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The tooth enamel of amammalian fauna from the uppermost Miocene/lower Pliocene Irrawaddy sediments at
Chaingzauk, west-central Myanmar were analyzed using stable carbon and oxygen isotopes. The δ13C values
of porcupines, tragulids, rhinocerotids, suids and proboscideans show that these mammals preferentially
consumed C3 plants in a wooded environment, whereas the δ13C values of bovids and hippopotamids indicate
that they were grassland-adapted grazers to mixed feeders. In contrast to the thorn scrub, grassland and
shrubland vegetation of present-day central Myanmar, stable carbon isotope results of the Chaingzauk fauna
suggest a presence of wooded environment in the Chaingzauk area at that time. Present-day arid conditions
are likely to have been caused by the uplift of the Indo-Burman Ranges due to the Himalayan Orogeny during
the late Miocene to Pliocene, resulting in a rainshadow effect in central Myanmar. Furthermore, southward
marine regression due to the rapid influx of sediments from the Indo-Burman Ranges, Eastern Himalayan
Ranges and Sino-Burman Ranges into the Central Myanmar Basin in the Miocene to Pliocene might have
played an important role in the aridification of this region since the lower Pliocene.
ung-Maung-Thein).
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1. Introduction

TheNeogene Irrawaddy sediments arewidely distributed along the
Ayeyarwady (Irrawaddy) and Chindwin Rivers in central Myanmar
(Fig. 1), and yield a variety of fossils such as silicified wood, molluscs,
and terrestrial and aquatic vertebrates. Mammalian fossils from
these sediments have been documented since the late 19th Century
(e.g. Lydekker, 1876) and have been biostratigraphically correlated
with those from the Siwalik Group of the Indian Subcontinent (Bender,
1983; Colbert, 1938, 1943; Pilgrim, 1939).

The stable isotopic evidence from paleosols and fossil teeth on the
Indian Subcontinent indicate that many C3 plant-dominant forests
were replaced by C4 grasslands between 8 Ma and 6 Ma, corresponding
to the global floral turnover (Cerling et al., 1993; Quade and Cerling,
1995; Quade et al., 1992), and Sivapithecus, a large hominoid, became
extinct presumably due to the fragmentation of forests (Nelson, 2007).
Such floral transitions also probably occurred in Southeast Asia due
to the effect of an enhanced monsoon since the Miocene. For example,
the environment of the late Middle Eocene of central Myanmar was
warm and humid with tropical forests near the sea (Tsubamoto et al.,
2005). The abundance of silicified fossil wood like Dipterocarpaceae
(Prakash, 1973) and remains of forest dwelling mammals from the
early Neogene sediments of Myanmar suggest the persistence of
tropical rainforests in the early Neogene. However, present day central
Myanmar is relatively arid with little forest cover, and is the driest
region in Southeast Asia, receiving between 600 and 1000 mm of
annual rainfallwith a dry season lasting for about eightmonths (Kress et
al., 2003). Accordingly, it is expected that there was a large shift in the
paleoenvironment from relatively humid conditions to the present
day arid conditions during the late Neogene in central Myanmar. In
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Fig. 1.A, Geographic position of Chaingzauk area, Pauk township, centralMyanmar and its geologicalmap (after theGeologicalMap of Burma; Earth Sciences ResearchDivision, 1977).
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spite of these expected climatic changes in Southeast Asia, precise
paleoenvironmental analyses using stable isotopes in this region have
not yet been well documented.

In this article, we explore the paleoenvironmental change in
Southeast Asia during the late Neogene in relation to the Himalayan
Orogeny and the formation of the monsoon, using stable carbon and
oxygen isotope analyses of tooth enamel of the fossil mammals
discovered in the Irrawaddy sediments at the Chaingzauk area, in
the western part of central Myanmar. Then, we reconstruct the
paleoenvironment of the Chaingzauk fauna. Finally, we discuss the
environmental change from the humid conditions at the Miocene/
Pliocene boundary to the relatively dry conditions in centralMyanmar,
on the basis of the geological and paleogeographical context.

2. Geological and paleontological setting

2.1. Geological background

TheNeogene Irrawaddy sediments (=Fossil wood Group: Theobald
1869; = Irrawaddian Series: Noetling, 1900; = Irrawaddy Formation:
AungKhin andKyawWin, 1969;= IrrawaddyGroup: Bender, 1983) are
mainly composed of the fluviatile sediments derived from the Indo-
Burman Ranges, Eastern Himalayas and Sino-Burman Ranges. Its
thickness has been estimated to be 2000 to 3000 m (Bender, 1983;
Wandrey, 2006). These sediments unconformably overlie the predom-
inantly marine deposits of the Oligocene to Miocene Pegu Group, and
are overlain by the middle Pleistocene to Holocene Terrace Deposits
(Aung Khin and KyawWin, 1969; Stamp, 1922).

The Irrawaddy sediments are traditionally subdivided into the
“Lower Irrawaddy” and “Upper Irrawaddy” based on the lithological
and palaeontological criteria (Bender, 1983; Colbert, 1938; Stamp,
1922). The Lower Irrawaddy is correlated with the Dhok Pathan
Formation of the Siwalik Group, suggesting a late Miocene to early
Pliocene age, based on the vertebrate fossils. On the other hand,
the Upper Irrawaddy has conventionally been referred to the Early
Pleistocene (Bender, 1983; Colbert, 1938, 1943). The Upper Irrawaddy
fauna shows close resemblance to the Tatrot and Pinjor Faunas of
the Indian subcontinent, suggesting the extension of its geological
age to the Pliocene. Note: Although the Pliocene–Pleistocene
boundary has recently been redefined to 2.59 Ma (IUGS, 2009), the
Pliocene and Pleistocene here refer to the former boundary age
(1.8 Ma) to avoidmisrepresenting previous work on correlations with
the Siwalik Fauna.

The Lower Irrawaddy sediments in the Chaingzauk area are
exposed near the north–south trending axis of the Salin Syncline
in the western part of central Myanmar (Fig. 1). In the syncline, the
Late Miocene to Early Pleistocene massive sandstone and gravels of
the Irrawaddy sediments are exposed in the central part, while the
Eocene to Miocene deposits outcrop in the eastern and western flanks
(Trevena et al., 1991). The sediments of the syncline are thick, estimated
as more than 9000 m in thickness, containing lithic sandstones that
alternate with the transgressive shallow marine shales (Trevena et al.,
1991). Sedimentary facies and paleocurrent studies indicate that north
and south prograding tidal deltas and associated Proto-Ayeyarwady
River deposited sediments in this syncline (Rodolfo, 1975; Stamp, 1922;
Trevena et al., 1991).

The fossil-bearing Irrawaddy sediments at Chaingzauk cover about
16 km2 and are dominated by pebbly sandstone, weakly consolidated
sandstone and siltstone with clay intercalation. Trough cross stratifi-
cation, as well as parallel laminations, are observed in sandstone
horizons. The vertebrate fossils were mostly recovered from pebbly
sandstonehorizons. In the columnar section of one of the fossil bearing
localities, the lower part of the sequence is dominated by silt and
fine-grained sandstone with lamination and trough stratification,
whereas the upper part is dominated by pebbly sandstone, suggesting
deposition in a fluvial environment with moderately strong energy
conditions (Reading, 1996) (Fig. 2).

2.2. Geological age of the Chaingzauk mammalian fauna

Cotter (1938) first reported the remains of ungulates from
Chaingzauk area and suggested its correlation with the Tatrot Fauna



Fig. 2. Columnar section of the fossil-bearing Irrawaddy sediments at Chaingzauk.

Table 1
List of mammalian fossils from the Irrawaddy sediments at Chaingzauk area.

Primate
Cercopithecidae Hippopotamidae

Cf. Trachypithecus sp. Hexaprotodon sivalensis
Rodentia Hexaprotodon iravaticus
Hystricidae Suidae

Hystrix sp. Sivachoerus prior
Carnivora Propotamocheorus hysudricus
Ursidae Bovidae

Agriotherium sp. Cf. Tragoportax sp.
Hyaenidae Cf. Selenoportax vexillaris

Cf. Ictitherium sp. Cf. Selenoportax lydekkeri
Artiodactyla Perissodactyla
Anthracotheriidae Rhinocerotidae

Merycopotamus dissimilis Rhinoceros sp.
Gen. et. sp. indet Proboscidea

Tragulidae Stegodontidae
Dorcatherium sp. Stegodon sp.
Dorcabune Cf. anthracotherioides Gomphotheriidae

Sinomastodon sp.
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of the upper Siwalik Group. Pilgrim (1939) also described a bovid,
Tragoportax cf. islami from same area, suggesting its correlationwith the
Dhok Patan Fauna. However, therewas nopaleontological expedition in
this area after these preliminary reports until the Myanmar–Japan Joint
Fossil Expedition Team (collaboration between the Primate Research
Institute, Kyoto University, Japan and the Government of Myanmar)
began paleontological research at Chaingzauk in 2003. This effort has
since recovered more than 1200 fossil specimens by surface collection.

The Chaingzauk fauna consists of colobine monkeys, porcupines,
carnivores, tragulids, boars, bovids, hippopotamuses, anthracotheres
andelephants representing15generaofmammals (Table1).Among the
Chaingzaukmammals, the presence of the hippopotamidHexaprotodon
suggests that the geological age of the Chaingzauk is not older than
6 Ma because they are suggested to have first dispersed into Asia
around 6.3 Ma from Africa, and Hex. sivalensis appeared in the Indian
Subcontinent about 6 Ma (Van Der Made, 1999; Barry et al., 2002;
Badgley et al., 2008). The occurrence of the large-sized suid Sivachoerus,
which is assumed to havemigrated into South and Southeast Asia in the
latest Miocene (Pickford, 1988), also constrains the lower biostrati-
graphical range of the Chaingzauk fauna from ~6 to ~5 Ma. On the other
hand, the occurrence of the suid Propotamochoerus hysudricus suggests
an older geological age correlation because this cladewas distributed in
Siwalik of northern Pakistan from 12.2 to 6.5 Ma (Badgley et al., 2008).
However, it survived until the latest Miocene (~6 Ma) in the Ertemte
Faunaof InnerMongolia (Li et al., 1984) and the Early Pliocene in Europe
(Hünermann, 1999), constraining the upper biostratigraphical range
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of the Chaingzauk fauna to around 5 to 4 Ma. Likewise, the occurrence
of tragulids, Dorcatherium and Dorcabune, also constrains the upper
biostratigraphical range of Chaingzauk fauna to ~6 Ma because they
were distributed from 14 to 6 Ma on the Indian Subcontinent (Badgley
et al., 2008) and in the Late Miocene of China (Lucas, 2001; Rössner,
2007).

3. Application of stable isotopes in paleoenvironmental analysis

3.1. Carbon isotopes

Stable carbon isotope analysis of extant and extinct herbivores
shows that the carbon isotope composition of body tissues reflects
the composition of vegetation consumed (DeNiro and Epstein, 1978;
van der Merwe and Vogel, 1978; van der Merwe, 1982; Lee-Thorp and
van der Merwe, 1987; Lee-Thorp et al., 1989; Quade et al., 1995;
Cerling et al., 2003a,b; Nelson, 2003). The carbon isotopic composition
(δ13Csample-VPDB=([13C/12C] sample / [13C/12C] VPDB−1)×1000‰) is
informative of the diet and habitat of animals due to the differences
in rates of 13C and 12C assimilation between plants, which are
transferred to the body tissues of fauna feeding on them (DeNiro and
Epstein, 1978). Particularly, tooth enamel of herbivores has been used
to reconstruct paleodiet, habitats, and climate change because it is less
susceptible to diagenesis than bone (Cerling et al., 1997a,b; Lee-Thorp
et al., 1989).

Terrestrial plants use three types of metabolic pathways to fix CO2

from the atmosphere: the C3 photosynthesis pathway (the Calvin
Cycle); the C4 photosynthesis pathway (Hatch–Slack cycle) and the
CAM (Crassulacean Acid Metabolism) pathway (Ehleringer et al.,
1991; Bender, 1971). C3 plants, which include most trees, shrubs,
and high-altitude or high-latitude grasses, utilize the RuBisCO enzyme
in the C3 photosynthetic pathway to fix CO2, forming three-carbon
sugars. C4 plants, which include tropical grasses and sedges, have
an additional preliminary step that uses PEP carboxylase in meso-
phyll cells to fix CO2 resulting in a four-carbon acid, which is then
transferred to bundle sheath cells, decarboxylated, and the CO2 then
fixed in a second step using RuBisCO (Farquhar et al., 1989). This
physiological adaptation increases the CO2 assimilation efficiency, and
as a byproduct, the water use efficiency of C4 plants is greater than
that of C3 plants. CAM plants, which include xeric-adapted desert
succulents such as cacti, carry out carbon assimilation at night via the
C4 pathway; the CO2 fixed is stored as four-carbon acids to be released
during the day and fixed via C3 pathway when the plant's stomata can
be closed to conserve water (O'Leary, 1988).

Because of their different physiology, the C3 and C4 photosynthetic
pathways exhibit different δ13C values with most C3 plants ranging
from about −22‰ to −35‰, whereas most C4 plants fall between
−10‰ and −15‰ (Bender, 1971; Vogel, 1980). On the other hand,
CAM plants yield δ13C values between −10‰ and −20‰, partially
overlapping with the range of C4 plants (O'Leary, 1988). In this study,
CAM plants were disregarded because such desert-adapted plants
were unlikely to be observed in the vegetation types of the Miocene/
Pliocene Chaingzauk flora.

The isotopic distinction between C3 and C4 plants allows the
discrimination of browsing versus grazing diet in the isotopic
composition of tooth enamel carbonate. Enamel bioapatite reflects
the carbon isotopic composition of the plants consumed, with
enrichment of 13C due to metabolic processes and equilibrium
constraints. The enrichment factor between the ingested plants and
the enamel apatite ranges from 12 to 14‰ due to the different
digestive system of herbivores (ruminant vs. nonruminant; Lee-Thorp
and van der Merwe, 1987; Lee-Thorp et al., 1989; Cerling and Harris,
1999; Passey et al., 2005). The enrichment factor for all taxa analyzed
in the present study is assumed to be 14‰, as suggested by Cerling and
Harris (1999) in an extensive analysis of ungulates. Therefore, δ13C
values of enamel ranging from −20‰ to −7‰ represents browsing
C3 plants. In contrast, a δ13C value of−1‰ to 4‰, indicates grassland-
adapted C4 grazers. Intermediate δ13C values between C3 and C4 plant
eaters represent mixed feeding on both C3 and C4 plants (Cerling,
1997; Cerling and Harris, 1999; Kohn and Cerling, 2003). However,
δ13C values for extant herbivores are more 13C-depleted by approx-
imately 1.5‰ than for fossil mammals due to the atmospheric 12CO2

enrichment during the industrial revolution (Cerling et al., 1997a,b;
Passey et al., 2002). Therefore, δ13C values between−21‰ and−8‰
reflect a C3 diet, whereas values between −2‰ and 3‰ indicate a
C4 diet when interpreting the paleoenvironment (Cerling and Harris,
1999; Cerling et al., 2003a, b). The herbivores that fed in closed canopy
forests are expected to have lower δ13C values compared to those
feeding in more open environments because of the recycling of CO2

on the forest floor and low light intensities at ground level, resulting
in low δ13C values in plants (Cerling et al., 2004; van der Merwe
and Medina, 1991). For the present analysis, δ13C values of tooth
enamel from ungulates more negative than −14‰ are considered to
represent sub-canopy browsing in multi-tiered, closed canopy
forests, −14‰ to −12‰ for browsing in forest, −12‰ to −8‰ for
browsing in woodlands, and−8‰ to 3‰ for themixed feeding and/or
grazing inmore openhabitats (Cerling et al., 1997a,b, 2004; Kohn et al.,
2005).

3.2. Oxygen isotopes

The stable oxygen isotopic composition of tooth enamel (δ18Osample-

VPDB=([18O/18O] sample/[18O/180] VPDB−1)×1000‰) in mammals is
useful in reconstructing the diet and habitat preferences as well as
seasonality (Fricke and O'Neil, 1996; Longinelli, 1984). The δ18O values
of tooth enamel or body water is controlled by the oxygen isotopic
composition of ingested water, which is related to precipitation,
latitude, altitude, aridity and evaporative processes, physiological
and behavioral water conservation factors as well as metabolic
processes (Kohn, 1996; Kohn et al., 1996; Luz and Kolodony, 1985;
Luz et al., 1984).

Paleoenvironmental interpretation derived from δ18O values is not
simple as with the carbon isotopic composition because of the
complexity of oxygen flux in mammals. There are several principles
that can be applicable for interpreting the δ18O variation: the δ18O
values for mammals that frequently drink water depend on rainwater
δ18O values, whereas drought-tolerant animals usually have relatively
higher δ18O values (Ayliffe and Chivas, 1990; Kohn et al., 1996;
Levin et al., 2006). Thus aquatic or semi-aquatic mammals such
as hippopotami generally have lower δ18O values than associated
terrestrial mammals (Bocherens et al., 1996; Cerling et al., 2003b;
Clementz et al., 2008); grassland-adapted grazers may generally yield
more enriched δ18O values than forest dwelling browsers (Bocherens
et al., 1996; Sternberg et al., 1989); and carnivores are depleted in
18O relative to herbivores (Sponheimer and Lee-Thorp, 2001).

3.3. Serial carbon and oxygen isotope analysis

The δ18O value of ingested water is controlled by local precipita-
tion and water resources, and is potentially modified by evaporative
effects (Longinelli, 1984). The variation in oxygen isotopic composi-
tion has been attributed to environmental temperature changes,
leading to the enrichment of 18O in warmer conditions and depletion
of 18O in cooler conditions (Bryant et al., 1996). Thus, higher δ18O
values indicate summer and lower δ18O values indicate winter in
temperate regions. In the tropics, where environmental temperatures
remain above 20 °C, the “amount effect” is dominant, whereby lower
δ18O values indicate periods of increased rainfall compared to higher
values during dry periods (Dansgaard, 1964; Feranec and MacFadden,
2000; Higgins and MacFadden, 2004). Some herbivorous mammals
such as horses, bison, and rhinocerotids have high-crowned teeth.
These teeth preserve an isotopic record of a certain time span because



Table 2
Stable carbon and oxygen isotopic values of Chaingzauk mammals.

NMMP-
KU

Family Taxa Tooth δ13C
(V-PDB)

δ18O
(V-PDB)

IR0822 Hystricidae Hystrix P/4 −12.7 −7.3
IR0542 Ursidae Agriotherium M/3 −3.6 −8.2
IR1308 Tragulidae Dorcabune M/2 −9.7 −6.3
IR1306 Antharocotheriidae Merycopotamus P4/ −1.1 −6.4
IR0797 Hippopotamidae H. iravaticus M/2 −1.7 −7.8
IR0802 Hippopotamidae H. sivalensisa M3/ −0.4 −6.0
IR0803 Hippopotamidae H. iravaticusa Canine −1.2 −6.6
IR0806 Hippopotamidae H. iravaticusa M3/ −1.2 −6.6
IR0807 Hippopotamidae H. sivalensis P4/ −1.0 −6.3
IR0815 Hippopotamidae Hexaprotodona Canine 0.7 −6.7
IR1332 Hippopotamidae Hexaprotodona M/3 2.5 −6.2
IR1124 Hippopotamidae Hexaprotodon Canine 2.7 −7.5
IR1125 Hippopotamidae Hexaprotodon M/3 0.8 −8.4
IR1126 Hippopotamidae Hexaprotodon M2/ −6.2 −9.9
IR1128 Hippopotamidae H. iravaticus M/3 0.2 −8.9
IR1129 Hippopotamidae Hexaprotodon M/3 0.9 −8.1
IR1268 Hippopotamidae Hexaprotodon P/4 0.6 −5.8
IR1273 Hippopotamidae Hexaprotodon Canine 2.2 −7.8
IR1310 Hippopotamidae H. sivalensis M/3 2.1 −7.5
IR1333 Hippopotamidae Hexaprotodon M/3 1.7 −7.5
IR0805 Suidae Sivachoerus M/3 −10.4 −6.9
IR0553 Suidae Sivachoerus M3/ −12.1 −5.1
IR0812 Suidae Sivachoerus M/2 −13.8 −3.6
IR0813 Suidae Sivachoerusa M/3 −10.4 −6.6
IR0814 Suidae Sivachoerus M/3 −12.3 −8.1
IR0804 Suidae Propotamochoerus M/2 −12.0 −7.4
IR0816 Suidae Propotamochoerus M/2 −10.0 −7.0
IR1458 Suidae Propotamochoerus M/3 −10.4 −6.4
IR0819 Bovidae Cf. Tragopartax M/3 −2.7 −4.1
IR1104 Bovidae Cf. Tragopartax M/3 −6.1 −4.3
IR0809 Bovidae cf. S. vexillaris M/3 −2.7 −3.9
IR0811 Bovidae cf. S. vexillaris M/3 −0.7 −1.9
IR0823 Bovidae cf. S. vexillaris M/3 1.9 −2.7
IR0824 Bovidae cf. S. vexillaris M/3 0.9 −4.1
IR0827 Bovidae cf. S. vexillaris M/2 −1.8 −4.3
IR1094 Bovidae cf. S. vexillaris M/3 1.0 −6.0
IR1170 Bovidae cf. S. vexillaris M/1 −0.7 −3.7
IR0808 Bovidae cf. S. lydekkeri M/2 0.2 −2.4
IR0817 Bovidae cf. S. lydekkeri M/3 −2.9 −2.6
IR0818 Bovidae cf. S. lydekkeri M/3 −2.1 −2.3
IR0828 Bovidae cf. S. lydekkeri M/3 −3.5 −5.0
IR0826 Bovidae cf. S. lydekkeri M/3 −4.0 −5.6
IR0825 Bovidae cf. S. lydekkeri P/4 −1.4 −4.9
IR1194 Bovidae cf. S. lydekkeri M/3 −8.1 −3.6
IR1105 Bovidae cf. S. lydekkeri M/1 −5.2 −5.7
IR1204 Bovidae cf. S. lydekkeri M/3 −1.2 −3.4
IR1092 Bovidae cf. S. lydekkeri M/3 −0.5 −5.6
IR0294 Rhinocerotidae Rhinoceros Molar

fragment
−11.9 −3.3

IR0820 Rhinocerotidae Rhinoceros M/3 −12.8 −5.5
IR0991 Rhinocerotidae Rhinoceros Molar

fragment
−12.3 −5.4

IR1133 Rhinocerotidae Rhinoceros M/1 −13.8 −3.3
IR1134 Rhinocerotidae Rhinoceros P3/ −14.0 −4.4
IR1135 Rhinocerotidae Rhinocerosa M3/ −12.0 −6.2
IR1136 Rhinocerotidae Rhinoceros P2/ −12.7 −5.5
IR 1138 Rhinocerotidae Rhinoceros M/1 −13.3 −3.7
IR1139 Rhinocerotidae Rhinoceros P/3 −12.8 −5.3
IR1140 Rhinocerotidae Rhinoceros P2/ −13.2 −5.6
IR1260 Rhinocerotidae Rhinoceros P3/ −12.5 −7.3
IR1335 Rhinocerotidae Rhinocerosa Molar

fragment
−12.0 −6.3

IR0800 Proboscidea Stegodona Molar
fragment

−11.7 −7.3

IR0821 Probosicidea Stegodon Molar
fragment

−9.9 −7.5

IR1143 Probosicidea Stegodon Molar
fragment

−10.6 −6.5

IR1144 Probosicidea Stegodon Molar
fragment

−12.6 −7.9

IR1150 Probosicidea Stegodona Molar
fragment

−12.1 −7.6

Table 2 (continued)

NMMP-
KU

Family Taxa Tooth δ13C
(V-PDB)

δ18O
(V-PDB)

IR1152 Probosicidea Stegodon Molar
fragment

−6.6 −7.0

IR1159 Probosicidea Stegodon Molar
fragment

−11.6 −6.5

IR1151 Probosicidea Stegodon Molar
fragment

−5.4 −4.8

IR1153 Probosicidea Stegodona Molar
fragment

−10.7 −9.2

IR1157 Probosicidea Stegodon Molar
fragment

−9.0 −6.6

IR1158 Probosicidea Stegodon Molar
fragment

−9.3 −6.9

IR1161 Probosicidea Stegodon Molar
fragment

−7.0 −8.4

IR1162 Probosicidea Stegodon Molar
fragment

−10.2 −6.2

IR0544 Probosicidea Sinomastodona M/3 −10.9 −6.8

V-PDB: Vienna-Pee Dee Belemnite.
NMMP-KU-IR: National Museum of Myanmar Paleontology-Kyoto University (Japan)-
Irrawaddy.

a Average value (samples were taken from more than one region of the tooth).
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their teeth mineralize from the top (oldest) to the base (youngest)
over a period of time, usually between 1 and 2 years (Feranec and
MacFadden, 2000; Kohn et al., 1998; Sharp and Cerling, 1998).
Therefore, the serial δ18O values along the growth line of unworn
teeth of a mammal can reflect the seasonal variation during ontogeny.

The serial δ13C values along the growth line of a tooth are
informative of seasonal differences in foraging, depending on the
availability of C3/C4 plants and temporal partitioning of food resources
(Feranec and MacFadden, 2000; Sharp and Cerling, 1998). Moreover,
serial δ13C values of C3 plant browsers are also useful for tracing water
use in plants (Ehleringer et al., 1986; Ehleringer, 1991).

4. Materials and methods

A total of 73 bulk samples and 52 serial samples from 12 genera of
mammals were analyzed (Table 2). Samples were mainly collected
from the late erupting teeth (e.g. third molars) in order to avoid the
effect of additional fractionation during the weaning period. The
enamel (~10–20 mg) was removed from the tooth using a diamond
tipped rotary drill. The bulk samples were taken from one region
of each tooth perpendicular to the growth axis. Tooth samples of
Hexaprotodon, Sivachoerus, Stegodon and Sinomastodon were taken
frommore than one region of each tooth to obtain the mean values of
δ13C and δ18O for the whole tooth. The serial samples were collected
from the teeth by cutting parallel grooves at intervals of 3 to 5 mm,
perpendicular to the growth axis of the tooth. This sampling interval
was intended to overcome the attenuation of a primary time-series of
body water isotopic composition as reflected in tooth enamel (Passey
and Cerling, 2002).

The enamel powder was pretreated with 2.5% sodium hypochlo-
rite (NaOCl) for 12 h, followed by 1 M acetic acid (pH: 3.8) for six
hours to remove organics and secondary carbonates (method of Koch,
1997; Lee-Thorp et al., 1989; Lee-Thorp and van der Merwe, 1991a,b).
Samples were centrifuged at a high speed and rinsed in distilled
water to neutral pH before proceeding with the next solution.
Samples were then freeze-dried for a maximum of 48 h. Isotopic
composition of treated samples was measured on a Gasbench II
coupled to a Finnigan Delta V Mass Spectrometer at the University of
South Florida. The CO2 samples were run in continuous flow mode
after reaction with 103% phosphoric acid (100% H3PO4 with excess
P2O5) at 25 °C for 24 h (McCrea, 1950). Seven replicate samples of
Carrara Marble (an internal standard which has been assigned a value
of δ13C=+2.01‰, δ18O=−1.79‰, based on analysis with respect to



Fig. 3. δ13C and δ18O values in tooth enamel of Chaingzauk mammals. Symbols represent the mean values and error bars indicate one standard deviation.
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NBS-19, δ13C=+1.95‰, δ18O=−2.20‰) and NBS-18 carbonatite
(δ13C=−5.04‰, δ18O=−23.05‰, NIST, 1992) were analyzed in
each run of 60 samples. Standard deviation of replicate analyses for
both isotope values was b0.15‰. Stable isotope data were reported
in the conventional delta (δ) notation for carbon (δ13C) and oxygen
(δ18O) relative to V-PDB (Vienna-PeeDee Belemnite, i.e., PDB expressed
in terms of NBS-19): δ=[(R sample/R standard)−1]×1000‰, where R
denotes 13C/12C or 18O/16O. The statistical analyses were carried out
using SPSS (SPSS 13.0, 2004).

5. Bulk carbon and oxygen isotopes results and interpretations

5.1. General results

The stable carbon isotope values (δ13C) of Chaingzauk mammals
fall between−14.0‰ and 2.6‰, for a range of 16.6‰ (Fig. 3; Table 2).
The δ13C values of porcupines (Hystrix), tragulids (Dorcabune),
rhinocerotids (Rhinoceros), suids (Propotamochoerus and Sivachoerus)
and elephants (Stegodon and Sinomastodon) show that they preferred
C3 plants in wooded environments, whereas those of bovids (cf.
Tragoportax and cf. Selenoportax), athracotheres (Merycopotamus) and
hippopotamids (Hexaprotodon) indicate that they were grassland-
adapted grazers to mixed feeders. The δ13C values of Chaingzauk C3
browsers are not lower than −14‰ and are distinct from δ13C values
of herbivores living in closed canopy forests (Cerling et al., 2004; Kohn
et al., 2005). The co-existence of mixed feeders and grassland-adapted
grazers also supports the notion that Chaingzauk mammals inhabited
the transitional environment between woodlands and grasslands.

The δ18O values Chaingzauk mammals range between−9.9‰ and
−1.9‰, for a range of 8‰ and a mean of −5.9‰. These values are
lower than those of Siwalik mammals from ca. 9 Ma (−9.2‰ to 0.7‰
for a range of −9.9 and a mean of −4.5‰: n=54) and from ca. 8 Ma
(−8‰ to 3.5‰ for a range of mean of −2.7‰: n=48; Nelson, 2007).
The low δ18O values of Chaingzaukmammals may reflect the intensity
of monsoons and accordingly, they probably lived in more humid
environments than are present today. On the other hand, the low
δ18O values of Chaingzauk mammals may be explained by distillation
effect of meteoric water during transport over continents (Sharp,
2007) because air masses from the Andaman and Bangle Seas passed
through the rising Indo-Burman Ranges in west and south west, more
and more precipitation cycles occurred, and the δ18O of vapors and
condensate become progressively more 18O-depleted farther from the
ocean source.

There are significant differences in δ13C and δ18O values between
taxa, suggesting they inhabited different ecological niches. The bovids
shows significantly higher δ18O values than the co-existing open-
adapted grazer, Hexaprotodon, (Mann–Whitney pairwise comparisons
and ANOVA, p=b0.05) indicating that they have different habitat
preferences. Furthermore, Rhinoceros had significantly lower δ13C values
than other forest/woodland dwelling browsers (Propotamochoerus
and Stegodon) andmixed feeder to C4 grazers (Tragoportax, Selenoportax,
andHexaprotodon) (Mann–Whitney pairwise comparisons andANOVA,
p=b0.05). These carbon and oxygen isotopic results confirm that
true dietary signals are reflected in the isotopic composition of fossil
teeth because diagenetic alteration would have led to isotopic
homogeneity rather than clustering by taxa.

5.2. Hystricidae

The extant porcupine, Hystrix, mainly feeds on roots, tubers, bark
and fallen fruit (Nowak, 1991). The water storage organs of plants
(roots and tubers) are more depleted in 18O than carbohydrates in
leaves (Yakir, 1992) and the fruit water is depleted in 18O compared to
leaf water (Dunbar and Wilson, 1983). Thus, the selective feeding
behavior on the 18O-depleted parts of plants may explains the
relatively low δ18O value (−7.3‰) of a large Hystrix from Chaingzauk.
Likewise, the depleted δ13C value (−12.6‰) of this animal suggest
that it fed on the fallen fruit as well as parts of trees such as roots and
tubers on the forest/woodland floor.

5.3. Ursidae

The extinct bear, Agriotherium, has conventionally been assumed
to have been a carnivore which preyed on large terrestrial mammals
(Kurtén, 1967). The δ13C value of Chaingzauk Agriotherim (−3.6‰)
suggests that its diet consisted of mixed feeding on C4 and C3 plants, or
animals that consumed both C3 and C4 plants. Sponheimer and Lee-
Thorp (2001) suggested that carnivores have relatively low δ18O
values compared with herbivores, probably due to several factors:
they drink water more frequently than herbivores; liquid water that
they ingest from their prey is less enriched in 18O than water in plant
foods, and proteins frommeat are relatively depleted in 18O compared
to carbohydrates. The δ18O value found for Agriotherium (−8.2‰) was
one of the most depleted values in the Chaingzauk fauna, suggesting
that it was a faunivore and consumed fewer plant materials.

5.4. Tragulidae

The extant tragulids are nocturnal and feed on various kinds of
food, such as grasses, leaves and fruits that have fallen on the forest
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floor (Nowak, 1991). The δ13C value (−9.7‰) of Dorcabune from
Chaingzauk indicates that it browsed C3 plants in woodlands. This
value falls in the range of D. nagrii (−11.1‰ to−9.6‰) from the early
Late Miocene of northern Pakistan (Nelson, 2003). The Chaingzauk
Dorcabune had a relatively depleted δ18O value (−6.3‰), like other
forest/woodland dwelling browsers, consistent with its preference for
a forest/woodland habitat.

5.5. Suidae

The δ13C values of Chaingzauk Propotamochoerus ranged between
−12.0‰ and −10.0‰ (n=3), suggesting that it inhabited forests/
woodlands. Themicrowear analysis of P. hysudricus from late Miocene
of Siwalik suggests that it was omnivorous and depended on both
fallen fruit and foliage,when fruitwas not available, and its diet ismost
similar to that of the extant bush pig, Potamochoerus porcus, and the
giant forest hog, Hylochoerus meinertzhangeni (Nelson, 2003, 2007).
Likewise, the mean δ13C values of Chaingzauk Propotamochoerus
(−10.8‰) are comparable to those of Potamochoerus porcus (−9.4‰:
n=17), suggesting that it had a varied diet in wooded habitats (Harris
and Cerling, 2002; Nelson, 2003).

The coexisting large sized suid, Sivachoerus, was distinct in its
extremely large thirdmolarswith a complex talon/talonid. The enlarge-
ment of third molars in Suidae has been considered an adaptation
to a more abrasive diet (Cerling et al., 2005; Harris and Cerling, 2002).
However, S. prior showed slightly lower δ13C values (−13.8‰ to
−12.4‰) than those of its coexisting species, Propotamochoerus
hysudricus. The low δ13C values of S. prior are closely comparable to
those of extant bush pigs (Harris and Cerling, 2002).

The δ18O values of Chaingzauk suids were relatively lowwhich can
be attributed to their feeding on fallen fruit, roots and tubers on the
forest/woodland floor, andwhich are depleted in 18O compared to leaf
water (Dunbar and Wilson, 1983; Yakir, 1992). The water-dependent
behavior of suids (Harris and Cerling, 2002) would also account for
the low δ18O values.

5.6. Hippopotamidae

The δ13C values of the extant common hippopotamusHippopotamus
amphibus show that it mainly consumes C4 grasses in an open
environment, and also that it feeds on considerable amounts of C3
plants in closed to moderately open environments (Boisserie et al.,
2005). The δ13C values of Chaingzauk hippopotamid, Hexaprotodon,
ranged from −1.7‰ to 2.7‰ (n=13), except for one taken from an
isolated M2 (−6.2‰), suggesting that it mainly consumed C4 grasses
as well as some C3 plants. Therefore, this taxon was likely to be an
inhabitant of a moderately open to open environment.

The δ18O values of extant hippopotamids from several localities
in Africa were consistently lower than those of associated fauna
(Bocherens et al., 1996; Kohn et al., 1996; Levin et al., 2006). Likewise,
the Chaingzauk Hexaprotodon showed lower mean δ18O values
(−7.3±1.1‰, n=16) compared to co-occurring ungulates (−5.4±
1.7‰, n=53), indicating that it had a hippoecomorph like that of
its extant relatives. These depleted δ18O values are attributable
to the semi-aquatic behavior that leads to reduced evaporative loss
of 16O-enriched water from the body, nocturnal foraging that leads
to reduced evaporative water loss across the skin and consumption
of plant water than had not experienced 18O-enrichment due to
transpiration, or the unique physiology of hippopotamids (Bocherens
et al., 1996).

5.7. Anthracotheriidae

Conventionally, anthracotheres are assumed to be mainly semi
aquatic mammals like extant hippopotamids according to their
morphological similarities (Lihoreau and Ducrocq, 2007). The δ13C
value of Chaingzauk anthracothere,Merycopotamus, (−1.1‰) suggests
that its diet consisted of mainly C4 plants in grasslands. However, this
taxon shows low δ18O values (−6.4‰) in contrast with the other
grassland-adapted grazers which usually show relatively higher δ18O
values than forest-dwelling browsers. Thus, it can be generally assumed
that that it had a similar habitat preference like hippopotamids. The
anthracotheres from the early Late Miocene of northern Pakistan
also show low δ18O values (−7.2‰ to −5.8‰; Nelson, 2003). But the
δ13C value (−11.5‰ to −8.5‰) of Siwalik anthracotheres suggest
that they are forest/woodland adapted browsers (Nelson, 2007).

5.8. Rhinocerotidae

The δ13C values of Chaingzauk rhinocerotids (−14.0‰ to
−11.9‰: n=12) reveal that they browsed on C3 plants in the
forest/woodland. Unfortunately, there is no isotope data on the extant
Asian rhinoceros in the wild. Nevertheless, the δ13C values of
Chaingzauk rhinocerotids suggests that they had a more similar
habitat preference to extant browsers Rhinoceros sondaicus and
Diceros sumatresis than grazer/mixed feeder R. unicornis (Nowak,
1991).

The Chaingzauk rhinocerotids yielded relatively high δ18O values
compared to other browsers such as Stegodon, Propotamochoerus
and Sinomastodon. Forest/woodland dwelling browsers and semi-
aquatic mammals are usually expected to have relatively depleted
δ18O values because they generally have lower metabolic rates than
grazers (less massive than browsers such as elephants, rhinoceros
and hippopotamids), feed mostly on well-shaded vegetation and
frequently drink water from less evaporated sources (Bocherens
et al., 1996). However, selective feeding on evaporated leaves versus
unselective feeding on leaves, stems, roots and fruit may have an
influence on the δ18O among browsers (Kohn, 1996; Kohn et al.,
1996), suggesting that Chaingzauk rhinocerotids browsed leaves
in relatively open habitats like woodland rather than closed canopy
forests.

5.9. Bovidae

The δ13C values for bovids from Chaingzauk range from −8.1‰ to
1.9‰, indicating that they depended on a variety of foods from C3 to
C4 plants. The small bovid cf. Tragoportax shows mixed feeding on C3

and C4 plants (−6.2‰ to −2.7‰), whereas the medium sized cf.
Selenoportax vexillaris was an obligate grazer (−2.7‰ to 1.9‰). The
wide range of δ13C values for the large sized bovid, cf. S. lydekkeri
(−8.1‰ to 0.1‰), suggests that it consumed both C3 and C4 plants.

It is generally assumed that C4 grazers tend to have enriched 18O
compared to C3 browsers because C4 plants remain active in warm,
dry conditions, causing more evaporation across the leaf surface
(Bocherens et al., 1996; Sternberg et al., 1984). Likewise, δ18O values of
Chaingzauk bovids are higher than those of other coexistingmammals.
These relatively high values can be attributed to the feeding behavior
of bovids that graze on foliage from open, irradiated portion of the
vegetation, which is enriched in 18O during transpiration (Sternberg
et al., 1989).

5.10. Stegodontidae and Mastodontidae

It had been presumed that proboscideans adapted to a C4-
dominated diet from 7 to 1 Ma in Asia and Africa, coinciding with
the worldwide spread of C4 vegetation (although all extant elephants
aremainly C3 plants consumers; Cerling et al., 1999) The δ13C values of
Stegodon and Sinomastodon from Chaingzauk ranges from−12.6‰ to
−5.4‰ (n=15), indicating that it mainly consumed C3 plants as well
as mixed C3 and C4 plants. Thus, Chaingzauk proboscideans generally
retained their primitive feeding style even though grasslands were
present. The δ18O values of these proboscideans were relatively



Fig. 4. Serial δ13C and δ18O values of Chaingzauk mammals. A, cf. Selenoportax; B, Rhinoceros; C, Stegodon. Dashed lines represent carbon isotopic values and solid lines indicate
oxygen isotopic values.
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depleted (−9.2‰ to −4.8‰, n=15) which is likely due to the con-
sumption of parts of plants such as stems, fruit, roots and leaves,
obligate drinking and water-dependent behaviors of elephants.

6. Serial carbon and oxygen isotope results and interpretations

The serial oxygen isotope analyses of bovid teeth (M3 molars)
showed seasonal cycles throughout half of the year (Fig. 4A).
However, the serial δ18O values of IR1093, IR1424 and IR1106 yielded
relatively little variation less than 1.5‰ among individual serial
samples, whereas those of IR1171 showed a considerable fluctuation
(−6.6‰ to −3.5‰) with the low δ18O values (wet season), followed
by the high δ18O values (dry season). The serial δ13C values of bovids
shows little variation suggesting that they mainly grazed on C4 plants
without significant seasonal shift in diet (Fig. 4A).

The molars of rhinocerotids are usually mineralize over two years
(Goddard, 1970), and accordingly, the serial samples from fossil
rhinocerotids have a potential to reflect the seasonal cycles
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representing more than one year. The serial δ18O values IR1259 (M2)
range from−5.9‰to−4.0‰, showing two dry season peaks and one
rainy season trough (Fig. 4B). The serial δ13C values show that it was
obligate browser without seasonal dietary shifts. The fluctuations of
δ13C values (−13.8‰ to−11.5‰) was likely caused by the variations
in water stress of C3 plants consumed because plants close their
stomata to conserve water, reducing CO2 intake and enriching the
δ13C of C3 plant tissue (Ehleringer et al., 1986; Ehleringer et al., 1991;
Fig. 4B).

The serial δ18O value of Stegodon molar (IR1149) shows three
dry season peaks with two wet season troughs, suggesting that the
tooth had mineralized more than two years. The δ18O values range
from −7.9‰ to −5.9‰, indicating that this animal experienced a
considerable seasonal variation. The serial δ13C values vary from
−12.2‰ to −10.1‰, suggesting that it was an obligate browser
(Fig. 4C). The fluctuation of δ13C values indicates it consumed water-
stressed C3 plants as coexisting rhinocerotids did.

7. Discussion

The carbon isotopic values of Chaingzauk mammals suggest that
they lived in a wide range of habitats from woodlands to grasslands
rather than multi-tiered, closed canopy forests. The serial oxygen
isotope sampling of Rhinoceros, Stegondon and Selenoportax showed
the variation in δ18O values from tooth crowns to tooth bases,
suggesting that a seasonal pattern of wet and dry cycles existed at the
Miocene/Pliocene boundary of centralMyanmar. Thus, the Chaingzauk
mammals might have experienced a seasonal variation under the
influence of the monsoon which had developed since 10.7 Ma in Asia
(Dettman et al., 2001). The fluctuation of serial δ13C values of
Rhinoceros and Stegodon also suggest that they consumed the C3
plants that periodically experienced water stress in a seasonal
environment.

Carbon isotopic analysis from the fossil tooth enamel of ungulates
around the world suggest a large scale vegetation shift occurred
Fig. 5. Simplified Neogene paleogeography of central Myanmar Basin (illustrate
during the late Miocene to early Pliocene, when C4 biomass began to
expand globally (Cerling, 1997; Cerling et al., 1997a,b). The transition
from C3 to C4 plants first took place in low latitude regions and spread
outward to the mid-latitudes (Cerling, 1997). In East Africa (3°S to
5°N), the transition was complete by 8 to 7.5 Ma (Cerling et
al.,1997b). In the Siwalik of northern Pakistan (31°–32°N), the
transition was slightly more gradual and occurred between 8 and
6 Ma (Cerling et al., 1997b; Quade et al., 1992). The present study also
indicates that grasslands had already expanded by the latest Miocene
of Myanmar, which is located at relatively lower latitudes than
northern Pakistan.

On the other hand, the pattern of the floral transitions in the
Neogene of Myanmar is probably different from the Siwaliks of
northern Pakistan despite faunal similarities between the two regions.
For example, obligate browsers such as a suid (Propotamochoerus) and
the tragulids (Dorcatherium and Dorcabune) were assumed to have
become extinct due to the fragmentation of forest around 6 Ma in
northern Pakistan (Badgley et al., 2008; Barry et al., 2002). However,
the remains of these animals were usually recovered together with
those of hippopotamids, which first appeared in South Asia around
6 Ma (Badgley et al., 2008; Barry et al., 2002), at Chaingzauk as well as
in other Pliocene to early Pleistocene fossil localities in Myanmar
(Thaung-Htike et al., 2006; Tsubamoto et al., 2006; Zin-Maung-
Maung-Thein et al., 2008, 2010). This suggests that these forest/
woodland dwelling browsers probably survived in Chaingzauk as well
as at other parts of central Myanmar until the end of the Pliocene.
Moreover, the existence of other forest/woodland dwelling animals,
such as leaf eating monkeys (colobinae), rhinocerotids and porcupines,
also indicates the abundance of forested/wooded habitats.

Carbon isotopic evidence has indicated that fossil proboscideans
from Africa and Southern Asia around 7 to 1 Ma favored C4 plants,
except the brachyodont Deinotherium, in contrast to their extant
relatives who mainly browse on C3 plants (Cerling et al., 1999). The
adaptive shift of diet from C3 to C4 plants in proboscideans coincides
with the worldwide spread of C4 vegetation, and corresponds with an
d after Aung Khing and Kyaw Win, 1969; Rodolfo, 1975; Wandrey, 2006).
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increase in size and hypsodonty of proboscidean cheek teeth, which
is considered to have been an adaptation to the newly available
food (Cerling, 1997: Cerling et al., 1999). However, the δ13C values of
Chaingzauk proboscideans show that their main diet was C3 plants,
suggesting that they retained their primitive feeding style even
though grasslands were present at Chaingzauk. Therefore, it is very
likely that C3 plants occurred in sufficient amounts to be able to
support the survival of abundant forest/woodland dwelling browsers
at Chaingzauk.

At present, central Myanmar is a semi-arid zone with an annual
precipitation of 600 to 1000 mm and its mean temperature is about
30 °C (Bender, 1983). In contrast, carbon isotopic results of Chaingzauk
mammals suggest that a considerable extent of wooded habitats was
present at the Miocene/Pliocene boundary of Myanmar. According
to the vegetation type, depending on the temperature versus
precipitation model of Whittaker (1970), an annual precipitation
between 500 and 900 mm favors the formation of thorn scrubs and
grasses (savannah) and greater than 900 mm prefer the formation of
thorn forest and tropical seasonal forest (mean temperature: N18 °C).
Thus, the presence of woodlands at the Miocene/Pliocene boundary
of Myanmar imply that central Myanmar might, at that time, have
received an annual precipitation of more than 1000 mm.

The arid conditions in central Myanmar is usually attributed to
the rain shadow effect of the Indo-Burman Ranges (1500 to 4000 m),
which hamper the passage of summer monsoon humid winds from
the west and southwest into central Myanmar (Chhibber, 1934). In
contrast, western and southern parts of Myanmar annually receive
3000 to 4000 mm of rainfall and are covered with tropical rainforests
(Kress et al., 2003). The Indo-Burman Ranges are a southern branch
of the Himalayan–Tibetan Plateau which was significantly uplifted
between 10 and 8 Ma due to the collision of the Indian Plate and
Eurasian Plate (Dettman et al., 2001; Harrison et al., 1992). The
terminal folding phase of the Indo-Burman Ranges, caused by the
Himalayan Orogeny, is assumed to have occurred in the latest
Miocene to Pliocene (Allen et al., 2008; Brunnschweiler, 1974). The
carbon isotopic composition of Chaingzauk mammals indicate the
absence of close canopy forests at the Chaingzauk, and are more
conformable with the transitional environment that includes both
woodlands and grasslands. This indicates that the rain shadow effect
of the Indo-Burman Ranges might have had a gradual effect on the
environment of central Myanmar since the Early Pliocene, although
the woodlands were still existed to a considerable extent.

The other factor in the aridification in the central Myanmar might
be related to its paleogeographic position. In the Early Miocene,
marine conditions prevailed in most areas of central Myanmar,
and the shoreline likely lay around 22°N (Fig. 5A). Throughout the
Miocene, terrestrial sediments derived from the rapidly rising Indo-
Burman and Himalayan Ranges, and the Sino-Bruman Ranges, which
was a stable land block since the latest Cretaceous, gradually filled the
central Myanmar Basin. In the Late Miocene, the shoreline receded
southward, and estuarine/brackish condition might have prevailed
as far as 18°N (Fig. 5B). During the latest Miocene to Pliocene, the
terminal folding phase of Indo-Burman Ranges rapidly filled the basin
to become an area of terrestrial sedimentation (Fig. 5C). Thus, central
Myanmar was located closer to the shoreline than it is today in the
Miocene/Pliocene boundary, probably inducing relatively humid
conditions, preferable for the forest/woodland adapted mammals.

8. Conclusion

The uppermost Miocene/lower Pliocene Irrawaddy sediments at
Chaingzauk area of central Myanmar yield a variety of mammals
(primates, rodents, carnivores, rhinocerotids, bovids, hippopotamids,
tragulids, anthracotheres, boars andelephants). Thepaleoenvironmental
analysis of Chaingzauk fauna using stable carbon and oxygen isotope
composition of tooth enamel indicated that the Chaingzauk mammals
inhabited a transitional environment between woodland and grassland.
The considerable amount of C4 plants in the diet of bovids and
hippopotami indicates that grasslands had already expanded by the
latest Miocene of Myanmar. The existence of forest/woodland dwelling
animals, such as porcupines, leaf eating monkeys (colobinae), suids,
rhinocerotids and elephants suggest the abundance of forested/wooded
vegetation in Chaingzauk as well as at other parts of central Myanmar
until theendof thePliocene. Present-day arid conditionshave likely been
caused by the uplift of the Indo-Burman Ranges due to the Himalayan
Orogeny during the late Miocene/Pliocene, resulting in the rain shadow
effect in central Myanmar and also have been perhaps caused by the
marine regression to the south in central Myanmar due to the rapid
influx of sediments related to orogenic activity.
Acknowledgements

We gratefully thank the personnel from the Ministry of Education
and the Ministry of Culture of the Union of Myanmar for giving
permissions for field work in Myanmar. We also thank H. Saegusa
(Museum of Nature and Human Activities, Japan), S. Ogino, T. Ito and
Y. Nishioka (Primate Research Institute, Kyoto University, Japan) and
J. P. Gailer (University of Hamburg, Germany) for their participation in
the fossil expedition. We are indebted to Zaw-Win (Yadanabon
University, Myanmar), Sein-Myint (Historical Research Department,
Ministry of Culture, Myanmar) and Aye-Maung, Myo-Nyint-Aung,
Win-Kyaing, Min-Swe, Aung-Aung-Kyaw, Hla-Shwe, Kyaw-Myo-Win,
Kyaw-Soe-Win and Than-Kyaw-Oo (Archaeology, National Museum
and Library Department, Ministry of Culture, Myanmar) for their help
during the paleontological expedition in Myanmar. We also would
like to express my gratitude to the staff of the National Museum and
Library Department (Southern Branch, Yangon) and to the curators
from the National Museum ofMyanmar for their help and for access to
the specimens. We also wish to express our thanks to the
ambassadors and staffs of the Myanmar Embassy in Tokyo and the
Japan Embassy in Yangon for providing necessary assistance. Financial
support was provided by the MEXT Grants-in-Aid for Scientific
Research (Overseas Academic Research) to M. T. (No. 16405018 and
20405015) and by the MEXT Global COE Program (A06 to Kyoto
University). Research by T. Tsubamoto was partly supported by the
Hayashibara Museum of Natural Sciences, Okayama, Japan.
References

Allen, R., Najman, Y., Carter, A., Barfod, D., Bickle, D., Chapman, H.J., Garzanti, E., Vezzoli,
G., Ando, S., Parrish, R.R., 2008. Provenance of the Tertiary sedimentary rocks of
the Indo-Burman Ranges, Burma (Myanmar): Burman arc or Himalayan-derived?
Journal of the Geological Society 165, 1045–1057.

Ayliffe, L., Chivas, A., 1990. Oxygen isotope composition of the bone phosphate of
Australian kangaroos: pontential as a paleoenvironmental recorder. Geochimica et
Cosmochimica Acta 54, 2603–2609.

Badgley, C., Barry, J.C., Morgan, M.E., Velson, S.V., Behrensmeyer, A.K., Cerling, T.E.,
Pilbeam, D., 2008. Ecological changes in Miocene mammalian record show impact
of prolonged climatic forcing. Proceeding of National Academy of Sciences 105,
12145–12149.

Barry, J.C., Morgan, M.E., Flynn, L.J., Pilbeam, D., Behrensmeyer, A.K., Raza, S.M., Khan,
I.A., Badgley, C., Hicks, J., Kelley, J., 2002. Faunal and environmental change in the
late Miocenes Siwaliks of Northern Pakistan. Paleobiology 18, 1–71.

Bender, M.M., 1971. Variations in the 13C/12C ratios of plants in relation to the pathway
of photosynthetic Carbon dioxide fixation. Photochemistry 10, 1239–1245.

Bender, F., 1983. Geology of Burma. Gebrüder Borntraeger, Berlin.
Bocherens, H., Koch, P., Mariotti, A., Geraads, Deraads, D., Jaeger, J.-J., 1996. Isotopic

biogeochemistry (13C, 18O) of mammalian enamel from African Pleistocene
hominoid sites. Palaios 11, 306–308.

Boisserie, J.-R., Zazzo, A., Merceron, G., Blondel, C., Vignaud, P., Likius, A., Mackaye, H.T.,
Brunet, M., 2005. Diets of modern and late Miocene Hippopotamids: evidence from
carbon isotope composition and micro-wear of tooth enamel. Palaeogeography,
Palaeoclimatology, Palaeoecology 221, 153–174.

Brunnschweiler, R.O., 1974. Indoburman ranges. In: Spencer, A.M. (Ed.), Mesozoic–
Cenozoic Orogenic Belts. Scottish Academic Press Ltd, Edinburgh, pp. 279–300.

Bryant, J.D., Froelich, P.N., Showers, W.J., Genna, B.J., 1996. A tale of two quarries:
biologic and taphonomic signatures in the oxygen isotope composition of tooth
enamel phosphates from modern and Miocene equids. Palaios 11, 397–408.



21Zin-Maung-Maung-Thein et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 300 (2011) 11–22
Cerling, T.E., 1997. Late Cenozoic vegetation change, atmospheric CO2, and tectonics.
In: Ruddiman, W.F. (Ed.), Tectonic Uplift and Climate Change. Plenum Press,
New York, pp. 313–327.

Cerling, T.E., Harris, J.M., 1999. Carbon isotope fractionation between diet and bioapatite
in ungulate mammals and implications for ecological and paleoecological studies.
Oecologia 120, 347–363.

Cerling, T.E., Wang, Y., Quade, J., 1993. Expansion of C4 ecosystem as an indicator of
global ecological change in the late Miocene. Nature 361, 344–345.

Cerling, T.E., Harris, J.M., Ambrose, S.H., Leakey, M.G., Solounias, N., 1997a. Dietary and
environmental reconstruction with stable isotope analyses of herbivore tooth
enamel from theMiocene locality of Fort Ternan, Kenya. Journal of Human Evolution
33, 635–650.

Cerling, T.E., Harris, J.M., MacFadden, B.J., Leakey, M.G., Quade, J., Eisenmann, V.,
Ehleringer, J.R., 1997b. Global vegetation change through the Miocene/Pliocene
boundary. Nature 389, 153–158.

Cerling, T.E., Harris, J.M., Leakey, M.G., 1999. Browsing and grazing in elephants: the
isotope record of modern and fossil proboscideans. Oecologia 120, 367–374.

Cerling, T.E., Harris, J.M., Leakey, M.G., Mudida, N., 2003a. Stable isotope ecology of
northern Kenya, with emphasis on the Turkana Basin. In: Leakey, M.G., Harris, J.M.
(Eds.), Lothagam: The Dawn of Humanity in Eastern Africa. Columbia University
Press, New York, pp. 583–604.

Cerling, T.E., Harris, J.M., Leakey, M.G., 2003b. Isotope paleoecology of the Nawata and
Nachukui Formations at Lothagam, Turkana Basin, Kenya. In: Leakey, M.G., Harris,
J.M. (Eds.), Lothagam: TheDawnof Humanity in Eastern Africa. ColumbiaUniversity
Press, New York, pp. 605–624.

Cerling, T.E., Hart, J.A., Hart, T.B., 2004. Stable isotope ecology in the Ituri Forest. Oecologia
138, 5–12.

Cerling, T.E., Harris, J.M., Leakey,M.E., 2005. Environmentally driven dietary adaptations
in African mammals. Ecological Studies 177, 258–272.

Chhibber, H.L., 1934. Geology of Burma. Macmillan and Co. Ltd, London.
Clementz, M.T., Holroyd, P.A., Koch, L.P., 2008. Identifying aquatic habits of herbivorous

mammals through stable isotope analysis. Palaios 23, 574–585.
Colbert, E.H., 1938. Fossil mammals from Burma in the American Museum of Natural

History. Bulletin of the American Museum of Natural History 74, 255–436.
Colbert, E.H., 1943. Pleistocene vertebrates collected in Burma by the American

Southeast Asiatic Expedition. Transactions of the American Philosophical Society
32, 95–429.

Cotter, G.D.P., 1938. The geology of parts of the Minbu, Myingyan, Pakokku, and lower
Chindwin Districts, Burma. Memoris of the geological survey of India 72 (1), 1–136.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436–468.
Deniro, M., Epstein, E.S., 1978. Influence of diet on the distribution of carbon isotope

in animals. Geochimica et Cosmochimica Acta 42, 495–506.
Dettman, D.L., Kohn, M.J., Quade, J., Ryerson, F.J., Ojha, T.P., Hamidullah, S., 2001.

Seasonal stable isotope evidence for a strong Asian monsoon throughout the past
10.7 m.y. Geology 29, 31–34.

Dunbar, J., Wilson, T., 1983. Oxygen and hydrogen isotopes in fruits and vegetable
juices. Plant Physiology 72, 725–727.

Ehleringer, J.R., Field, C.B., Lin, Z., Kuo, C., 1986. Leaf carbon isotope and mineral
composition in subtropical plants along an irradiance cline. Oecologia 70, 520–526.

Ehleringer, J.R., Sage, R.F., Flanagan, L.B., Pearcy, R.W., 1991. Climate change and the
evolution of C4 photosynsthesis. Trends in Ecology and Evolution 6, 95–99.

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope discrimination and
photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology
40, 503–537.

Feranec, S.R.,MacFadden,B.J., 2000. Evolutionof thegrazing niche inPleistocenemammals
from Florida: evidence from stable isotopes. Palaeogeography, Palaeoclimatology,
Palaeoecology 162, 155–169.

Fricke, H.C., O'Neil, J.R., 1996. Inter- and intra-tooth variation in the oxygen isotope
composition of mammalian tooth enamel phosphate: implications for palaeocli-
matological and palaeobiological research. Palaeogeography, Palaeoclimatology,
Palaeoecology 126, 91–99.

Goddard, J., 1970. Age criteria and vital statistics of a black rhinoceros population. East
African Wildlife Journal 8, 105–121.

Harris, J.M., Cerling, T.E., 2002. Dietary adaptations of extant and Neogene African suids.
Journal of Zoology 256, 45–54.

Harrison, T.M., Copeland, P., Kidd, W.S.F., Yin, A., 1992. Raising Tibet. Science 255,
1663–1670.

Higgins, P., MacFadden, B.J., 2004. “Amount Effect” recorded in oxygen isotopes
of late Glacial horse (Equus) and bison (Bison) teeth from the Sonoran and
Chihuahuan deserts, southwestern United States. Palaeogeography, Palaeoclimatology,
Palaeoecology 206, 337–353.

Hünermann, K.A., 1999. Superfamily Suoidea. In: Rössner, G.E., Heissig, K. (Eds.), The
Miocene Land Mammals of Europe. Pfeil, München, pp. 209–216.

IUGS (International Union of Geological Sciences), 2009. Ratification of the definition of
the base of Quaternary System/Period (and top of the Neogene System/Period), and
redefinition of the base of the Pleistocene Series/Epoch (and top of the Pliocene
Series/Epoch). Accessible at: www.iugs.org.

Khin, Aung,Win, Kyaw, 1969. Geology and hydrocarbon prospects of the Burma tertiary
geosyncline, Union of Burma. Journal of Science and Techonology 2 (1), 52–73.

Koch, P.J., 1997. The effects of sample treatment and diagenesis on the isotopic integrity
of carbonate in biogenic hydroxylapatite. Journal of Archaeological Science 24,
417–429.

Kohn,M.J., 1996. Predicting animal δ18O: accounting for diet and physiological adaptation.
Geochimica et Cosmochimica Acta 60, 3889–3896.

Kohn, M.J., Cerling, T.E., 2003. Stable isotope compositions of biological apatite. In:
Kohn, M.J., Rakovan, J., Hughes, J.H. (Eds.), Phosphates, Reviews in Mineralogy and
Geochemistry. Mineralogical Society of America, Geochemical Society, pp.
455–488.

Kohn, M.J., Schoeninger, M.J., Valley, J.W., 1996. Herbivore tooth oxygen isotope
compositions: effects of diet and physiology. Geochimica et Cosmochimica Acta
60, 3889–3896.

Kohn, M.J., Schoeninger, M.J., Valley, J.W., 1998. Variability in oxygen isotope
composition of herbivore teeth: reflections of seasonality or developmental
physiology? Chemical Geology 152, 97–112.

Kohn, M.J., Mckay, P., Knight, J., 2005. Dining in the Pleistocene—who's on the menu.
Geology 33, 649–652.

Kress, J.W., Defilipps, R.E., Farr, E., Kyi, Yin Yin, 2003. A Checklist of the Trees, Shrubs,
Herbs, and Climbers of Myanmar. Smithsonian Institution, Washington.

Kurtén, B., 1967. Pleistocene bears of North America, II: Genus Arctodus, short-face
bears. Acta Zool Fenn 117, 1–60.

Lee-Thorp, J., Van Der Merwe, N.J., 1987. Carbon isotope analysis of fossil bone apatite.
South African Journal of Science 83, 712–715.

Lee-Thorp, J.A., van der Merwe, N.J., 1991a. Aspects of the chemistry of modern and
fossil biological apatites. Journal of Archeological Science 18, 343–354.

Lee-Thorp, J.A., Van Der Merwe, N.J., 1991b. Aspects of the chemistry of modern and
fossil biological apatites. Journal of Archaeological Science 18, 343–354.

Lee-Thorp, J.A., Sealy, J.C., van der Merwe, N.J., 1989. Stable carbon isotope ratio
differences between bone collagen and bone apatite and their relationship to diet.
Journal of Archeological Science 16, 585–599.

Levin, N.E., Cerling, T.E., Passey, B.H., Harris, J.M., Ehleringer, J.R., 2006. A stable isotope
aridity index for terrestrial environments. Proceedings of the National Academy of
Sciences 103, 11201–11205.

Li, C., Lin, Y., Gu, Y., Hou, L., Wu, W., Qiu, Z., 1984. Chinese Neogene: subdivision and
correlation. Vertebrata PalAsiatica 22, 163–178.

Lihoreau, F., Ducrocq, S., 2007. Family Anthracotheriidae. In: Prothero, D.R., Scott, F.S.
(Eds.), The Evolution of Aritodactyls. The John Hopkins University Press, Baltimore,
pp. 89–105.

Longinelli, A., 1984. Oxygen isotopes in mammal bone phosphate: a new tool for
paleohydrological and paleoclimatological research. Geochimica et Cosmochimica
Acta 48, 385–390.

Lucas, S.G., 2001. Chinese Fossil Vertebrates. Columbia University Press, New York.
Luz, B., Kolodony, Y., 1985. Oxygen isotope variations in phosphate of biogenic apatites,

IV: mammal teeth and bones. Earth and Planetary Sciences Letters 75, 29–36.
Luz, B., Kolodony, Y., Horowitz, M., 1984. Fractionation of oxygen isotopes between

mammalian bone-phosphate and environmental drinking water. Geochimica Et
Cosmochimica Acta 48, 1689–1693.

Lydekker, R., 1876. Notes on the fossil mammalian fauna of India and Burma. Records of
the Geological Survey of India 9, 86–106.

McCrea, J.M., 1950. On the isotopic chemistry of carbonates and a paleotemperature
scale. Journal of Chemical Physics 18, 849–857.

Nelson, S.V., 2003. The Extinction of Sivapithecus. Brill Academic Publishers, Inc., Boston.
Nelson, S.V., 2007. Isotopic reconstruction of habitat change surrounding the extinction of

Sivapithecus, a Miocene hominoid, in the Siwalik Group of Pakistan. Palaeogeography,
Palaeoclimatology, Palaeoecology 243, 204–222.

NIST (National Institute of Standards and Technology), 1992. Report of Investigation.
Reference Materials 8543–8546.

Noetling, F., 1900. Tertiary system in Burma. Record of geological survey of India 28,
59–86.

Nowak, R.M., 1991. Walker's Mammals of the World (Fifth Edition). Johns Hopkins
University Press, Baltimore.

O'Leary, M.H., 1988. Carbon isotopes in photosynthesis. Bioscience 38, 328–336.
Passey, B.H., Cerling, T.E., 2002. Tooth enamel mineralization in ungulates: implications

for recovering a primary isotopic time-series. Geochimica et Cosmochimica Acta 66,
3225–3234.

Passey, B.H., Cerling, T.E., Perkins, M.E., Voorhies, M.R., Harris, J.M., Tucker, S.T., 2002.
Environmental change in the Great Plains: an isotopic record from fossil horses.
Journal of Geology 110, 123–140.

Passey, B.H., Robinson, T.F., Ayliffe, L.K., Cerling, T.E., Sponheimer, M., Dearing, M.D.,
Roeder, B.L., Ehleringer, J.R., 2005. Carbon isotope fractionation between diet,
breath CO2, and bioapatite in different mammals. Journal of Archaeological Science
32, 1459–1470.

Pickford, M., 1988. Revision of the Miocene Suidae of the Indian Subcontinent.
Münchner Geowissenschaftliche Abhandlungen, Reihe A. Geologie und Paläontologie
12, 1–92.

Pilgrim, G.E., 1939. The fossil Bovidae of India. Palaeontologia Indica 26, 1–356.
Prakash, U., 1973. Fossil woods from the Tertiary of Burma. Palaeobotanist 20, 48–70.
Quade, J., Cerling, T.E., 1995. Expansion of C4 grasses in the late Miocene of

northern Pakistan: evidence from stable isotopes in paleosols. Palaeogeography,
Palaeoclimatology, Palaeoecology 115, 91–116.

Quade, J., Cerling, T.E., Barry, C.J., Morgan,M.E., Pilbeam, D.R., Chivas, A.R., Lee-Thorp, J.A.,
Van Der Merwe, N.J., 1992. A 16-Ma record of paleodiet using carbon and oxygen
isotopes in fossil teeth from Pakistan. Chemical Geology 94, 183–192.

Quade, J., Cerling, T.E., Andrews, P., Alpagut, B., 1995. Paleodietary reconstruction of
Miocene faunas from Pasalar, Turkey using stable carbon and oxygen isotopes of
fossil tooth enamel. Journal of Human Evolution 28, 373–384.

Reading, H.G., 1996. Sedimentary Environments: Processes, Facies and Stratigraphy.
Blackwell Science, Oxford.

Rodolfo, K.S., 1975. The Irrawaddy delta: tertiary setting and modern offshore
sedimentation. In: Bruzzard, M.L. (Ed.), Delta: Models for Exploration. Houston
Geological Society, Houston, pp. 339–356.

Rössner, G.E., 2007. Family Tragulidae. In: Prothero, D.R., Scott, E.F. (Eds.), The evolution
of Artiodactylas. The Johns Hopkins University Press, Baltimore, pp. 213–220.

https://www.iugs.org


22 Zin-Maung-Maung-Thein et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 300 (2011) 11–22
Sharp, Z., 2007. Principles of Stable Isotope Geochemistry. Pearson Education, Inc.,
New Jersey.

Sharp, Z., Cerling, T., 1998. Fossil isotope records of seasonal climate and ecology:
straight from the horse's mouth. Geology 60, 219–222.

Sponheimer, M., Lee-Thorp, J., 2001. The oxygen isotope composition of mammalian
enamel carbonate from Morea Estate, South Africa. Oecologia 126, 153–157.

Stamp, L.D., 1922. An outline of Tertiary geology of Burma. Geological Magazine 59,
481–501.

Sternberg, L.O., Deniro, M.J., Johnson, H.B., 1984. Isotope ratios of cellulose from plants
having difference photosynthetic pathways. Plant Physiology 74, 557–561.

Sternberg, L.S.L., Mulkey, S.S., Wright, S.J., 1989. Oxygen isotope ratio stratification in a
tropical moist forest. Oecologia 81, 51–56.

Thaung-Htike, Tsubamoto, T., Takai, M., Egi, N., Zin-Maung-Maung-Thein, Chit-Sein,
Maung-Maung, 2006. Discovery of Propotamochoerus (Artiodactyla, Suidae) from
the Neogene of Myanmar. Asian Paleoprimatology 4, 173–185.

Theobald, W., 1869. On the beds containing silicified wood in eastern Prome, British
Burma. Records of Geological Survey of India 2, 79–86.

Trevena, A.S., Varga, R.J., Collins, I.D., NU, U., 1991. Tertiary tectonics and sedimentation
in the Salin (Fore-arc) basin,Myanmar. American Association of PetroleumGeologists
75 (3), 683.

Tsubamoto, T., Egi, N., Takai, M., Sein, Chit, Maung, Maung, 2005. Middle Eocene
ungulate mammals from Myanmar: a review with description of new specimens.
Acta Palaeontologica Polonica 50, 117–138.

Tsubamoto, T., Zin-Maung-Maung-Thein, Thaung-Htike, Egi, N., Chit-Sein, Maung-
Maung, Takai, M., 2006. Discovery of chalicothere and Dorcabune from the upper
part (lower Pleistocene) of the Irrawaddy Formation, Myanmar. Asian Paleoprima-
tology 4, 137–142.
Van Der Made, J., 1999. Intercontinental relationship Europe-Africa and the Indian
Subcontinent. In: Rössner, G.E., Heissig, K. (Eds.), The Miocene Land Mammals of
Europe. Pfeil, München, pp. 457–472.

Van DerMerwe, N.J., 1982. Carbon isotopes, photosynthesis, and archaeology. American
Scientist 70, 596–606.

Van Der Merwe, N.J., Medina, E., 1991. The canopy effect, carbon isotope ratios and food
webs in Amazonia. Journal of Archaeological Science 18, 249–259.

Van Der Merwe, N.J., Vogel, J.C., 1978. 13C content of human collagen as a measure of
prehistoric diet in woodland North America. Nature 276, 815–816.

Vogel, J.C., 1980. Fractionation of the Carbon Isotope during Photosynthesis. Springer-
Verlag, Berlin.

Wandrey, C.J., 2006. Eocene to Miocene composite total petroleum system, Irrawaddy-
Andaman and north Burma geologic provinces, Myanmar, Chapter E. In: Wandrey,
C.J. (Ed.), U. S. Geological Survey, Reston, pp. 1–26.

Whittaker, R.H., 1970. Communities and Ecosystem (Current Concept in Biological
Series). Macmillan Company, Toronto.

Yakir, D., 1992. Variation in the natural abundances of oxygen-18 and deuterium in
plant carbohydrates. Plant, Cell and Environment 15, 1005–1020.

Zin-Maung-Maung-Thein, Masanaru, T., Tsubamoto, T., Thaung-Htike, Egi, N., Maung-
Maung, 2008. A new species of Dicerorhinus (Rhinocerotidae) from the Plio-
Pleistocene of Myanmar. Palaeontology 51, 1419–1433.

Zin-Maung-Maung-Thein, Takai, M., Tsubamoto, T., Egi, N., Thaung-Htike, Nishimura, T.,
Maung-Maung, Zaw-Win, 2010. A review of fossil rhinoceroses from the Neogene
of Myanmar with description of new specimens from the Irrawaddy sediments.
Journal of Asian Earth Sciences 37, 105–206.


	Stable isotope analysis of the tooth enamel of Chaingzauk mammalian fauna (late Neogene, Myanmar) and its implication to paleoenvironment
and paleogeography
	Introduction
	Geological and paleontological setting
	Geological background
	Geological age of the Chaingzauk mammalian fauna

	Application of stable isotopes in paleoenvironmental analysis
	Carbon isotopes
	Oxygen isotopes
	Serial carbon and oxygen isotope analysis

	Materials and methods
	Bulk carbon and oxygen isotopes results and interpretations
	General results
	Hystricidae
	Ursidae
	Tragulidae
	Suidae
	Hippopotamidae
	Anthracotheriidae
	Rhinocerotidae
	Bovidae
	Stegodontidae and Mastodontidae

	Serial carbon and oxygen isotope results and interpretations
	Discussion
	Conclusion
	Acknowledgements
	References


