic
carbonate

−6.3 19.6 −25.4 −22.6 4.7 −10.9 +14 −11.4 −8.7 3.1
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alkanes, was eluted with 4 ml of hexane, the ketone and
ester fraction (F2) eluted with 4 ml of DCM, and the polar
fraction (F3) with 4 ml of methanol. The F3 fraction was
then separated through an aminopropyl column (approx.
0.5 g) where the neutral, acid (A) and polar fractions were
eluted with 4 ml each of 2:1 DCM:iso-propanol, 4% acetic
acid in diethyl ether, and methanol, respectively. Carboxylic
acids in the F3A fraction were methylated (Me) with acidic
methanol at 60° C for 4–12 h, yielding fatty acid methyl
esters. Fatty acid methyl esters in the F3AMe fraction were
isolated from molecules such as hydroxy acids containing
additional functional groups using silica gel columns (as
above), where the F2 fraction contained the fatty acids for
analysis.

n-Alkane and fatty acids were quantified and character-
ized on an Agilent gas chromatograph (Agilent 7890A GC)
with DB-5 column (30 m length, 250 mm ID) and a mass
selective detector (5975C MSD) and flame ionization
detector (FID). One microliter of sample dissolved in 100 ll
hexane was injected into a multi-mode inlet injector at 60 °C
(0.1 min hold), which was then ramped to 320 °C at 900 °C
per minute and held for the duration of the analysis.

The initial GC oven temperature was set at 60 °C and
ramped to 150 °C at 15 °C per minute, then ramped to 320 °
C at 4 °C per minute and held there for the duration of the
analysis. The sample, carried by a He stream was quantita-
tively split to the MSD and FID detectors through a
microfluidics device downstream of the column. Compound
identification was done with comparison of mass spectra and
retention times to authentic standards, and quantification was
done by integrating peak areas of the mass 57 ion for n-
alkanes and the mass 74 ion for fatty acids. n-Alkyl lipid
concentrations were calculated based upon the peak area of
known concentrations of internal standards added to the
TLE. We used a response factor correction to account for
ionization biases between the 5a-androstane standard (a
synthetic steroid) and the n-alkanes for more accurate
quantification of concentrations.

Carbon isotope ratios of n-alkanes and fatty acids were
analyzed using a Thermo Trace GC coupled to a Thermo
Delta V isotope ratio mass spectrometer through an Isolink
combustion interface at the Lamont Doherty Earth Obser-
vatory (LDEO) Stable Isotope Laboratory. All sample
injections were interspersed with injections of molecular
mixtures with known isotopic values (mixes A4, A5 and F8
supplied by Arndt Schimmelmann, Univ. of Indiana) that
were used for correction of carbon isotope values. Fatty acid
d13C values were corrected for the addition of the methyl
group using a mass balance equation and the measured d13C
value of the methanol used for methylation. All d13C values
were corrected for analytical uncertainty, including the ref
gas uncertainty, using a Matlab script as described in
Polissar and D’Andrea (2014).

Enamel Sampling, Pretreatment, and Isotope
Analysis

Sampling of fossil teeth for stable isotopes was performed by
KU in Abu Dhabi and at the University of Utah. Fossil teeth
were selected from nine mammalian families. Prior to dril-
ling, each tooth was inspected, photographed, and a sam-
pling location on the tooth was evaluated.

The sample protocol for bulk sampling involved sam-
pling along broken enamel surfaces whenever possible, or in
some cases a lateral tooth surface, using a Dremel handheld
drill with carbide (Brasseler) or diamond grit impregnated
(Lasco) bits at low speed (*2000 RPM). No occlusal sur-
faces were drilled. The sample surface was prepared by
abrading the enamel surface with the drill bit. On lateral
surfaces, this removed surface adherents and the outermost
enamel (ca. 100 lm). If present, cementum was drilled away
to expose enamel. After visual inspection of the prepared
surface with a hand lens, a narrow groove about 1 mm deep
and 1–2 mm wide was drilled parallel to the growth axis of
the tooth. Sample groove lengths varied based on tooth
geometry imposed additional constraints (enamel thickness
and crown length), but ideally were 10 to 15 mm long to
average out potential seasonal variability in diet and water.
Sample masses ranged from about 3–15 mg.

Six equid molars were serially sampled along the growth
axis of the tooth to generate intratooth isotope profiles.
Cementum was cleared away using the Dremel to expose a
window of the fossil enamel. The exposed area was *5 mm
wide and ran the length of the tooth crown (30–60 mm).
Samples were drilled every 3 mm along the growth axis of
the tooth, with sample grooves oriented normal to the growth
axis. Sample grooves were ( 1 mm deep, *1 mm wide,
and 3–6 mm long. Sample masses were about 2–5 mg.

Enamel powders from bulk and intratooth profile samples
were pretreated prior to stable isotope analysis with 3%
NaOCl (bleach) for 30 min in 1.7 ml centrifuge tubes that
were stirred every 10 min on a vortex mixer. After the
reaction period, samples were centrifuged and the super-
natant was removed. Each sample was then rinsed three
times with distilled water. The rinse procedure involved
adding de-ionized (DI) water, stirring on the vortex mixer,
then centrifuging the sample and removing the supernatant.
Next, samples were treated with 0.1 M Na-acetate buffered
acetic acid for 30 min, as above, and following three dis-
tilled water rinses were loosely covered and dried overnight
in a fume hood. Approximately 300 to 600 lg of powdered
enamel sample was weighed out into silver capsules, along
with NBS-19 standard (20–50 lg) and internal enamel
standards. Samples and standards were roasted in vacuo for
2 h at 60 °C to remove adsorbed water.

Serial samples were analyzed at the University of Utah
using a Finnigan Carboflo device coupled to a MAT 252
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isotope ratio mass spectrometer (IRMS). Enamel samples
were reacted with phosphoric acid at 90 °C for 10 min under
a He stream and exsolved CO2, produced from the H3PO4

reaction, was cryogenically focused in a liquid nitrogen
trap. The CO2 was cryogenically transferred to a microvol-
ume at −170 °C and then inlet into the IRMS via dual inlet
mode at −60 °C.

Bulk enamel samples were analyzed at the LDEO Stable
Isotope Laboratory using a Kiel IV device coupled to an
IRMS. The Kiel differs from the CarboFlo in that it uses
single reaction vessels rather than a common acid bath. As
such, bulk enamel samples were transferred from silver
capsules to round bottom, glass reaction vials after roasting
in vacuo. A strand of silver wool was added to each vial to
oxidize any SO2 produced in the reaction. Sample vials were
loaded into the Kiel, where they were reacted with phos-
phoric acid at 70 °C for 10 min in vacuo. Exsolved gases
were cryogenically transferred to a microvolume held
at −170° C, and then transferred to second microvolume
with the first held at −70 °C to remove water. The purified
sample CO2 was inlet to a dual-inlet Delta V Plus IRMS.

All carbon and oxygen isotope ratios were corrected
using international and internal standards. The standard
deviation of NBS-19 throughout sample runs was *0.05‰
for d13C and <0.10‰ for d18O. Oxygen isotope values were
converted from CO2 (gas) to fossil enamel (mineral) values
using temperature dependent fractionation factors (1.00799
for 70 °C; 1.00725 for 90 °C) using the equation for fossil
enamel (Eq. 18.4) in Passey et al. (2007).

We combine bulk tooth enamel carbon and oxygen iso-
tope data analyzed for this study (n = 35) with those pre-
viously published (n = 30) by Kingston (1999). In order to
compare the d18O values from Kingston (1999) to those
determined in this study, we recalculated values from the
previous study, originally calculated using the calcite-based
acid fractionation factor, using a tooth enamel specific,
temperature dependent acid fractionation factor (Eq. 18.3)
from Passey et al. (2007). This is necessary so that the d18O
values from both data sets can be directly compared. To do
this, we converted the d18O values from mineral back to CO2

(gas) d18O values using the commonly applied calcium
carbonate acid fractionation factor of 1.00819 (Swart et al.,
1991). We then apply the tooth enamel acid fractionation
factor from Passey et al. (2007) for a sealed vessel reaction at
90 °C, where a = 1.00725, so that the Kingston (1999) data
are placed in the same reference framework as our data. The
difference between the originally published and recalculated
d18O values for the modern enamel samples is on the order
of +0.99‰.

Intratooth Stable Isotope Profiles and Inverse Modeling

Intratooth isotope profiles of herbivore tooth enamel provide
a time series of the diet and body water over the period in
which the tooth enamel formed (Fricke & O'Neil, 1996;
Sharp et al., 1998). For obligate drinkers such as equids, the
d18Oenamel values track meteoric water (Huertas et al., 1995).
This is supported by feeding and drinking observations,
which show that in warm environments with air tempera-
tures similar to Abu Dhabi today (30–35 °C), mares drink
every *2 h during the heat of the day (Crowell-Davis et al.,
1985). Thus, the first order control on d18Oenamel is meteoric
water. In extant equids, premolars and molars form over 1.5–
2.8 years, inclusive of crown extension and enamel matu-
ration (Hoppe et al., 2004). The time represented in intra-
tooth isotope profiles can therefore be used to evaluate
seasonal variability in precipitation, vegetation, and diet
(Metcalfe et al., 2011; Nelson, 2005; Sharp et al., 1998).

Amelogenesis, or the process of enamel formation, is a
two-stage process that starts with a secretory stage, when
enamel matrix is deposited, followed by a protracted matu-
ration stage, when density of the original matrix increases
significantly (Suga, 1979). As a result, the isotope ratio of a
given volume of enamel represents a time integrated signal
of the initial period of matrix deposition and the period of
maturation. Tooth enamel maturation and isotope sampling
methods blur and attenuate the original isotope input signal
(Passey & Cerling, 2002; Zazzo et al., 2005). To unblur the
signal, we apply the inverse method developed by Passey
et al. (2005) to estimate the original input signals for
d13Cenamel (diet) and d18Oenamel (body water) that more
closely reflect the actual diet and body water composition of
the equid during the time during in which the tooth formed.
The inverse model requires input parameters that related to
tooth formation, isotope sampling geometry, and isotope
analysis. Input parameters relevant to tooth enamel forma-
tion, or amelogenesis, include initial enamel density (fi),
enamel appositional length (la) and maturation length (lm)
(Passey & Cerling, 2002). We use parameters measured on
Equus ferus przewalskii by (Blumenthal et al., 2014) as es-
timates for equid molars used here, where fi = 22%, la = 6
mm, lm = 28 mm. Sample input variables include distance
between samples (3 ± 0.5 mm) and depth (0.7 mm ± 0.2
mm). The final input variables are the measured carbon and
oxygen isotope data and their associated uncertainties, which
were smoothed with a 3-point weighted mean
(0.25:0.5:0.25). A measured error term, Emeas, is computed
from measurement uncertainties in isotope values and sam-
ple measurements. This term ultimately governs model
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sensitivity that is then used to determine an appropriate
damping factor (e). The model requires selection of a
damping factor that minimizes the difference between Emeas

and the prediction error (Epred). A detailed description of
additional model parameters and the regularization method
is given in Passey et al. (2005). Model code was downloaded
and adapted from Passey et al. (2005). While it is widely
accepted that ungulate cheek teeth have non-linear growth
rates, particularly towards the base of the of crown (Bendrey
et al., 2015; Zazzo et al., 2012), the inverse model requires
us to assume a constant growth rate. The difference between
linear versus exponential growth rates has the greatest effect
in the lowermost portion of the crown. Across the main part
of the crown, a linear approximation of growth rate is rea-
sonable (see fig. 4 in Bendrey et al., 2015). We sampled
teeth in this study that were not heavily worn so most
samples come from regions of the teeth where growth rates
can be approximated as linear. Further work on the mode
and rates of growth in ungulate cheek teeth may help pro-
duce even more precise models in the future.

Climate and Precipitation Records

Meteorological and soil data collected from 1971 to 1999 at
the Abu Dhabi weather station (WMO Station #41216 at the
Bateen Airport; 24.43° N, 54.45° E) are used to establish a
modern baseline for monthly precipitation, mean annual
precipitation (MAP), monthly temperature, mean annual
temperature (MAT), and maximum monthly mean soil
temperature from the NOAA database (NOAA 2018)
(Fig. 18.2). The average d18O value of precipitation for Abu
Dhabi is calculated using the average of three values from
the area. The first estimated value is from published d18O
data for the closest GNIP station (WMO Station # 4115001
at the Bahrain Airport, 26.27° N, 50.62° E) located *320
km northwest of the Baynunah fossil sites (IAEA/WMO,
2019). The second is from a published d18O value for United
Arab Emirates (UAE) precipitation (Rizk & Alhsharhan,
2003). The third is an estimate for the fossil site region using
the Online Isotopes in Precipitation Calculator (OIPC,
Bowen, 2018; Bowen & Revenaugh, 2003).

Modern climate data are compared to water isotope data
reconstructed from oxygen isotopes in pedogenic carbonate
(Kingston, 1999) and tooth enamel (Kingston, 1999; this
study). Mineral phase (carbonate and apatite) oxygen isotope
ratios (PDB) are converted to water oxygen isotope ratios
(VSMOW) using the equation for determining the isotope
fractionation by Kim and O’Neil (1997).

In the case of pedogenic carbonates, we calculate soil
water oxygen isotope values (d18Osw) using the reported
maximum monthly mean modern soil temperature of 35 °C
at 50 cm depth in Abu Dhabi as an estimate for late Miocene

soil temperatures (NOAA 2018). For tooth enamel, we cal-
culate body water oxygen isotope values (d18Obw) of Bay-
nunah hippos. Due to their semi-aquatic habitat, hippo
d18Obw values best reflect meteoric water (Bocherens et al.,
1996; Cerling et al., 2008; Levin et al., 2006). We apply the
same Kim and O’Neil (1997) equation using a standard
mammalian body temperature of 37 °C. This yields an
enrichment factor (dbw-en) between body water d18O
(d18Obw) and enamel d18O (d18Oen) of 26.0‰, which is
nearly identical to the experimentally derived value of
26.3 ± 0.14‰ determined by Bryant et al. (1996). Taken
together, reconstructed soil water and hippo body water
d18O values can be compared to the modern measured
(GNIP database, IAEA/WMO, 2019; Rizk & Alhsharhan,
2003) and OIPC modelled d18O of precipitation values.

Results
Plant Waxes
Plant Wax Concentrations

Plant wax concentration, CPI, and ACL for seven samples
from four sites – HMR 5, KIH 2, MLS 1, and RUW SE – are
given in Table 18.2. Plant wax concentrations range from
1.8 to 64.6 ng/g sediment for the n-C31 alkane and 0.4 to
66.0 ng/g sediment for the n-C30 fatty acid, both of which
are generally the most commonly reported homologs for
their compound classes. For the n-alkanes, most samples
exhibit a C31 maximum with high abundances of C29 and
C27 homologs and low abundances of the longer chain
homologs, C33 and C35. Fatty acid samples have compound
maxima ranging mostly from C24 to C28. Relative abun-
dances of n-alkane and fatty acid chain-lengths are illus-
trated in Fig. 18.3. n-Alkane CPIs range from 3.1 to 6.7 and
fatty acid CPIs range from 2.2 to 2.6. These CPI values all
indicate preservation of the primary plant wax signal. n-
Alkane ACLs range from 28.8 to 30.5, whereas fatty acid
ACLs are slightly shorter, ranging from 27.0 to 28.0.
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Fig. 18.2 Modern monthly temperature (gray bars) and precipitation
(blue line) of Abu Dhabi from 1971 to 1991 (NOAA 2018).
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Fig. 18.3 Normalized plant wax concentrations for n-alkanes and n-alkanoic acids at different sites of the Baynunah Formation (all
contemporaneous).
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Overall, the concentrations, CPI, and ACL all indicate
preservation of the primary plant wax signal for the longer
chains (&C30), and we note some samples have lower CPIs
across the midchain regions, potentially from algal, aquatic
macrophytes, or post depositional processes. This is evident
in fatty acid samples from KIH 2, MLS 1, and some from
HMR 5. These midchain homologs are also present,
although to a lesser degree, in the n-alkane samples
(Fig. 18.3). They do not have a significant effect on the
longer chain carbon isotope ratios or the vegetation
reconstructions.

Plant Wax Stable Isotope Ratios

Carbon isotope ratios range from −29.2 to −22.0‰ for long
chain n-alkanes (C27 to C35, Fig. 18.4). The C31 alkane
ranges from −29.2 to −22.6‰, which results in an estimated
27–73% C4 (median = 43%C4) vegetation on the landscape
(Table 18.3). The C35 alkane, a sensitive indicator of C4

vegetation, ranges from −26.4 to −23.1‰. Fatty acids d13C
values from all homologs range from −30.6 to −21.5‰,
similar but slightly larger than the range observed in the n-
alkanes (Fig. 18.4). The C30 fatty acid ranges from −28.9
to −22.9‰, nearly identical to the range observed in the C31

alkane. The biomarker sample from site MLS 1, a locality
known for its preservation of a remarkable proboscidean
trackway (Bibi et al., 2012), was the most open landscape
with an estimated 73%C4 vegetation. Samples from HMR

and KIH 2 yield similar d13Calkane values and indicate mixed
ecosystems ranging from 36 to 52%C4 vegetation. The
sample from RUW SE had the lowest amount of C4 vege-
tation (27%).

Stable Isotopes in Teeth
Pretreatment Results

Eleven samples were analyzed with and without pretreat-
ment (Fig. 18.5). There is no difference in mean carbon
values between treated and untreated samples (0.0‰), low
variability (1r = 0.3‰), and a small absolute difference of
0.6‰ (Table 18.4). For oxygen, the mean difference is
similarly small (0.1‰), but variability (1r = 1.2‰) and the
absolute difference, 2.3‰, is high (Table 18.4). The slope of
treated versus untreated for both isotopes is close to 1
(Fig. 18.5).

Bulk Samples

Carbon and oxygen isotope values from fossil enamel yiel-
ded a wide range of values. Here we include analyses of
fossil tooth enamel from Kingston (1999) for a total of 65
fossil teeth analyzed from Baynunah (Fig. 18.6; Table 18.5).
We include in Table 18.5 the original d18O values provided
in Kingston (1999, table 1), but plot them all in the same
reference framework as described in Sect. 2.2.5. For carbon,
the d13Cenamel values ranged from −13.2‰ to +0.9‰, with a

Fig. 18.4 Plant wax d13C values for n-alkanes and n-alkanoic acids (‰, VPDB).
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median value of −2.2‰. Oxygen isotope values ran-
ged −9.5‰ to +7.0‰, with a median value of −4.5‰
(Table 18.5). Plotting tooth enamel stable isotope data by
family illustrates the wide range of carbon and oxygen

values at Baynunah (Fig. 18.7). The carbon isotope ratios
were converted to percent C4 in diet using Eq. 18.2,
resulting in diets ranging from 0 to 84% C4, with a median
value of 63%C4. Propagated uncertainty in %C4 is reported

Table 18.3 Carbon isotope data (‰, VPDB) for odd-chain n-alkanes (C27 to C35) and even-chain fatty acids (C26 to C34). Percent C4
vegetation is calculated from the n-C31alkane where uncertainty, given as 1r accounts for C3 and C4 endmember variability and analytical
uncertainty.

Lab ID Sample ID1 Sample ID2 Site n-alkane d13C %C4 ±%C4 (WGS 84)
C27 C29 C31 C33 C35 lat (north) long (east)

KU369_F1 AD14.H5.111B Hamra 5.1 HMR 5 −27.4 −26.5 −25.7 −25.2 −23.5 52 13 24.10309 52.52832
KU370_F1 AD14.H5.109B Hamra 5.2 HMR 5 −26.7 −27.0 −28.0 −26.9 −25.5 36 15 24.103 52.528
KU375_F1 5H42 IIaria #3 Hamra 5.3 HMR 5 −28.0 −27.3 −27.2 −26.4 −24.7 41 14 24.103 52.528
KU371_F1 AD14.KH.107B Kihal 107 KIH 2 −25.1 −26.0 −25.7 −25.3 −23.7 52 13 24.11847 53.02075
KU372_F1 AD14.KH.108B Kihal 108 KIH 2 −26.0 −26.3 −26.9 −26.3 −25.4 43 13 24.11900 53.02004
KU373_F1 AD14.M1.101B Mleisa 1 MLS 1 −22.0 −23.0 −22.6 −22.8 −23.1 73 12 23.94812 53.06154
KU374_F1 AD14.RU.112B Ruwais RUW SE −27.2 −28.6 −29.2 −28.1 −26.4 27 16 24.07529 52.78897

Min –28.0 −28.6 −29.2 −28.1 −26.4 27
Max −22.0 −23.0 −22.6 −22.8 −23.1 73
Mean −26.1 −26.4 −26.5 −25.8 −24.6 46
Stdev 2.0 1.7 2.1 1.7 1.2 15
Median −26.7 −26.5 −26.9 −26.3 −24.7 43

Lab ID Sample ID1 Sample ID2 Site n-Alkanoic acid d13C Lat (north) Long (east)
C26 C28 C30 C32 C34

KU369_F3AMeF2 AD14.H5.111B Hamra 5.1 HMR 5 −29.2 −30.1 −28.5 −25.4 −28.5 – – 24.10309 52.52832
KU370_F3AMeF2 AD14.H5.109B Hamra 5.2 HMR 5 −28.5 −29.8 −28.2 −25.8 −25.3 – – 24.103 52.528
KU375_F3AMeF2 5H42 IIaria #3 Hamra 5.3 HMR 5 −28.5 −30.6 −28.9 −27.7 −28.9 – – 24.103 52.528
KU371_F3AMeF2 AD14.KH.107B Kihal 107 KIH 2 −25.7 −27.0 −26.3 −24.7 −24.8 – – 24.11847 53.02075
KU372_F3AMeF2 AD14.KH.108B Kihal 108 KIH 2 −27.5 −28.8 −27.1 −24.3 −24.1 – – 24.11900 53.02004
KU373_F3AMeF2 AD14.M1.101B Mleisa 1 MLS 1 −21.9 −23.2 −22.9 −21.5 −23.6 – – 23.94812 53.06154
KU374_F3AMeF2 AD14.RU.112B Ruwais RUW SE −28.1 −29.1 −28.9 −28.3 −26.2 – – 24.07529 52.78897

Min −29.2 −30.6 −28.9 −28.3 −28.9
Max −21.9 −23.2 −22.9 −21.5 −23.6
Mean −27.0 −28.4 −27.3 −25.4 −25.9
Stdev 2.5 2.6 2.2 2.3 2.1
Median −28.1 −29.1 −28.2 −25.4 −25.3

y = 1.090x + 0.215
R  = 0.59
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Fig. 18.5 Cross-plot of carbon and oxygen isotope values for treated versus untreated tooth enamel (‰, VPDB).
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in Table 18.5 and ranges from 12 to 23% (median 12%),
which should be noted in the ensuing discussions of diet.
Only 15% of the sampled individuals had C3-dominated
diets, about two-thirds (65%) had mixed C3-C4 diets, and the
remaining 20% had C4-dominated diets. Most individuals
(62%) had diets consisting of & 50%C4, confirming that C4

was the primary dietary source for Baynunah herbivores.

Artiodactyls

Box plots for carbon and oxygen are shown for bovids,
giraffids, hippopotamids, and suids in Fig. 18.7. Bovid
d13Cenamel ranges from −10.4 to +0.1‰, and d18Oenamel

from −5.0 to −1.0‰ (n = 5). The corresponding amount of
C4 vegetation in diet is 7 to 79% (median 36%, Table 18.5).
Taxa include two Pachyportax latidens (51 and 79%C4),
two Miotragocerus cyrenaicus (7 and 36%C4), and one in-
determinate bovid. Giraffid isotope values have an impres-
sively wide range, with d13Cenamel values ranging from −9.2
to +0.2‰, with corresponding diets of 15 to 79%C4 (me-
dian = 64%; n = 6). Girrafid d18Oenamel values range from
−3.9 to +7.0‰, and include the highest values recorded
from Baynunah. Hippopotamids, represented by
Archaeopotamus qeshta, yield d13Cenamel values ranging
from −5.5 to +0.3‰ and d18Oenamel values ranging
from −9.5 to −4.9‰ (n = 11). Hippopotamid diets range
from 40 to 80%C4 (median = 73%). Two Nyanzachoerus
syrticus and one Propotamochoerus hysudricus specimens
give a narrow range of d13Cenamel values. Suids are mainly at
the C3 end of the range, from −11.1 to −9.7‰, which
translates to 2 to 11%C4 (n = 3). Suid d18Oenamel values
range from −5.0 to −2.3‰. It is not known if the two suids
from the Baynunah Formation were herbivores or omni-
vores, but presumably even omnivorous suids would have
diets dominated by plant matter, and their enamel carbon
isotope values must therefore reflect the vegetational com-
position of the diet.

Table 18.4 Comparison of tooth enamel carbon and oxygen isotope data (‰, VPDB) from treated and untreated samples. Treatment methods are
described in the text.

Sample ID d13C d18O
UNT TRT TRT-UNT UNT TRT TRT-UNT

AUH_1554-3 −0.1 −0.0 0.1 −3.6 −2.6 1.0
AUH_1554-6 0.2 −0.0 −0.2 −3.9 −3.1 0.8
AUH_1554-24 −1.4 −1.3 0.1 −2.0 −1.0 1.0
AUH_1554-27 −2.3 −2.0 0.3 −2.1 −1.3 0.7
AUH_1554-30 −1.9 −2.2 −0.3 −2.9 −1.9 0.9
AUH_1554-48 −0.8 −0.6 0.2 −5.6 −5.9 −0.3
AUH_1554-51 −0.3 −0.5 −0.2 −5.7 −6.0 −0.3
AUH_1554-54 −0.6 −0.6 −0.1 −4.1 −4.5 −0.4
AUH-1295-6 −6.4 −5.8 0.6 −3.7 −4.0 −0.3
AUH-1295-9 −6.6 −6.4 0.3 −3.6 −5.5 −1.9
AUH-1295-12 −4.4 −5.0 −0.6 −2.2 −4.6 −2.4

Avg 0.0 −0.1
Stdev 0.3 1.2
Min −0.6 −2.4
Max 0.6 1.0

δ1
8
O

 (
‰

, 
V

P
D

B
)
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6-

-2
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Fig. 18.6 Cross-plot of fossil enamel carbon and oxygen isotope
values (‰, VPDB) for nine mammalian families. Data include isotope
values from Kingston (1999).
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Perissodactyls

Perissodactyls are represented by Equidae and Rhinoceroti-
dae. The former are very common and the latter extremely
rare in the Baynunah Formation. Equids are assigned to
“Hipparion” abudhabiense and a smaller sized “Hipparion”
(Bernor et al., 2022). Equid values range from −7.8
to +0.9‰ for d13Cenamel and from −7.3 to +0.5‰ for
d18Oenamel (n = 24); (Fig. 18.7). Diets of equids range from
24 to 84%C4 (median = 63%). The two rhinocerotid spec-
imens were enamel fragments attributable only to the family
level and have nearly identical d13Cenamel values (−10.4
and −10.2‰) and d18Oenamel values (−5.5 and −5.3‰),
with corresponding diets of 7–9%C4.

Proboscideans

Fossils representing three proboscideans lineages, the Ele-
phantidae, Deinotheriidae, and Gomphotheriidae, have been
recovered from the Baynunah Formation (Sanders, 2022).
The most common by far is the newly erected elephantid
species, Stegotetrabelodon emiratus, which has d13Cenamel

values of −7.3 to −0.2‰ and d18Oenamel values of −5.5
to +0.5‰ (Fig. 18.7). Stegotetrabelodon emiratus diets
range from 28 to 77%C4 (median = 65%). The two dei-
notheriid (aff. Deinotherium bozasi) teeth sampled yield the

most negative values from the Baynunah Formation mea-
sured to date, −13.2 and −12.4‰, corresponding to pure C3

diets. The d18Oenamel values are −4.6 and −1.7‰. A single
and somewhat enigmatic gomphotheriid tooth originally
assigned to Stegotetrabelodon grandincisivus and now more
conservatively assigned to Gomphotheriidae gen et sp. indet
by Sanders (2022), has a d13Cenamel value of −4.3‰ (48%
C4) and a d18Oenamel value of −2.6‰, which both fall within
the range of values observed for S. emiratus (Fig. 18.7).

Serially Sampled Equids

The measured d13Cenamel and d18Oenamel values of six seri-
ally sampled equid teeth range from −7.1 to +0.7‰ and
from −6.8to +1.1‰, respectively (n = 84, Table 18.6). The
modeled ranges for both are larger, as expected because the
model ‘unblurs’ the tooth enamel signal by accounting for
sampling geometry and amelogenesis (Fig. 18.8). Modeled
d13Cenamel and d18Oenamel ranges from all profile samples
are −8.2 to +2.7‰ and −7.1 to +4.4‰, respectively. For
the modeled carbon data, this is equivalent to diets ranging
from 22 to 97%C4 vegetation (median = 56%). Within a
single profile, the maximum modeled d13Cenamel range is
from −8.2 to −1.9‰ (AUH 1566), equivalent to a 22 to
65%C4 range in diet. The average modeled d13Cenamel range
is 5.3 ± 0.8‰ (1r) (Fig. 18.8). The highest range in the
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P
er

is
so

-
da

ct
yl

a

-12 -8 -4 0

Bovidae (5)

Giraffidae (6)

Hippopotamidae (11)

Suidae (3)

Deinotheriidae (2)

Elephantidae (11)

Gomphotheriidae (1)

Equidae (24)

Rhinocerotidae (2)

-8 -4 0 4 8

P
ro

bo
sc

id
ea

n
A

rt
io

da
ct

yl
a

Fig. 18.7 Carbon and oxygen isotope box plots by family. Carbon isotope data show that most taxa are mixed feeders but hippos are grazers and
suids, rhinocerotids, and deinotherids are browsers. For oxygen isotopes, hippopotamid values are low, as expected for semi-aquatic habits,
whereas giraffid values are high, indicating strong evaporative effects on plant water, evaporated drinking water, or a combination of both. Data
include isotope values from Kingston (1999).
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Table 18.6 Intratooth stable isotope (‰, VPDB) and %C4 (±1r) data for Equidae molar profiles. Smoothed data (3 pt., weighted 0.25/0.50/0.25)
and inverse model results (estimated input signal) are given with 2r uncertainty. Sample locations are given as distance from the cervix. Summary
statistics are provided for each intratooth profile. Estimated input signal was calculated using Matlab code modified from “mSolve_1.m” published
by Passey et al. (2005). Samples with ‘-CEM’ are cementum and were not used in modeling.

Sample ID Measured
(smoothed)

Estimated input signal (model results) %C4 ± 1r %C4 Distance (mm)

d13C d18O d13C ± 2r d13C d18O ± 2r d18O

AUH-1554-3 −0.0 −2.6 −1.2 0.6 −4.1 1.2 70 12 3
AUH-1554-6 −0.0 −3.1 −0.2 0.6 −4.7 1.2 76 12 6
AUH-1554-9 0.4 −2.2 1.4 0.8 −3.8 0.8 87 12 9
AUH-1554-12 0.5 −2.1 2.5 1.0 −4.2 0.7 95 13 12
AUH-1554-15 0.4 −1.8 2.7 1.0 −3.5 0.8 97 13 15
AUH-1554-18 −0.4 −1.4 1.0 1.0 −2.8 0.8 85 12 18
AUH-1554-21 −1.3 −1.5 0.2 0.6 −1.2 1.3 79 12 21
AUH-1554-24 −1.3 −1.0 −0.3 0.9 0.6 1.3 76 12 24
AUH-1554-27 −2.0 −1.3 −1.7 0.8 0.5 1.4 66 12 27
AUH-1554-30 −2.2 −1.9 −2.1 0.7 −0.1 1.4 64 12 30
AUH-1554-33 −2.0 −2.9 −1.6 0.6 −1.1 1.2 67 12 33
AUH-1554-36 −1.7 −3.7 −2.0 0.8 −1.2 0.9 64 12 36
AUH-1554-39 −1.8 −4.0 −2.8 0.6 −1.4 1.1 59 12 39
AUH-1554-42 −1.4 −4.7 −2.2 0.8 −2.9 0.9 63 12 42
AUH-1554-45 −0.8 −5.3 −1.7 0.5 −4.6 1.2 66 12 45
AUH-1554-48 −0.6 −5.9 −1.6 0.5 −6.0 1.4 67 12 48
AUH-1554-51 −0.5 −6.0 −1.8 0.8 −5.3 1.9 66 12 51
AUH-1554-54 −0.6 -4.5 −1.7 0.7 −4.4 1.2 67 12 54
AUH-1554-CEM −3.4 −4.1 – – – – – – –

Min −2.2 −6.0 −2.8 – −6.0 – 59
Max 0.5 −1.0 2.7 – 0.6 – 97
Range 2.7 5.0 5.5 – 6.6 – 38
Mean −0.8 −3.1 −0.7 – −2.8 – 73
AUH-1295-3 −2.8 0.2 −4.7 0.8 4.4 2.8 46 13 3
AUH-1295-6 −2.8 −2.1 −4.4 0.9 −1.1 1.8 48 13 6
AUH-1295-9 −2.1 −2.9 −3.6 0.8 −1.5 1.3 53 12 9
AUH-1295-12 −1.6 −3.4 −2.9 0.8 −4.0 1.9 58 12 12
AUH-1295-15 −0.9 −4.4 −2.1 0.6 −6.2 1.3 64 12 15
AUH-1295-18 −0.6 −3.9 −1.4 0.6 −4.6 1.4 68 12 18
AUH-1295-21 −0.3 −3.1 −0.6 0.7 −3.4 1.1 74 12 21
AUH-1295-24 −0.0 −2.5 0.2 0.9 −3.6 0.8 79 12 24
AUH-1295-27 −0.1 −2.5 0.3 1.0 −3.5 1.7 80 12 27
AUH-1295-30 −0.3 −1.8 −1.0 1.5 −1.5 2.8 71 12 30
AUH-1295-33 −1.5 −0.9 −1.3 0.8 −1.7 2.0 69 12 33
AUH-1295-CEM −3.5 −3.8 – – – – – – –

Min −2.8 −4.4 −4.7 – −6.2 – 46
Max −0.0 0.2 0.3 – 4.4 – 80
Range 2.8 4.6 4.9 – 10.6 – 34
Mean −1.2 −2.5 −2.0 – −2.4 – 65
AUH-1566-3 −6.8 −0.8 −5.9 1.0 2.1 2.2 38 14 3
AUH-1566-6 −6.8 −0.8 −7.2 1.1 2.8 2.2 29 15 6
AUH-1566-9 −7.1 −2.1 −8.2 0.9 1.7 1.9 22 16 9
AUH-1566-12 −6.5 −3.0 −7.5 1.0 0.4 1.8 27 16 12
AUH-1566-15 −5.5 −4.5 −7.5 0.8 −2.4 1.9 27 16 15
AUH-1566-18 −5.4 −5.9 −7.8 0.9 −3.3 0.9 25 16 18
AUH-1566-21 −4.6 −5.6 −6.9 0.9 −4.1 1.7 31 15 21
AUH-1566-24 −3.9 −6.8 −6.1 0.9 −6.8 1.3 37 14 24
AUH-1566-27 −3.2 −6.8 −5.4 0.6 −6.4 1.2 41 14 27
AUH-1566-30 −2.8 −6.1 −4.0 0.8 −6.0 1.2 51 12 30

(continued)
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Table 18.6 (continued)

Sample ID Measured
(smoothed)

Estimated input signal (model results) %C4 ± 1r %C4 Distance (mm)

d13C d18O d13C ± 2r d13C d18O ± 2r d18O

AUH-1566-33 −2.0 −5.6 −2.8 0.7 −6.8 1.0 59 12 33
AUH-1566-36 −2.2 −5.4 −2.2 0.7 −6.7 1.2 63 12 36
AUH-1566-39 −2.1 −4.5 −1.9 0.6 −6.2 0.9 65 12 39
AUH-1566-42 −2.5 −4.6 −2.3 1.3 −7.1 1.6 62 12 42
AUH-1566-45 −2.8 −4.5 −2.2 1.2 −6.5 1.3 63 12 45
AUH-1566-CEM −5.6 −4.2 – – – – – – –

Min −7.1 −6.8 −8.2 – −7.1 – 22
Max −2.0 −0.8 −1.9 – 2.8 – 65
Range 5.0 6.1 6.3 – 9.8 – 43
Mean −4.3 −4.5 −5.2 – −3.7 – 43
AUH-1535-6 −3.6 −2.8 −4.4 1.1 −1.3 1.0 48 13 6
AUH-1535-9 −3.3 −2.9 −4.8 1.2 −1.0 1.4 46 13 9
AUH-1535-12 −2.9 −3.4 −4.5 1.0 −1.0 1.4 47 13 12
AUH-1535-15 −2.3 −4.0 −4.4 0.8 −2.5 1.3 48 13 15
AUH-1535-18 −2.0 −5.3 −4.1 1.0 −4.1 0.8 50 13 18
AUH-1535-21 −1.3 −5.8 −3.3 0.8 −5.0 0.8 55 12 21
AUH-1535-24 −0.7 −6.2 −2.0 1.2 −5.5 0.7 64 12 24
AUH-1535-27 0.1 −6.2 −0.1 1.6 −5.3 1.0 78 12 27
AUH-1535-30 0.7 −6.0 0.1 1.5 −5.1 1.0 78 12 30
AUH-1535-CEM −3.4 −4.4 – – – – – – –

Min −3.6 −6.2 −4.8 – −5.5 – 46
Max 0.7 −2.8 0.1 – −1.0 – 78
Range 4.3 3.4 4.8 – 4.5 – 33
Mean −1.7 −4.7 −3.0 – −3.4 – 57
AUH-1465-3 −5.1 −0.4 −7.8 1.5 −0.6 1.0 25 16 3
AUH-1465-6 −4.0 −1.2 −5.9 0.9 −2.1 1.0 38 14 6
AUH-1465-9 −3.6 −1.3 −4.2 1.2 −2.6 1.4 49 13 9
AUH-1465-12 −2.6 −2.0 −2.6 0.8 −5.0 1.5 60 12 12
AUH-1465-15 −3.0 −2.5 −3.3 0.7 −3.7 1.8 56 12 15
AUH-1465-18 −3.1 −0.6 −2.7 0.7 0.1 1.4 59 12 18
AUH-1465-21 −3.1 0.2 −1.8 0.9 1.0 1.2 66 12 21
AUH-1465-24 −3.1 0.0 −1.9 0.9 2.5 1.6 65 12 24
AUH-1465-27 −3.8 0.4 −3.0 0.8 3.0 1.8 58 12 27
AUH-1465-30 −4.3 −0.9 −3.2 0.8 −0.2 1.8 56 12 30
AUH-1465-33 −4.8 −2.4 −3.7 0.8 −3.3 1.7 53 12 33
AUH-1465-36 −5.0 −3.1 −3.2 0.8 −5.6 2.9 56 12 36
AUH-1465-39 −4.8 −3.9 −5.0 1.5 −3.2 3.2 44 13 39
AUH-1465-42 −5.8 −0.8 −5.6 1.4 1.8 1.6 40 14 42
AUH-1465-45 −4.7 −1.3 −3.8 0.8 −0.1 1.1 52 12 45
Min −5.8 −3.9 −7.8 – −5.6 – 25
Max −2.6 0.4 −1.8 – 3.0 – 66
Range 3.1 4.2 6.0 – 8.6 – 41
Mean −4.1 −1.3 −3.8 – −1.2 – 52
AUH-1712-3 −4.7 −3.4 −3.5 0.7 −3.5 1.7 54 12 3
AUH-1712-6 −4.6 −2.2 −3.2 0.7 1.0 2.0 56 12 6
AUH-1712-9 −4.8 −1.0 −4.2 0.9 1.7 1.6 49 13 9
AUH-1712-12 −5.6 −2.1 −6.4 0.9 −1.8 1.5 34 14 12
AUH-1712-15 −6.1 −3.4 −7.0 1.0 −2.5 0.8 30 15 15
AUH-1712-18 −5.6 −2.7 −6.3 0.7 −1.2 0.6 35 14 18
AUH-1712-21 −5.0 −2.7 −5.7 0.6 −2.8 1.3 39 14 21
AUH-1712-24 −4.6 −3.3 −4.8 0.7 −5.7 1.6 45 13 24

(continued)
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modeled d18Oenamel data is from −6.2 to +4.4‰ (AUH
1295) and the average range within a profile is 8.1 ± 2.2‰.

Overall, the intratooth profiles exhibit quasi-periodic
patterns of variability in both carbon and oxygen isotopes
(Fig. 18.8). The general trend is that d13Cenamel values
covary inversely with d18Oenamel values, whereby more
positive d13Cenamel values occur with more negative
d18Oenamel values. Assuming the quasi-periodic cycles in the
intratooth isotope profiles represent annual seasonality of
vegetation and hydroclimate, then overall growth vertical
rates of the equid cheek teeth can be estimated as 2.5–
4 cm/year, similar to the estimated growth rate in modern
horses of 3 to 4 cm/year (Hoppe et al., 2004).

Baynunah Hydroclimate

Meteorological and soil data from the Abu Dhabi weather
station (WMO Station #41216; 24° 26′N, 54° 28′E) record a
mean annual precipitation (MAP) of 57 mm and a mean
annual temperature (MAT) of 27 °C. Reported modern soil
temperature of 35 °C is in excess of mean annual air tem-
peratures, which is commonly observed in arid ecosystems
(Passey et al., 2010; Quade et al., 2013). The estimated d18O
values for annual precipitation (d18Oprecip) are given in
Table 18.7 and have a mean value of +0.5‰ (VSMOW),
which is reasonable for a hyperarid region with very low
rainfall.

In contrast, we calculate a late Miocene mean d18O soil
water (d18Osw) value of −3.9 ± 1.2‰ (VSMOW) from
pedogenic carbonate data (Kingston, 1999), and hippo

d18Obw values ranging from −4.8 to −0.2‰ (me-
dian −2.7‰, VSMOW). Taken together, reconstructed soil
water and hippo body water values indicate that late Mio-
cene precipitation was more negative than modern values
by * 4‰. As a caveat however, in some cases, such as in
arid environments or closed lakes, the d18O of water and
thus of hippo body water does not necessarily reflect pre-
cipitation because of evaporative enrichment.

Discussion
Paleoenvironmental Reconstructions
in Local and Regional Contexts
Baynunah Vegetation from Carbon Isotopes

The plant wax carbon isotope data from n-alkanes and fatty
acids show good agreement between the two classes of plant
waxes and indicate mostly mixed C3-C4 ecosystems, which
likely comprised grassy woodland or bushland to wooded or
bushy grasslands (Fig. 18.4). The plant wax carbon isotope
data agree well with that from pedogenic carbonate and also
from diet-based reconstructions from enamel. All point to
mixed C3-C4 ecosystems. Carbon isotope data from plant
waxes and pedogenic carbonate indicate ranges of 27–73%
C4 and 16–63% C4, respectively (Table 18.8). Two-thirds of
the sampled large herbivore teeth indicate mixed C3–C4 to
C4-dominated diets (Fig. 18.7), further supporting the plant
wax and pedogenic carbonate data.

We evaluate the vegetation signals from sites where
multiple carbon isotope proxy data are available (Hamra,

Table 18.6 (continued)

Sample ID Measured
(smoothed)

Estimated input signal (model results) %C4 ± 1r %C4 Distance (mm)

d13C d18O d13C ± 2r d13C d18O ± 2r d18O

AUH-1712-27 −4.0 −3.9 −4.1 0.6 −6.6 1.7 50 13 27
AUH-1712-30 −3.9 −2.8 −4.4 0.5 −4.6 1.5 48 13 30
AUH-1712-33 −4.2 −1.7 −5.2 0.6 −3.3 1.5 43 13 33
AUH-1712-36 −4.3 −0.7 −5.2 0.5 −0.8 2.4 43 13 36
AUH-1712-39 −4.0 1.1 −4.6 0.6 0.2 1.6 46 13 39
AUH-1712-42 −4.0 −0.2 −4.4 0.6 −2.5 0.9 48 13 42
AUH-1712-45 −4.1 −0.6 −3.6 0.9 −1.6 1.3 53 12 45
AUH-1712-48 −3.6 0.2 −2.8 0.7 −0.6 1.1 59 12 48
AUH-1712-CEM −5.3 −4.7 – – – – – – –

Min −6.1 −3.9 −7.0 – −6.6 – 30
Max −3.6 1.1 −2.8 – 1.7 – 59
Range 2.5 5.0 4.1 – 8.3 – 28
Mean −4.6 −1.8 −4.7 – −2.2 – 46
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Kihal, Jebel Barakah, Shuwaihat, and Ruwais) to explore the
range of possible environments in the Baynunah
(Table 18.8). Temporal and stratigraphic correlation between
Baynunah localities is problematic owing to the difficulties
of precisely dating the sediments and to the heterogeneous
nature of fluvial sediments in a variable, broad depositional
system (Friend, 1999; Schuster, 2022). The localities are all
broadly contemporaneous, however, and differences in
reconstructed vegetation therefore likely reflect spatial
landscape heterogeneity over the timescale of deposition,
which may have been on the order of 200–700 kyr for the
entire Baynunah Formation (Peppe et al., 2022).

Localities at Kihal (KIH 2) and Hamra (HMR 5) both
yielded multiple plant wax and pedogenic carbonate samples
that indicate mixed vegetation (16–62%C4, Table 18.8).
Tooth enamel data from Hamra (HMR 1, 2, 3,5,6) and Kihal
(KIH 1 and UL) similarly indicate a wide range of diets (2–
79%C4 and 62–82%C4, respectively). The median dietary
values from these localities (65%C4 and 72%C4), are in
good agreement with the higher end of %C4 estimates from
the plant wax and pedogenic carbonate data from those same
sites. At the westernmost sampling point, Jebel Barakah,
pedogenic carbonate data indicate 32–55%C4 vegetation
whereas enamel data suggest 40–84%C4 vegetation in diets.

Table 18.7 Modern water isotope values for precipitation include measured values from the United Arab Emirates (UAE) and the GNIP station
from Bahrain (n = 102; 2r) and modeled values for western Abu Dhabi based on the Online Isotopes in Precipitation Calculator (OIPC; 95% CI).

Precipitation location d18O (‰, VSMOW) dD (‰, VSMOW)
Bahrain airport (GNIP station) +0.5 ± 5.6 +12.4 ± 35
UAE (Rizk and Alsharhan, 2003) +0.8 +12.4
OIPC (Bowen 2019) +0.1 ± 0.4 +12.4 ± 17.3
Average +0.5 +12.4

Table 18.8 Summary statistics of percent C4 vegetation and diet at different Baynunah Formation fossil sites. Median uncertainty in percent C4

calculations is ±12%.

Site Percent C4
Diet n-alkane Ped carb

Hamra 2 36 16 Min
79 52 63 Max
65 41 37 Median
13 3 9 N

Kihal 62 43 45 Min
82 52 62 Max
72 47 53 Median
2 2 2 n

Jebel Barakah 40 – 32 Min
84 – 55 Max
48 – 45 Median
6 – 3 n

Shuwaihat 0 – – Min
78 – – Max
50 – 48 Median
19 – 1 n

Ruwais 67 27 –

1 1 – n

All data 0 27 16 Min
84 73 63 Max
63 43 40 Median
24 15 15 1r
84 46 47 Range
65 7 15 n
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A single pedogenic carbonate sample from Shuwaihat shows
63%C4 vegetation, where a large sample of enamel indicates
diets ranged from 0 to 78%C4 (SHU 1, 2, and 4). A single
plant wax sample from Ruwais (RUW SE) yielded the most
negative d13Calkane value, representing an estimated 27%C4
vegetation. In contrast, a single hippo from this site had a
mixed but mostly C4 diet (67%). Finally, at Mleisa (MLS1),
the site of a proboscidean herd trackway (Bibi et al., 2012;
2022c), a single plant wax sample indicates 73%C4, the
highest recorded value in the Baynunah. The most abundant
proboscidean and most likely to be found in the open envi-
ronment at Mleisa is S. emiratus (Bibi et al., 2012; Sanders,
2022), which has a median diet of 65%C4. Mazzini and
Kovacova (2022) reconstruct the Mleisa (MLS1) trackway
site as a low energy, non-marine, seasonally-inundated plain
based on ostracod and charophyte fossil remains. Such a
brackish, fluctuating wet-dry environment may have sup-
ported C4 sedges, grasses, or halophytic C4 shrubs (e.g.,
Amaranthaceae or Chenopodiaceae). Sedimentological evi-
dence also points to periodic drying of the carbonate-rich
sediment based on desiccation cracks (Bibi et al., 2012).

Old World Vegetation from Carbon Isotopes

Vegetation reconstructions from carbon isotopes in pedo-
genic carbonates enable a direct comparison of Baynunah
ecosystems with those of contemporaneous sites in South

Asia (the Siwaliks) and in eastern Africa (Lothagam)
(Fig. 18.9). The timing and rate of spread of C4 vegetation
differ between Africa and South Asia. The onset of the C4

expansion in Africa started at *10 Ma, whereas C4 vege-
tation spread more rapidly in South Asia than in Africa,
starting at *7.5 Ma (Behrensmeyer et al., 2007; Feakins
et al., 2013; Polissar et al., 2019; Quade et al., 1989; Uno
et al., 2016a). The age uncertainty of the Baynunah For-
mation precludes comparisons about the timing and rate of
diet and ecosystem change in relation to these other sites, but
the carbon isotope data still provide a basis for paleoenvi-
ronmental comparisons, particularly concerning the degree
of local woody cover. Data were compiled from all sites
ranging from 8 to 6 Ma (Behrensmeyer et al., 2007; Cerling
et al., 2003a; Kingston, 1999), updated to the GPTS of
Gradstein and Ogg (2012) where relevant, and converted to
fraction woody cover (fwc) using the equation of Cerling
et al. (2011) (Fig. 18.10). As a functional classification,
Cerling et al. (2011) used >80% woody cover to denote
forest habitats, 80–40% as (grassy) woodland, bushland, or
shrubland, 40–10% as woody grasslands, and <10% as
grasslands. The data indicate that Baynunah and Lothagam
were similar to each other, with 74 and 76% of sample
values, respectively, indicating woody grasslands, and ca.
5% of values indicating grasslands (Table 18.9). Only ca.
25% of values at these sites have fwc >40%. In contrast,
during the same late Miocene interval in the Siwaliks, more

0˚ 30˚ 60˚ 90˚ 120˚0˚ 30˚ 60˚ 90˚ 120˚
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Fig. 18.9 Late Miocene vertebrate fossil sites where large stable isotope data sets are available. Paleogeography is based on a 7 Ma plate
reconstruction using the Ocean Drilling Stratigraphic Network’s Plate Tectonic Reconstruction Service (http://www.odsn.de/odsn/services/
paleomap/paleomap.html) and modern zoogeographic zones are from Holt et al. (2013).
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than 72% of the data indicate woody-dominated ecosystems
(fwc > 40%), with woody grasslands and grasslands making
up only 24 and 4% of samples, respectively (Fig. 18.10).

Hydroclimate Evidence for Monsoon Conditions

The climate of the Baynunah region today is characterized
by warm temperatures and very low mean annual precipi-
tation that results in a hyperarid ecosystem incapable of
supporting the diversity of large mammals that lived there

during the late Miocene. Conditions during the late Miocene
were clearly much wetter than present and the ensuing dis-
cussion aims to provide isotopic evidence for a wetter and
highly seasonal climate.

The late Miocene d18Osw value, which is a maximum
estimate of the d18Oprecip due to soil water evaporation, is
4‰ more negative than the estimated modern-day d18Oprecip

(Table 18.7). There are three major mechanisms that could
lead to such a difference between late Miocene and modern
d18O values. The first is the amount effect, whereby higher

Fig. 18.10 Cumulative distribution of fraction woody cover (fwc) data derived from d13C values of pedogenic carbonates from Baynunah (red
circles), Lothagam (purple triangles), and the Siwaliks (gray squares) from 8 to 6 Ma. Data are from Cerling et al. (2003a); Kingston (1999); and
Behrensmeyer et al. (2007).

Table 18.9 Fraction woody cover (fwc) data calculated from pedogenic carbonate d13C values from Baynunah, Lothagam, and the Pakistani
Siwaliks. Data from the latter two sites are restricted to 8–6 Ma and all paleomagnetic based ages for the Siwaliks were updated to the timescale of
Gradstein and Ogg (2012). Data are from Kingston (1999), Cerling et al. (2003a), Quade et al. (1989), and Behrensmeyer et al. (2007).

fwc Ecosystem type Percent of data set by site
Baynunah (%) Lothagam (%) Siwaliks(%)

>0.4 Grassy woodland, bushland or shrubland to forest 26 24 73
0.4 to 0.1 Woody grassland 69 70 24
>0.1 Grassland 5 6 3
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mean annual precipitation (MAP) results in lower d18Oprecip

values (Dansgaard, 1964). The second is what is often called
the continental effect, whereby an increase in the distance
between the site of precipitation and the source water results
in a decrease in the d18Oprecip value through Rayleigh dis-
tillation (Dansgaard, 1964). The third mechanism is changes
in the temperature of source water (i.e., sea surface tem-
perature), which affects the fractionation factor between
liquid and vapor during evaporation.

The amount effect, or higher MAP, is the most likely
cause for the more negative d18O values in the late Miocene.
The amount effect is the dominant control on isotopic vari-
ability in precipitation at low latitudes, where mean annual
temperature variability is small and therefore the temperature
effect on the d18Oprecip is low. Multiple lines of evidence
supporting our interpretation of the oxygen isotope values as
indicative of higher MAP include geological, paleontologi-
cal, modeling, and geochemical data. The fluvial deposits of
the Baynunah Formation provide evidence for a variable but
primarily low energy, braided river system, which requires
regionally wetter conditions than present (Friend, 1999;
Schuster, 2022). Other sedimentary facies, such as ostracod
rich carbonate muds at Mleisa, provide evidence for local,
seasonally inundated fresh to brackish environments (Mazz-
ini & Kovacova, 2022). The assemblage of large mammals
and the associated ecosystems required to support their diet
and water needs also point to higher rainfall in the region.

Vegetation reconstructions also provide clues about the
rainfall regime of the Baynunah sites. Modern savannas are a
good analogue for the mixed C3-C4 ecosystems that existed
in the Baynunah. In modern African savannas – ecosystems
that are the closest geographically and floristically to the
Arabian Peninsula – MAP ranges from *150 to 1200 mm
(Sankaran et al., 2005), which provides a general constraint
for the late Miocene Baynunah. In contrast, modern Abu
Dhabi Emirate receives significantly less than 100 mm MAP
today. A late Miocene climate model by Tang et al. (2011)
suggested that annual and seasonal temperature and precip-
itation values in the late Miocene were not greatly different
from those today, with perhaps slightly wetter summers and
slightly drier winters. A more recent model by Zhang et al.
(2014) suggests higher MAP in Baynunah times as a result
of a more northerly positioned Intertropical Convergence
Zone in the late Miocene; in their study, the Baynunah
region is crossed by a 800 mm MAP isopleth (and bounded
between 400 to 1200 mm MAP isopleths), which is within
the range of modern savanna ecosystems and therefore
seems a reasonable estimate for the late Miocene Baynunah.
Increased rainfall over this part of the Arabian Peninsula
may have also occurred much more recently. A Pleistocene
reconstruction of Arabian paleoprecipitation from an
ensemble of GCM models suggests a MAP of 200–600 mm

for western Abu Dhabi Emirate during the last inter-
glacial, *130 ka (Jennings et al., 2015).

Whereas multiple lines of evidence suggest higher pre-
cipitation in the late Miocene, there is less support for the
other two mechanisms that might explain lower d18O values.
Changes in the vapor source or transport distance were likely
minimal because there have not been changes in regional
paleogeography since the late Miocene that would signifi-
cantly affect the distance of the Baynunah region to the
Arabian Sea and Indian Ocean, which were likely the main
moisture sources for precipitation (Fig. 18.9 and see fig. 9 in
Popov et al., 2004). Therefore, we rule out the influence of
vapor transport distance on the changes in d18O values. The
third possible mechanism, a change in source water tem-
perature, is not likely responsible for the observed d18O
values. This would require cooler SSTs when in fact Arabian
Sea SSTs were about 2–3 °C warmer in the late Miocene
compared to present (Huang et al., 2007; Zhuang et al.,
2017).

The intratooth oxygen isotope profiles and the inverse
model results from equid teeth provide new and important
information that support a highly seasonal, monsoonal pre-
cipitation regime. We interpret the intratooth profile data
from the Baynunah equids as indicating a single rainy season
represented by more negative d18Oenamel values, followed by
a long dry season with more positive d18Oenamel values
(Fig. 18.8). This interpretation fits the relationship observed
in other studies where the amount effect is dominant. In a
study of modern equids, Blumenthal et al. (2019) show that
the d18Oenamel range in intratooth profiles scales with the
d18O range in precipitation in low latitudes. Lower d18O
precipitation values in the tropics generally correspond to
wet seasons. The modern equid data support this interpre-
tation of the Baynunah data.

The corresponding equid d13Cenamel profiles in turn reveal
increased C4 feeding during the wet season – presumably the
preferred diet – and increased C3 feeding during the dry
season – presumably the fall-back resource (Fig. 18.8). The
modeled intratooth d18Oenamel ranges are very high,
approaching 11‰, indicating strong seasonality. These iso-
topic data cannot simply be converted to absolute rainfall
values, but the measured range of d18Oenamel values in
Baynunah equids (4.7 ± 0.9‰) is more than 2‰ greater
than the range observed in coeval (8 to 6 Ma) profiles from
equid teeth from the Siwaliks (2.6 ± 0.8‰; (Nelson, 2005).
This suggests much greater seasonality of precipitation in the
Baynunah than in the Potwar Plateau of Pakistan during the
late Miocene. While seasonal variability in the d18O values
of meteoric water likely dominate the d18Oenamel profiles,
other factors such as changes in water source related to
dietary change or animal physiology and behavior likely
play a secondary role.
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Oxygen isotope data from bulk tooth enamel provide
further evidence for strong seasonality (Fig. 18.7). There is a
nearly 12‰ difference between the median values of the
water-dependent hippos (low d18Oenamel), and the less
water-dependent giraffids (high d18Oenamel). Following the
terminology of Levin et al. (2006), hippos are an evaporation
insensitive (EI) taxon whose d18Obw values most closely
track meteoric water, whereas giraffes are an evaporation
sensitive (ES) taxon whose d18Obw values are sensitive to
aridity because a high fraction of their ingested water comes
from leaf water that is subject to evaporative enrichment of
18O by local aridity. The high d18Oenamel values of the gir-
affes stand out among other taxa in the Baynunah because it
is the only ES lineage at the site (discussed below). Fur-
thermore, the giraffe data stand out because most of the
sampled teeth show mixed or C4 diets that differ from extant
giraffe diet and because they all come from the same site
(RDB 2), so their anomalously high d18Oenamel values may
reflect a highly localized signal. Thus, we refrain from
applying the updated equation for calculating water deficit
(WD) from Blumenthal et al. (2017) to the Baynunah enamel
data. However, we note that the *12‰ difference between
ES and EI d18Oenamel is similar to that for the Lake Turkana
(Kenya) region today, where WD is ca. 2300 mm/yr. The
large d18Oenamel offset between ES and EI taxa demonstrates
the Baynunah environment was characterized by high arid-
ity, further supported by the large amplitude in the equid
intratooth profiles.

We interpret the evidence for highly seasonal precipita-
tion as indications of a well-developed monsoon. The
presence of a single wet season is more like the situation
seen today in the African Sahel or parts of the Indian
Peninsula, rather than the dual rainy season of modern East
Africa. The monsoonal climate would have exerted major
controls on the local vegetation structure, with long dry
seasons and concentrated precipitation resulting in a high
abundance of C4 grasses and low fraction of woody cover
(Good and Caylor, 2011). Together, the intratooth carbon
and oxygen isotope profiles provide evidence for the pres-
ence of intense, monsoon-style hydroclimate seasonality,
with significant seasonal changes in vegetation.

Finally, the equid intratooth profiles from Baynunah and
the Siwaliks indicate that in both regions a monsoon system
exerted primary control of hydroclimate. The seasonality of
precipitation was stronger at Baynunah based on the intra-
tooth amplitude of d18O. Intratooth profiles from coeval
African Lothagam fauna could help constrain seasonality
there during the late Miocene. Precipitation amounts at
Baynunah are estimated at *800 mm/year based on regio-
nal climate models (Zhange et al., 2014), whereas at
Lothagam, the ecometric approach suggests a MAP of
900 ± 500 mm (Fortelius et al., 2016).

Dietary Reconstructions in Local
and Global Contexts

The Baynunah tooth enamel carbon isotope data indicate a wide
range of diets among Proboscidea, Perissodactyla, and Artio-
dactyla, including species with C3-dominated, mixed C3–C4,
and C4-dominated diets at Baynunah. The majority of species
have mixed C3–C4 or C4-dominated diets, which generally
agrees with the grassy woodland (or bushland) to woody (or
bushy) grassland ecosystems reconstructed from the plant wax
and pedogenic carbonate isotopes. Carbon isotope data show a
range of 14‰ and the oxygen isotope data a range of *17‰
across Baynunah fauna. Under the vegetation and hydroclimate
framework discussed above, we discuss dietary reconstructions
for the Baynunah ungulates, using oxygen isotope data to fur-
ther evaluate water use, reliance, and relevance to diet. These
data are contextualized through comparison with published
enamel isotope data of other late Miocene (8–6 Ma) faunas
from the Siwaliks (Potwar Plateau, Pakistan), Lothagam (Tur-
kana Basin, Kenya), and Toros Menalla, Chad, all of which
have varying degrees of taxonomic affinities to the Baynunah
fauna (Figs. 18.9 and 18.11). We focus our comparison of
Baynunah enamel isotope data primarily to Lothagam and the
Siwaliks, from where the largest data sets are available (Badgley
et al., 2008; Uno et al., 2011). For the d18O data reported in
Badgley et al. (2008), we were unable to verify whether or not
some or all values were calculated using the temperature
dependent acid fractionation factor determined for enamel as
was done for the values presented from Baynunah (this study)
and Lothagam (Uno et al., 2011). Furthermore, we also caution
that due to limited sample size of enamel powders, Lothagam
enamel samples were not pretreated the way that samples from
Baynunah and presumably Badgley et al. (2008) were. Thus,
there may be d18O offsets of up to *±2‰ relative to treated
samples.

Artiodactyls

While at least eight species of Bovidae are present in the
Baynunah fauna (Bibi, 2022) only two species were sam-
pled, the C3-dominated to mixed feeding Miotragocerus
cyrenaicus and the mixed to C4-dominated feeding Pachy-
portax latidens. Together, these two large species span a
wide range of the C3-C4 dietary spectrum. These two species
had diets more similar to bovids from Lothagam (Fig. 18.11)
than from the Siwaliks, despite closer taxonomic affinities
with the latter. In the Siwaliks, bovids from 8 to 6 Ma still
had mostly C3-dominated to mixed diets, with only a few
having C4-dominated diets and almost none having the
mixed diets observed at Baynunah (Fig. 18.11). Tragopor-
tax pilgrimi from the Siwaliks had a C3-dominated diet
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from * 8.5 to 8 Ma but from 7.3 Ma onwards shows a
mixed to C4-dominated diet. Limited data from three
Pachyportax samples from the Siwaliks, all from * 7.3
Ma, show it was a mixed feeder (Badgley et al., 2008).
Baynunah bovid d18O values fall closer to those of the
Siwaliks than those from Lothagam (Fig. 18.11). One might
interpret this as slightly more mesic environments in the
Siwaliks and more arid at Lothagam, but it could be the
result of different source water values in each region.

Extant giraffids are represented by Giraffa and Okapia,
both dedicated browsers. The Baynunah giraffids, in con-
trast, include the earliest evidence for C4 grazing in a
giraffid. Kingston (1999) previously discussed this obser-
vation, and here we add two additional sivathere specimens
(AUH 204 and AUH 1124) that confirm that these early
large giraffids had C4-dominated diets. The median oxygen
isotope value for the Baynunah sivatheres (+4.3‰) is 9‰
more positive than the median value for all other Baynunah
large mammals (−4.7‰; Fig. 18.7), which indicates a major

difference in physiology or water-use strategy from the other
Baynunah large mammals, a pattern observed at other late
Miocene sites (Domingo et al., 2017). One possible mech-
anism that would lead to the high d18O values is that these
sivatheres may have ingested most of their water from
evaporated leaf water or drank from an evaporated water
source. The other sampled giraffid, tentatively assigned to
Palaeotragus aff. germaini or cf. Samotherium, had a C3-
dominated diet, similar to those at Lothagam and in the
Siwaliks (Fig. 18.11), but also a very high d18Oenamel value.
The elevated d18Oenamel values observed in these fossil
giraffids suggests that they obtained most of their water
intake from plant water, as is observed in modern giraffes.
All Baynunah giraffids come from the Ras Dubay’ah 2
(RDB 2) locality, which alternately might have been more
arid relative to other Baynunah sites. Equids from Ras
Dubay'ah also show high oxygen isotope values relative to
those from all other sites (difference of *4.5‰), supporting
this notion.
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Fig. 18.11 Box plots of Baynunah (white), Lothagam (gray; Nawata Formation), Siwaliks (gray; late Miocene (8–6 Ma) data only), and Toros
Menalla (gray) carbon and oxygen isotope data from fossil enamel (Badgley et al., 2008; Boisserie et al., 2005; Cerling et al., 2003a; Kingston,
1999; Uno et al., 2011).
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The Baynunah hippopotamid, Archaeopotamus qeshta,
has the most C4-rich diet of all the taxa sampled (Fig. 18.7).
Extant Hippopotamus feeds along the banks or floodplains of
aquatic systems, often on C4 grasses and under the cover of
night. Perhaps a similar scenario unfolded along the banks of
the Baynunah river system. The Baynunah hippopotamids
also exhibit the narrowest dietary range of all the Baynunah
large mammals sampled, and narrower than the range
exhibited by hippopotamids at other contemporaneous sites
(Fig. 18.11). At both Lothagam and Toros-Menalla, hip-
popotamids maintained much wider dietary ranges and more
mixed C3-C4 diets (Boisserie et al., 2005; Uno et al., 2011).
Finally, we note that the Baynunah hippos exhibit the lowest
d18O values of all fauna, more than 3.5‰ more negative than
the median value of all non-hippo taxa, providing strong
support for a semi-aquatic lifestyle in early hippopotamines.
The isotope date from the Baynunah hippos support the idea
of the Hippopotamine Event around 8 Ma, which saw the
diversification of hippopotamids into aquatic habitats and C4

diets (Boisserie & Merceron, 2011; Boisserie & Bibi, 2022).
The suids are the only Baynunah artiodactyl with a C3-

dominated diet. Only three samples representing two spe-
cies, Nyanzachoerus syrticus and Propotamochoerus hysu-
dricus, were analyzed but all fall squarely within the C3

range. Coeval late Miocene suids from the Siwaliks, which
also include the taxon P. hysudricus, were also almost all C3

feeders (Badgley et al., 2008). In contrast, lower Nawata
suids, comprised primarily of Nyanzachoerus spp., had some
C3-dominated but mostly mixed diets (Uno et al., 2011;
Fig. 18.11). Thus, the diets of the Baynunah Suidae were
more similar to their South Asian counterparts.

Perissodactyls

Equids are common in the Baynunah, with nearly 200
specimens recovered from multiple sites and they comprise
over a third of the isotope data set. They are represented by
at least two species, “Hipparion” abudhabiense and a sec-
ond small “Hipparion” (Bernor et al., 2022). Baynunah
equids have a highly variable diet (24–84%C4), with most
sampled individuals falling into the mixed diet category.
Median d13C values are similar to those of S. emiratus and
A. qeshta. The intratooth profiles from six cheek teeth show
that they had seasonally variable diets that ranged from 22 to
97%C4 after taking enamel maturation and sampling
geometry into consideration. The profiles suggest con-
sumption of C4 grasses was highest during the wet season, as
indicated by a general inverse relationship between the
carbon and oxygen intratooth profiles (Fig. 18.8).

The diet of the Baynunah equids falls between that of
Siwaliks and Lothagam equids (Fig. 18.11). From 8 to
7 Ma, Siwaliks equids relied more on browsing (or C3

grazing) than those in the Baynunah, whereas African equids
were nearly all C4 grazers by this time. In late Neogene
fossil localities around the world, including East Africa,
South Asia, and North America, equids serve as the “first
responders” to C4 vegetation on the landscape (Morgan &
Kingston, 1994; Passey et al., 2002; Uno et al., 2011).
Although tempting, it is not possible to estimate the age of
the Baynunah fauna based on the amount of C4 vegetation in
their diets. The timing of initiation and rate of spread of C4

ecosystems varied significantly across continents between 10
and 3 Ma and as a result, the first indication of significant C4

vegetation (>50%) in equid diets is also varied. It occurs in
Africa at *10 Ma, in the Siwaliks around 8.7 Ma, and in
North America around 6.1 Ma (Badgley et al., 2008; Nelson,
2005; Passey et al., 2002; Uno et al., 2011).

Rhinocerotids are very rare in the Baynunah Formation.
The two tooth fragments analyzed from Shuwaihat (SHU 1)
indicate it was one of the few taxa that had a nearly pure C3

diet. Both fragmentary specimens were found within a year
of each other (1989 and 1990) at the same site and have
similar carbon and oxygen values, so it is possible they
represent the same individual. The diet of the Baynunah
rhinocerotid(s) was similar to the browsing forms at Lotha-
gam that included Brachypotherium lewisi, Ceratotherium
sp., and Diceros praecox (Uno et al., 2011).

Proboscideans

The dominant proboscidean in the Baynunah, Stegotetra-
belodon emiratus, had a mixed to C4-dominated diet. Ele-
phantidae and Gomphotheriidae from the Lower Nawata at
Lothagam also had mixed C3–C4 diets, but by the Upper
Nawata (*6.5 Ma) had all shifted to C4-dominated diets
(Fig. 18.11). The single gomphothere specimen from Bay-
nunah had a diet that was broadly similar to S. emiratus, but
with less C4 (48%) than its Lower Nawata counterparts.
Baynunah deinotheres, like those from Lothagam and the
Siwaliks (>8 Ma), had C3-dominated diets.

Baynunah Dietary Structure

It is interesting that the giraffids, hippopotamids, equids, and
elephantids, which together account for 80% of the samples
analyzed, show such high overlap of their carbon isotope
values (Fig. 18.7), suggesting significant overlap of their
dietary niches. Intratooth carbon isotope profiles reveal that
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the equids had seasonally variable diets, and the range of
carbon isotope values in elephants suggests this may have
been the case there too (Fig. 18.6). In contrast, the narrow
range of hippopotamid values suggests their diets were less
variable throughout the year. The giraffids occupied both
grazing and mixed feeding to browsing niches, but it is not
clear if seasonal variations in diet may have been present.
Intratooth profiles would be useful in this regard. What is
clear is the strong separation between the C3-dependent
(browsing) clades – deinotheriids, suids, and rhinocerotids –
and the mixed feeding to graze-dominated giraffids, bovids,
hippopotamids, proboscideans, and equids (Fig. 18.6). The
three browsers are all very rare in terms of number of
identified specimens, while the mixed-feeding to grazing
ungulates (particularly equids and hippopotamids) are far
more abundant (Bibi et al., 2022a, b, c). This suggests that
the landscape was likely a wooded grassland, as indicated
also by the pedogenic carbonate and plant wax d13C values.

The dietary structure of Baynunah large mammals is
more similar to Lothagam than the Siwaliks. Lothagam is
dominated by mixed feeding to graze-dominated herbivores,
whereas the Siwaliks at that time still had large C3-domi-
nated (browsing) herbivores, represented by suids and
bovids, and some mixed feeders. Equid intratooth profiles
from Baynunah and the Siwaliks indicate that in both
regions a monsoon system exerted primary control of
hydroclimate. The seasonality of precipitation was stronger
at Baynunah based on the intratooth amplitude of d18O.
Intratooth profiles from coeval African fauna could help
constrain seasonality there during the late Miocene.

Conclusions

Our findings indicate C4 grasses were an important part of
Baynunah ecosystems, and at an age of around 7 Ma, the
Baynunah represents one of the earliest wooded grasslands,
or mixed C3–C4 to C4-dominated ecosystems, known to
date. The strong reliance of the most abundant large mam-
mal clades on C4-feeding, even if only seasonally, indicates
large mammals were already well-adapted to (and almost
certainly co-evolved with) C4 grasses by this time. The
strong, monsoonal-type rainfall seasonality revealed by the
equid intratooth isotope profiles describe an ideal environ-
ment for the proliferation of C4 grasses.

The dominance of grasses however did not preclude the
presence of woody vegetation and cover, as at least one
giraffid, two suids, a deinotherid, and a rhinocerotid sub-
sisted entirely on C3 resources, most likely browse. The
resulting ‘mosaic’ of grasslands and trees is typical for the
diversity of habitats collectively referred to as savannas,
which today are characteristic of much of sub-Saharan
Africa, and during the late Miocene were widespread across
Afro-Arabia and large tracts of Eurasia (Fortelius et al.,
2002; Kaya et al., 2018).
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