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ABSTRACT 

 

Employing stable carbon and oxygen isotope analyses (including δ13
C and δ18

O of structural 

carbonate in mammalian tooth enamel and δ18
Op of fish bone samples) to reconstruct 

paleoecology and paleoenvironments, this dissertation strives to further our understanding of two 

important yet contentious issues: the late Miocene and Pliocene C4 expansion, and the late 

Cenozoic uplift history of the Tibetan Plateau. We collected and analyzed a diverse group of 

mammalian tooth enamel samples including horses, elephants, rhinos, deer, and giraffes from the 

central Inner Mongolia area (late Oligocene to modern) and Qaidam Basin (late Miocene to 

modern), and fish bone samples from the Qaidam Basin (late Miocene to modern). The major 

results are as follows: 

(1) In the central Inner Mongolia area, the δ13
C values of 91 tooth enamel samples of 

early late-Miocene age or older, with the exception of two 13 Ma rhino samples (−7.8 and 

−7.6‰) and one 8.5 Ma suspected rhino sample (−7.6‰), were all less than −8.0‰ (VPDB), 

indicating that there were no C4 grasses present in their diets and thus probably few or no C4 

grasses in the ecosystems of the central Inner Mongolia prior to ~8 Ma. However, 12 out of 

26 tooth enamel samples of younger ages (~7.5 Ma to ~3.9 Ma) have δ13
C values higher than 

−8.0‰ (up to −2.4‰), indicating that herbivores in the area had variable diets ranging from 

pure C3 to mixed C3-C4 vegetation during that time interval. The presence of C4 grasses in 

herbivores’ diets (up to ~76% C4) suggests that C4 grasses were a significant component of 

the local ecosystems in the latest Miocene and early Pliocene, consistent with the hypothesis 

of a global factor as the driving mechanism of the late Miocene C4 expansion. Today, C3 

grasses dominate grasslands in the central Inner Mongolia area. 

(2) In the Qaidam Basin, the δ13
C values of mammalian tooth enamel samples generally 

show only small variations and are mostly less than −8‰ for modern samples and less than −7‰ 

for fossils, except a rhino tooth CD0722 from Shengou (late Miocene, with a current best 

estimated age of ~8–10 Ma) that yielded δ13
C values up to −4.1‰ - an unambiguous indication 

of a significant intake of C4 plants in its diet (up to ~56%). If the Qaidam Basin was as arid as 

today during the late Miocene and early Pliocene, this would indicate that the animals had pure 
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or nearly pure C3 diets and the local ecosystems were likely composed of pure or nearly pure C3 

vegetation and that the lone rhino (CD0722) was more likely a migrant primarily lived in places 

where C4 plants were present and migrated to the Shengou area. If, however, the Qaidam Basin 

was warmer and more humid during the late Miocene and early Pliocene than today as suggested 

by geological evidence, then at least a few more samples from Shengou (late Miocene) and 

Huaitoutala (early Pliocene) in addition to CD0722 indicate significant dietary intakes of C4 

plants based on their tooth enamel δ C values. This suggests that the Qaidam Basin very likely 

had more C4 plants in the local ecosystems during the late Miocene and early Pliocene than 

today. Moreover, the Qaidam Basin probably also had much denser vegetation at that time to 

support additional large mammals such as rhinos and elephants. Nonetheless, the C4 plants 

seemed to have not been consistently utilized because C3 plants, which were more nutritious and 

easier to digest than C4 plants, were readily available. Today, C3 plants dominated the sparse 

vegetation in the Qaidam Basin. 

13

The δ18
O values of these samples did not increase 

monotonously with time. However, the range of variation seems to have increased considerably 

since the early Pliocene, indicating increased aridification in the basin. The mean δ18
O values of 

large mammals and the reconstructed δ18
O compositions of local meteoric water display a 

significant negative shift from the Tuosu Nor-Quanshuiliang interval (~11-11.2 Ma) to the 

Shengou-Naoge interval (~9-9.5 Ma), which is consistent with the marine δ18
O record showing a 

cooling trend in the same period as suggested by a positive excursion in the δ18
O values of 

benthic forams (Zachos et al., 2001). 

(3) The oxygen isotope compositions of phosphate (δ18
Op) from fish bone samples from the 

Qaidam Basin showed statistically significant enrichment in δ18
Op from the Tuxi-Shengou-

Naoge interval (late Miocene) to the Yahu interval (early Pliocene) and from the Yahu interval to 

the present day. This is most likely reflecting increases in the δ18
O of lake water over time. 

Estimated water temperatures for the modern Qinghai Lake from fish bone δ18
Op and measured 

lake water δ18
Ow using the Longinelli and Nuti (1973) equation range from 19.3 to 23.1 (± 0.3) 

°C, about 4 to 11°C higher than the reported average temperature of surface water during the 

summer (~12-15°C). This indicates that the Qinghai Lake fish was not living in the saline 

Qinghai Lake itself exclusively, but spent at least part of its life in estuary or in the fresh water of 

an inflow river(s). Temperatures calculated from the average fish bone δ18
Op values and the 
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average δ18
Ow derived from structural carbonate δ18

O of large mammal tooth enamel samples 

were much too low to be reasonable. Temperatures estimated from δ18
Op of fish bones and δ18

Ow 

estimated from δ18
O of co-ocurring large mammal tooth enamel samples (including using the 

highest δ18
Ow to represent the dry season during which the large mammals presumably had to 

drink from the lake/lakes) were all lower than the average temperature of the modern Qinghai 

Lake surface water during the summer, and some were too low to be reasonable – even without 

considering the observed cooling trend since the late Miocene (which means that lake water 

probably had higher temperatures during the late Miocene and early Pliocene). These indicate 

that the fish and the large mammals were not in equilibrium with the same water, which is 

expected as the δ18
O values of enamel from large mammals have been shown to generally track 

the δ18
O values of meteoric water, whereas the δ18

O value of lake water as recorded in fish bones 

often deviates significantly from the δ18
O of meteoric (source) water due to 

environmental/hydrological factors such as evaporation. Using the relationship between salinity 

and δ18
Ow observed for the modern Qinghai Lake and its surrounding lakes and ponds and 

assuming that this relationship was applicable in the geological past, we calculated the 

paleosalinities of lake waters to be from 0.13-0.26 g/l (4°C) to 0.54-1.03 g/l (20°C) for the Tuxi-

Shengou-Naoge interval, and from 0.93-2.03 g/l (4°C) to 3.74-8.13 g/l (20°C) for the Yahu 

interval. The estimated salinity for Yahu is most likely too low, as the extraordinarily thickened 

skeleton that left little room for muscles would probably require much higher salinity (as well as 

Ca concentration). 

In summary, these data, in combination with data from other localities in North China and 

around the world, provide support for a global factor for driving the late Miocene C4 expansion 

as suggested by Cerling et al. (1997). The central Inner Mongolia and the Qaidam Basin were 

warmer and more humid during the late Miocene and early Pliocene, and had significant C4 

components in the local ecosystems, but they had different moisture sources: the former from the 

western Pacific Ocean, while the latter from the Indian Ocean and Bay of Bengal. Further 

significant uplift of the Tibetan Plateau (at least portions of it) drew some moisture away from 

the central Inner Mongolia area, diverting it to the Chinese Loess Plateau (CLP) and later the 

Linxia Basin. The uplift also blocked most of the moisture from the Indian Ocean and Bay of 

Bengal as well as that from the western Pacific Ocean from reaching the Qaidam Basin. The 

result is the retreat or significant reduction of C4 grasses in the local ecosystems of the central 
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Inner Mongolia area and the Qaidam Basin after early Pliocene, and the further expansion of C4 

plants in the CLP and later Linxia Basin. 
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CHAPTER 1 

INTRODUCTION 

This dissertation utilizes stable carbon and oxygen isotope analyses (including δ13
C and δ18

O 

of structural carbonate in the tooth enamel of herbivorous mammals, and δ18
Op of fish bone 

samples) as a tool to reconstruct paleodiets, paleoecology, and paleoenvironments in the central 

Inner Mongolia area (northeast China) and the Qaidam Basin (northwest China) during the late 

Cenozoic. The two main objectives of this dissertation research are: (1) To ascertain whether 

there were C4 plants present in these areas during the late Miocene global C4 expansion 

documented by many studies (Cerling et al., 1997 provided a very good summary) and, in 

conjunction with these studies, to further our understanding of the temporal and spatial variations 

of C4 expansion; (2) To improve our understanding of the late Cenozoic uplift history of the 

Tibetan Plateau by studying the ecological and environmental changes in the Qaidam Basin, 

which is located on the northeast margin of the Tibetan Plateau. Paleoenvironmental study is 

important because it can help us understand and prepare for environmental changes (whether due 

to natural causes or human activities), which could be severe challenges that mankind as well as 

many other species are facing or will soon be facing with (e.g., global warming). 

Chapters 2, 3, and 4 are separate manuscripts that have either been published in or will be 

submitted to journals, and will not be complete without abstracts. Therefore, an abstract is 

included in each chapter, despite that it is strongly discouraged to do so in the Guidelines and 

Requirements for dissertations.  

Chapter 2 reports the results of an isotopic study of late Cenozoic mammalian tooth enamel 

samples from the central Inner Mongolia area. The δ13
C data indicate that there were significant 

amounts of C4 plants in the diets (up to ~76% C4) of about half of the fossil mammalian samples 

analyzed. This suggests that C4 grasses were probably a significant component of local 

ecosystems during the late Miocene and early Pliocene. The present day vegetation, however, is 

dominated by C3 plants, as is evidenced by carbon isotopic analyses of plant samples collected 

during the summer 2009 field trip to the study area. During that field trip, we had hoped to find 

sequences of pedogenic carbonate nodules formed at depths > 30 cm to corroborate or 
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complement our mammalian tooth enamel data or even fill in the gaps, however, only a few 

suitable carbonate nodules were found. Serial analyses reveal much larger variations in the δ18
O 

values of modern samples than those of fossils. Comparison of our data with records from other 

regions were carried out, as well as modern weather data from our study area and the Linxia 

Basin, to discuss the temporal and spatial variations in C4 expansion and the reasons for 

significant C4 presence in the modern day Linxia Basin but not in the central Inner Mongolia 

area. This chapter has been published in Earth and Planetary Science Letters (Zhang et al., 2009). 

Chapter 3 presents carbon and oxygen isotope data from mammalian tooth enamel samples 

from the Qaidam Basin, on the northeastern Tibetan Plateau in northwest China. The results 

show that the Qaidam Basin was probably warmer, more humid, and had significant C4 

components in the local ecosystems during the late Miocene and early Pliocene. Serial δ18
O data 

reveal much larger variations in the modern day Qaidam Basin than in the geological past, 

similar to that observed in the central Mongolia area. Using Kohn and Cerling’s (2002) equation, 

we also estimated the local meteoric water δ18
O compositions from the large mammal tooth 

enamel δ18
O data. This chapter is ready to be submitted to a journal. 

Chapter 4 presents fish bone δ18
Op data from the Qaidam Basin and the modern Qinghai 

Lake. We found statistically significant enrichments in δ18
Op values from the Tuxi-Shengou-

Naoge interval (late Miocene) to the Yahu interval (early Pliocene), and from the Yahu interval 

to the present day. The δ18
Op data were further used with δ18

Ow of modern Qinghai Lake water 

or the δ18
Ow values estimated from structural carbonate δ18

O values of large mammal tooth 

enamel samples and the Longinelli and Nuti (1973) equation to estimate water temperatures of 

the modern Qinghai Lake or lakes in the Qaidam Basin during the late Miocene and early 

Pliocene. Paleosalinities were also estimated using the observed relationship between salinity 

and δ18
Ow for the modern Qinghai Lake and its surrounding lakes and ponds. The estimated 

temperatures were lower than modern observed values for the surface water of the Qinghai Lake 

during the summer (which were close to the observed optimum growth temperature range for 

some fish species) or even unreasonably low. This is because the fish and the mammals were 

very likely not using the same water: fish mostly lived in lakes, while mammals did not drink 

exclusively from the lake but used various fresh water resources (e.g., streams, puddles, etc.). 

The paleosalinities estimated for Yahu are likely too low. This chapter will be submitted after 

further revisions. 
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Chapter 5 summarizes the findings in Chapters 2, 3, and 4. Our data suggest that the Qaidam 

Basin and the central Inner Mongolia were likely warmer and more humid, and had significant 

C4 components in the local ecosystems during the late Miocene and early Pliocene, but they had 

different moisture sources: the former from the Indian Ocean and Bay of Bengal, and the latter 

from the western Pacific Ocean. Further significant uplift in the Tibetan Plateau (or at least 

portions of it) after the early Pliocene drew some moisture away from the central Inner Mongolia 

area while blocking most moisture from the Indian Ocean and Bay of Bengal as well as from the 

western Pacific Ocean from reaching the Qaidam Basin, causing a reduction or retreat of C4 

plants from these areas. Meanwhile, the strengthened East Asian Summer Monsoon (EASM) led 

to the C4 expansion in the Chinese Loess Plateau (CLP) and later the Linxia Basin. 
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CHAPTER 2 

C4 EXPANSION IN THE CENTRAL INNER MONGOLIA 

DURING THE LATEST MIOCENE AND EARLY PLIOCENE 

 

Abstract 

The emergence of C4 photosynthesis in plants as a significant component of terrestrial 

ecosystems is thought to be an adaptive response to changes in atmospheric CO2 

concentration and/or climate during Neogene times and has had a profound effect on the 

global terrestrial biosphere. Although expansion of C4 grasses in the latest Miocene and 

Pliocene has been widely documented around the world, the spatial and temporal variations 

in the C4 expansion are still not well understood and its driving mechanisms remain a 

contentious issue. Here we present the results of carbon and oxygen isotope analyses of fossil 

and modern mammalian tooth enamel samples from the central Inner Mongolia. Our samples 

represent a diverse group of herbivorous mammals including deer, elephants, rhinos, horses 

and giraffes, ranging in age from the late Oligocene to modern. The δ13
C values of 91 tooth 

enamel samples of early late-Miocene age or older, with the exception of two 13 Ma rhino 

samples (−7.8 and −7.6‰) and one 8.5 Ma suspected rhino sample (−7.6‰), were all less 

than −8.0‰ (VPDB), indicating that there were no C4 grasses present in their diets and thus 

probably few or no C4 grasses in the ecosystems of the central Inner Mongolia prior to ~8 

Ma. However, 12 out of 26 tooth enamel samples of younger ages (~7.5 Ma to ~3.9 Ma) have 

δ13
C values higher than −8.0‰ (up to −2.4‰), indicating that herbivores in the area had 

variable diets ranging from pure C3 to mixed C3-C4 vegetation during that time interval. The 

presence of C4 grasses in herbivores’ diets (up to ~76% C4) suggests that C4 grasses were a 

significant component of the local ecosystems in the latest Miocene and early Pliocene, 

consistent with the hypothesis of a global factor as the driving mechanism of the late 

Miocene C4 expansion. Today, C3 grasses dominate grasslands in the central Inner Mongolia 

area. The retreat of C4 grasses from this area after the early Pliocene may have been driven 
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by regional climate change associated with tectonic processes in central Asia as well as 

global climate change. 

Key Words: C4 plants, stable isotopes, fossil mammals, Inner Mongolia, late Miocene 

 

2.1 Introduction 

Plants can be divided into three categories based on the photosynthetic pathways they use: 

C3, C4, and CAM (crassulacean acid metabolism). C3 plants include virtually all trees, most 

shrubs and herbs, and cool season grasses. The δ13
C values of C3 plants range from −20 to 

−35‰ (vs. VPDB), averaging −27‰. Under water-stressed conditions, C3 plants display more 

enriched δ13
C values (>−27‰); while under closed canopy conditions, C3 plants show more 

depleted δ13
C values (<−27‰). C4 plants include warm season grasses and a few shrubs in the 

families Euphorbiaceae and Chenopodiaceae. C4 plants have a mean δ13
C value of −13‰, and a 

range from −9 to −17‰. CAM plants include succulents such as cacti and some yuccas, and are 

found mostly in deserts. Their δ13
C values are mostly between C3 and C4 plants, but can be 

closer to (or overlap with) C3 or C4 plants depending on their local environmental conditions. 

CAM plants are rarely included in the discussion of ecosystem changes because they are usually 

not important components of ecosystems outside deserts (Deines, 1980; Quade et al., 1989; 

Cerling et al., 1997; Tipple and Pagani, 2007; Wang et al., 2008a). 

The carbon and oxygen isotopes of fossil tooth enamel of herbivorous mammals can be used 

to reconstruct paleodiets and paleoenvironments. This is because: (1) tooth enamel can survive 

most diagenesis and preserve a primary isotopic signature due to its low porosity (Wang and 

Cerling, 1994); (2) there is a significant difference between the δ13
C values of C3 and those of 

C4 plants, and there is a consistent ~14‰ enrichment in the tooth enamel δ13
C values of large 

mammals relative to their diets (Cerling et al., 1997); and (3) tooth enamel δ18
O compositions of 

large mammals primarily reflect local meteoric water δ18
O compositions, which in turn depend 

on local and global climate (Kohn et al., 1996; Wang et al., 2008b). In addition to mammalian 

tooth enamel, pedogenic carbonate in paleosols and organic compounds extracted from 

sediments or sedimentary rocks have been used to reconstruct paleovegetations and 

paleoclimates.  
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Based on the analyses of carbon isotopes in pedogenic carbonate, tooth enamel, or specific 

organic compounds, the expansion of C4 grasses has been widely documented around the world, 

e.g., in Asia (Quade et al., 1989; Cerling et al., 1993; Morgan et al., 1994; Cerling et al., 1997; 

Deng et al., 2002; Wang et al., 2004; An et al., 2005; Biasatti et al., 2005; Gaboardi et al., 2005; 

Wang and Deng, 2005; Hou et al., 2006; Wang et al., 2006; Huang et al., 2007; Passey et al., 

2009), Africa (Cerling et al., 1997; Boisserie et al., 2005; Segalen et al., 2006; Kingston and 

Harrison, 2007), and the Americas (Cerling et al., 1993; Wang et al., 1993; MacFadden and 

Cerling, 1994; MacFadden et al., 1994; Wang et al., 1994; MacFadden and Cerling, 1996; 

MacFadden et al., 1996; Cerling et al., 1997; Latorre et al., 1997; Cerling et al., 1998; 

MacFadden et al., 1999; Huang et al., 2001; Fox and Koch, 2003; Fox and Fisher, 2004; Fox and 

Koch, 2004; Koch et al., 2004). However, the timing and driving mechanism of C4 expansion 

remain contentious issues.  

Regarding the timing of C4 expansion, Cerling et al. (1997) concluded that it began in the 

late Miocene (8-6 Myr ago), earlier at lower latitudes and later at higher latitudes as the CO2 

threshold for C3 photosynthesis is higher at warmer temperatures, and that significant C4 

biomass has since persisted to the present day. However, others suggested that C4 biomass was 

already a significant component of the local ecosystems much earlier than 8 Myr ago mainly 

based on δ13
C values of paleosol carbonates (e.g., Morgan et al., 1994; Fox and Koch, 2003, 

2004), although the suitability of some of the carbonate samples used in these latter studies for 

vegetation reconstruction was called into question (Wang and Deng, 2005). 

As to the driving mechanism, Cerling et al. (1997) proposed the CO2 hypothesis, which states 

that the “abrupt and widespread increase in C4 biomass may be related to a decrease in 

atmospheric CO2 concentrations below a threshold that favored C3-photosynthesizing plants” in 

the late Miocene. And the threshold they suggested was about 500 p.p.m.v. However, others 

suggested that atmospheric partial pressure of CO2 (pCO2) had been low, similar to modern 

levels, since the early Miocene, and that there were no significant drops in atmospheric CO2 

concentrations during the late Miocene based on proxy analyses (e.g., Pagani et al., 1999’s 

alkenone-based pCO2 estimates, and Pearson and Palmer, 2000’s estimates based on boron-

isotope ratios of ancient planktonic foraminifer shells). Consequently, other mechanisms for C4 

expansion were suggested, for example, climate/hydrological change (Pagani et al., 1999; Huang 

et al., 2001; Wang and Deng, 2005; Huang et al., 2007). 
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Here we present stable carbon and oxygen isotope data of fossil and modern mammalian 

tooth enamel from the central Inner Mongolia, including bulk samples from 119 teeth and 144 

serial samples from 7 teeth. The samples range in age from the late Oligocene (~26 Ma) to the 

present. Our objective of this study is to compare the paleodiet (which reflects paleovegetation) 

and paleoclimate record from the central Inner Mongolia area with well-established records from 

other parts of the world to improve our understanding of the natural variability of the Earth’s 

climate system and the development of C4 ecosystems. 

 

2.2 Geographic and geological settings 

The study area (latitude: ~41.5−44.0°N, longitude: ~112.0−116.0°E) is located in the central 

Inner Mongolia (Fig. 2.1), which is a low plateau with an elevation of slightly over 1000 m. The 

climate of this area is temperate continental, with an annual mean temperature range of ~ −1 to 

10°C (~ −23 to −10°C in January, and ~17 to 26°C in July). The mean annual precipitation is 

~50 to 450 mm, decreasing largely from southeast to northwest, with the rains concentrating in 

the summer months. The sample sites lie in a roughly triangular area, with the cities Erenhot, 

Zhangjiakou, and Xilinhot at the apices. No samples were collected from the eastern central part 

of this triangle, which is occupied by the Hunshandake sand dunes. 

The deposits in the study area are mainly composed of fluvial and lacustrine sediments, and 

their age assignments were based on a combination of faunal assemblages, paleomagnetic 

studies, and one 
40

K-
40

Ar age of 7.1 ± 0.5 Ma of the basalt capping the Baogedawula Formation 

(Fig. 2.2). The fossils were assigned ages based on the estimated ages of the strata in which they 

occurred in the stratigraphic column recently updated by Wang et al. (2009). The uncertainties in 

the fossil age estimates are less than 0.5 Ma for most fossil localities, except for Tsagan Nor, 

Aershan, Tairum Nor, and Yanchi where age uncertainties could be as large as 1-3 Ma. Thus, 

two groups of fossils from different localities having the same numerical age may not have 

actually been synchronous, which might confound the interpretation or comparison of the 

corresponding data.   
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Fig. 2.1 Sketch map showing the fossil localities in the central Inner Mongolia area. For 

convenience of discussion, the localities were grouped into Tunggur Area in the northwest, 

Xilinhot Area in the north, and Huade Area in the south (adapted from Wang and Deng, 2005 

and Qiu et al., 2006). 
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Fig. 2.2 Stratigraphic column showing the strata from which the fossils for this study were 

discovered (modified from Qiu et al., 2006 and Wang et al., 2009). 
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2.3 Sampling and analytical methods 

We selected 119 well-preserved fossil and modern teeth for stable carbon and oxygen isotope 

analyses from a diverse group of herbivorous mammals including rhinos (Paraceratherium, 

Hispanotherium, Acerorhinus, Dicerorhinus, and Chilotherium), elephants (Anacus, Mastodon, 

Gomphotherium and Platybelodon), horses(Anchitherium and Hipparion), bovid (Turcoceros), 

deer (Stephanocemas), giraffe (Palaeotragus), modern horse (Equus), and modern cow (Bos). In 

addition, we collected modern plants in the area for stable carbon isotope analysis. 

Bulk samples were prepared in either of the following two ways: (1) a piece of tooth was cut 

along the growth axis, the enamel was separated from dentine and other matrix with a Dremel
®

 

tool, and then the clean enamel was ground into fine powder using a mortar and pestle; or (2) 

dentine and/or other material were removed from the surface of tooth enamel using a Dremel
®

 

tool, and then fine powder was drilled/milled from the cleaned enamel surface more or less 

evenly along the entire growth axis to make the sample more representative of the entire tooth. 

Seven teeth were serially-sampled by drilling the clean enamel surface in bands 

perpendicular to the growth axis. Two sets of the serial samples (IMMH and IMMH2) were 

obtained from the same modern horse tooth from Sonid Zuoqi, but were sampled on different 

sides of the tooth at different densities. 

The sample powder was then soaked in 5% sodium hypochlorite (NaOCl) for at least 12 

hours to remove organic matter. The solution was decanted after centrifugation, and the 

remaining powder was rinsed with distilled water at least three times. The powder was then 

treated with 1 M acetic acid for at least 12 hours to remove non-structural carbonate, cleaned 

with distilled water via centrifugation at least three times, and finally freeze-dried. 

Then ~2-3 milligrams (mg) of the enamel powder were weighed into a reaction vial (one 

sample per vial). Two or three sets of standards were also weighed into different vials, each 

containing ~100-300 micrograms (μg) of a selected standard. Both the samples and the standards 

were baked for a few hours in a drying oven set to ~71°C to remove moisture absorbed onto the 

powder. Then caps and septa were screwed on the vials immediately. After flushing the vials 

with pure He, 100% H3PO4 acid was manually injected into the vials, making sure that all the 

powder was covered by H3PO4 acid. The vials were left in the sample block (25.0 ± 0.1 °C) or in 

a thermal bath (25.0 ± 0.5 °C) for at least 72 hours. The CO2 generated was then analyzed by a 
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continuous flow Finnigan Delta Plus XP stable isotope ratio mass spectrometer (IRMS) at the 

Florida State University (FSU). Plant samples were freeze-dried and ground into powder or cut 

into very small pieces. Their stable carbon isotopic compositions were measured using a Carlo 

Erba Elemental Analyzer interfaced to the IRMS at FSU. 

The analytical results are reported in the standard notation as δ13
C and δ18

O: δ = 

[(Rsample/Rstandard) – 1] × 1000 (in ‰), where R = 
13

C/
12

C or 
18

O/
16

O, and the reference standard is 

the international carbonate standard VPDB (Vienna Pee Dee Belemnite). Based on replicate 

analyses of the carbonate standard NBS-19 and our lab standards MERK, Roy-cc, and YW-cc-st 

or PDA-CaCO3, which were all processed with each batch of samples, the analytical precision 

for both δ13
C and δ18

O is better than ±0.1‰. 

 

 

Fig. 2.3 Temporal variations in the δ C of bulk enamel samples from the central Inner Mongolia 

area

13

: (a) arranged by taxa, and (b) arranged by grouped sites. Also shown in (a) are estimated 

maximum δ13
C values for both fossil and modern mammals that fed on C3 plants experiencing 

high water stress (dark green line) from Passey et al. (2002, 2009). Note that the maximum δ13
C 

value of −10.3‰ estimated for modern mammals by Passey et al. (2002, 2009) is too low for arid 

environments (Cerling et al., 1997; Wang et al., 2008b), including the central Inner Mongolia 

area. Therefore, an enamel-δ13
C of −8‰ was used as a conservative “cut-off” value for C3 diet 

for modern animals (see text for more explanation). 
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2.4 Results and discussions 

2.4.1 Carbon isotopes, paleodiet, and paleoecology 

The δ13
C values of tooth enamel reflect the δ13

C composition of the diet. For modern 

herbivores, an enamel-δ13
C value of −9‰ or less in general indicates a pure C3 diet, whereas 

enamel δ13
C values of −1‰ or higher indicate a pure C4 diet. In water-stressed environments, 

the conservative ‘cut-off’ value for a pure C3 diet is −8‰ for modern samples and −7‰ (or even 

higher) for fossils (Cerling et al., 1997; Wang et al., 2008a). Enamel samples from fossil 

herbivores in the central Inner Mongolia display significant temporal variations in δ13
C values 

reflecting changes in diets and habitats (Fig. 2.3 and Table 2.1).   

From 26 Ma to ~8.5 Ma, the δ13
C values of enamel range from −7.6‰ to −13.0‰ (Fig. 2.3), 

with a mean of −9.7 ± 1.2‰ (n = 91, all means reported ± 1 standard deviation). These δ13
C 

values indicate that herbivores in the central Inner Mongolia were feeding predominantly on C3 

plants from the late Oligocene to early late Miocene (Fig. 2.3a). Only three enamel samples have 

δ13
C values slightly higher than −8.0‰: −7.6‰ and −7.8‰ for two 13 Ma rhino fossils from the 

Platybelodon Quarry of the Tunggur Area, and −7.6‰ for an 8.5 Ma suspected rhino from 

Tsagan Nor of the Xilinhot Area (Figs. 2.1 and 2.3). These slightly higher δ13
C values are 

consistent with water-stressed C3 diets predicted for late Miocene herbivores (Fig. 2.3a, Passey 

et al., 2002, 2009), and thus likely indicate consumption of C3 plants experiencing water stress, 

suggesting that water-stressed conditions may have existed in the Tunggur and Xilinhot Areas 

prior to ~8.5 Ma. Alternatively, these slightly higher δ13
C values could indicate ingestion of a 

small amount of C4 plants. However, the lack of significant seasonal δ13
C variations within 

individual teeth (Fig. 2.4e and f) from this time period renders this latter possibility very low 

(Wang et al., 2008a). The pure or nearly pure C3 diets for this time period suggest that there was 

no significant C4 biomass in the central Inner Mongolia ecosystems before ~8.5 Ma. This is 

consistent with observations in other parts of the world (Cerling et al., 1997). The δ13
C variations 

among species suggest mixed habitats likely including forests (more negative δ13
C values) and 

C3 grasslands (less negative δ13
C values). At ~12.5 Ma, there were two sets of samples: one 

from the locality Milestone 482 km (43.94°N, 114.50°E) in the Xilinhot Area and another from 

the Wolf Camp (43.55°N, 112.66°E) in the Tunggur Area (Fig. 2.1). A comparison of the δ13
C 
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values of these two sets of samples reveals that the Wolf Camp samples have a mean δ13
C value 

of −9.4 ± 0.6‰, significantly higher than that of the Milestone 482 km samples (Table 2.2), 

suggesting that the Wolf Camp was probably more arid than the Milestone 482 km locality. This 

is consistent with oxygen isotope data, which show that samples from the Wolf Camp have 

generally higher δ18
O values than those from Milestone 482 km, although the difference in the 

mean δ18
O values is not statistically significant (Table 2.2). Therefore, an east-west moisture 

gradient, similar to (but weaker than) that observed in the region today, may have existed in the 

area at that time. As mentioned in Section 2.2 above, however, the uncertainties in the age 

estimates might render this comparison insignificant, because these two groups of fossils may 

not have exactly the same age.  

 

Table 2.1 Stable carbon and oxygen isotopic compositions of bulk fossil and modern teeth 

enamel samples from Inner Mongolia. Samples are arranged according to increasing age. 

Sample # Sample name Locality 

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

min.% 

C4** 

Im-03 Modern cow Huojia backyard −12.7 −9.9 0.0 0.0 

Im356-01 Modern horse 356 km locality −8.9 −9.0 0.0 12.2 

IMMH* Modern horse Sonid Zuoqi −8.2 −5.4 0.0 18.1 

IMM-2* Modern horse Aoerban −8.0 −6.9 0.0 19.8 

IM0703* Modern horse Baogedawula −9.8 −9.3 0.0 4.6 

Db-01 Proboscidea Gaotege −3.7 −10.1 3.9 42.5 

Db-02 Proboscidea Gaotege −2.4 −12.4 3.9 53.4 

Db-03 Rhinocerotidae Gaotege −11.5 −10.7 3.9 0.0 

Db-04 Hipparion Gaotege −8.3 −12.5 3.9 3.6 

047 Hipparion sp. Gaotege −5.5 −9.4 3.9 27.3 

048 Hipparion sp. Gaotege −6.5 −9.6 3.9 18.8 

005 Hipparion sp. Bilike −11.5 −10.8 4.7 0.0 

006 Dicerorhinus sp. Bilike −10.0 −9.9 4.7 0.0 

008 Anacus sp.  Bilike −9.9 −10.3 4.7 0.0 

009 Anacus sp.  Bilike −10.1 −10.3 4.7 0.0 

010 Chilotherium 

habereri 

Ertemte −11.9 −10.2 6.0 0.0 

011 Chilotherium 

habereri 

Ertemte −10.5 −9.7 6.0 0.0 

012 Mastodon sp. Ertemte −8.9 −8.2 6.0 0.0 

013 Axis speciosus Ertemte −11.8 −9.6 6.0 0.0 

014 Axis speciosus Ertemte −12.5 −9.6 6.0 0.0 

015 Gazella sp. Ertemte −12.6 −9.2 6.0 0.0 
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Table 2.1 – continued 

Sample # Sample name Locality 

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

min.% 

C4** 

031 Samotherium sp. Baogedawula −6.6 −6.9 7.5 15.7 

032 Samotherium sp. Baogedawula −7.9 −9.7 7.5 4.7 

033 Samotherium sp. Baogedawula −7.4 −9.2 7.5 8.9 

034 Samotherium sp. Baogedawula −7.8 −11.3 7.5 5.6 

035 Samotherium sp. Baogedawula −7.9 −8.1 7.5 4.7 

036 Hipparion sp. Baogedawula −9.0 −9.6 7.5 0.0 

037 Hipparion sp. Baogedawula −9.0 −9.7 7.5 0.0 

038 Hipparion sp. Baogedawula −7.4 −13.4 7.5 8.9 

039 Hipparion sp. Baogedawula −5.0 −9.2 7.5 29.2 

040 Chilotherium sp. Baogedawula −6.9 −9.2 7.5 13.2 

049 Hipparion sp. Tsagan Nor −8.2 −8.2 8.5 0.0 

050 Hipparion sp. Tsagan Nor −8.2 −8.3 8.5 0.0 

051 Hipparion sp. Tsagan Nor −8.4 −7.6 8.5 0.0 

052 Hipparion sp. Tsagan Nor −8.5 −8.7 8.5 0.0 

053 Chilotherium sp. Tsagan Nor −8.3 −3.9 8.5 0.0 

054 Chilotherium sp. Tsagan Nor −8.4 −11.1 8.5 0.0 

055 Chilotherium sp. Tsagan Nor −8.5 −11.4 8.5 0.0 

056 Chilotherium sp. Tsagan Nor −8.5 −7.2 8.5 0.0 

057 Chilotherium sp. Tsagan Nor −7.6 −9.3 8.5 5.1 

069 Hipparion sp. Shala −9.9 −10.0 8.5 0.0 

070 Chilotherium sp. Shala −9.2 −11.5 8.5 0.0 

071 Chilotherium sp. Shala −10.7 −11.4 8.5 0.0 

072 Chilotherium sp. Shala −10.9 −10.4 8.5 0.0 

073 Chilotherium sp. Shala −8.7 −8.6 8.5 0.0 

074 Chilotherium sp. Shala −8.4 −2.4 8.5 0.0 

075 Chilotherium sp. Shala −8.4 −1.2 8.5 0.0 

076 Chilotherium sp. Shala −11.0 −8.1 8.5 0.0 

058 Rhinocerotidae 

gen. et sp. indet. 

Aershan −10.1 −11.7 9.3 0.0 

059 Rhinocerotidae 

gen. et sp. indet. 

Aershan −8.1 −13.8 9.3 1.0 

060 Rhinocerotidae 

gen. et sp. indet. 

Aershan −9.5 −13.3 9.3 0.0 

061 Rhinocerotidae 

gen. et sp. indet. 

Aershan −9.7 −11.9 9.3 0.0 

077 Anchitherium sp. Amuwusu −11.6 −11.9 10.4 0.0 

078 Anchitherium sp. Amuwusu −10.3 −7.3 10.4 0.0 

079 Anchitherium sp. Amuwusu −11.1 −9.3 10.4 0.0 

080 Acerorhinus sp. Amuwusu −12.0 −12.1 10.4 0.0 
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Table 2.1 – continued 

Sample # Sample name Locality 

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

min.% 

C4** 

081 Acerorhinus sp. Amuwusu −9.7 −10.6 10.4 0.0 

082 Acerorhinus sp. Amuwusu −11.9 −11.1 10.4 0.0 

083 Acerorhinus sp. Amuwusu −11.7 −10.6 10.4 0.0 

084 Acerorhinus sp. Amuwusu −10.9 −9.9 10.4 0.0 

085 Palaeotragus sp. Amuwusu −11.2 −11.1 10.4 0.0 

086 Palaeotragus sp. Amuwusu −11.3 −10.7 10.4 0.0 

087 Palaeotragus sp. Amuwusu −10.5 −11.0 10.4 0.0 

088 Palaeotragus sp. Amuwusu −12.7 −11.2 10.4 0.0 

089 Gomphotherium 

sp. 

Amuwusu −10.0 −7.9 10.4 0.0 

090 Gomphotherium 

sp. 

Amuwusu −9.9 −11.7 10.4 0.0 

102 Hispanotherium 

tungurense 

Milestone 482 km −11.7 −11.0 12.5 0.0 

103 Hispanotherium 

tungurense 

Milestone 482 km −11.0 −8.6 12.5 0.0 

104 Hispanotherium 

tungurense 

Milestone 482 km −8.8 −8.3 12.5 0.0 

105 Hispanotherium 

tungurense 

Milestone 482 km −9.3 −12.0 12.5 0.0 

106 Acerorhinus 

zernowi 

Milestone 482 km −11.9 −10.8 12.5 0.0 

107 Acerorhinus 

zernowi 

Milestone 482 km −11.3 −8.5 12.5 0.0 

108 Acerorhinus 

zernowi 

Milestone 482 km −13.0 −10.9 12.5 0.0 

109 Acerorhinus 

zernowi 

Milestone 482 km −11.0 −10.2 12.5 0.0 

110 Platybelodon 

grangeri 

Milestone 482 km −11.4 −11.2 12.5 0.0 

111 Platybelodon 

grangeri 

Milestone 482 km −10.1 −9.6 12.5 0.0 

Tg-02 Anchitherium 

gobiense 

Tung Gur −10.0 −8.5 12.5 0.0 

Tg-01 Stephanocemas 

thompsoni  

25 mi NE of Tung 

Gur 
−8.8 −10.8 12.5 0.0 

Tg-01 Stephanocemas 

thompsoni  

25 mi NE of Tung 

Gur 
−9.2 −10.0 12.5 0.0 

016 Platybelodon 

grangeri 

Wolf Camp −10.6 −7.7 12.5 0.0 

017 Platybelodon 

grangeri 

Wolf Camp −10.2 −6.5 12.5 0.0 
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Table 2.1 – continued 

Sample # Sample name Locality 

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

min.% 

C4** 

018 Platybelodon 

grangeri 

Wolf Camp −10.4 −7.2 12.5 0.0 

019 Anchitherium 

gobiensis 

Wolf Camp −8.9 −13.0 12.5 0.0 

020 Anchitherium 

gobiensis 

Wolf Camp −8.2 −12.5 12.5 0.0 

021 Hispanotherium 

tungurense 

Wolf Camp −9.1 −8.7 12.5 0.0 

022 Hispanotherium 

tungurense 

Wolf Camp −9.1 −8.2 12.5 0.0 

023 Hispanotherium 

tungurense 

Wolf Camp −9.0 −8.3 12.5 0.0 

024 Hispanotherium 

tungurense 

Wolf Camp −9.1 −7.9 12.5 0.0 

025 Hispanotherium 

tungurense 

Wolf Camp −9.2 −9.1 12.5 0.0 

026 Acerorhinus 

zernowi 

Wolf Camp −9.1 −8.5 12.5 0.0 

027 Acerorhinus 

zernowi 

Wolf Camp −10.0 −11.4 12.5 0.0 

028 Acerorhinus 

zernowi 

Wolf Camp −9.0 −9.4 12.5 0.0 

029 Acerorhinus 

zernowi 

Wolf Camp −9.1 −8.3 12.5 0.0 

030 Acerorhinus 

zernowi 

Wolf Camp −9.1 −7.4 12.5 0.0 

Wc-03 Turcoceros 

grangeri 

Wolf Camp −9.8 −12.0 12.5 0.0 

Wc-06 Hispanotherium Wolf Camp −9.3 −8.5 12.5 0.0 

045 Platybelodon 

grangeri 

Moergen −10.0 −9.7 13.0 0.0 

046 Hispanotherium 

tungurense 

Moergen −9.9 −10.3 13.0 0.0 

091 Platybelodon 

grangeri 

Platybelodon 

Quarry 
−9.9 −9.2 13.0 0.0 

092 Platybelodon 

grangeri 

Platybelodon 

Quarry 
−10.3 −8.0 13.0 0.0 

093 Platybelodon 

grangeri 

Platybelodon 

Quarry 
−8.9 −8.8 13.0 0.0 

094 Platybelodon 

grangeri 

Platybelodon 

Quarry 
−9.7 −8.5 13.0 0.0 
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Table 2.1 – continued 

Sample # Sample name Locality 

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

min.% 

C4** 

095 Platybelodon 

grangeri 

Platybelodon 

Quarry 
−9.0 −3.6 13.0 0.0 

096 Acerorhinus 

zernowi 

Platybelodon 

Quarry 
−9.3 −6.1 13.0 0.0 

097 Acerorhinus 

zernowi 

Platybelodon 

Quarry 
−9.0 −7.1 13.0 0.0 

098 Acerorhinus 

zernowi 

Platybelodon 

Quarry 
−9.1 −5.7 13.0 0.0 

099 Hispanotherium 

tungurense 

Platybelodon 

Quarry 
−7.6 −7.5 13.0 0.0 

100 Hispanotherium 

tungurense 

Platybelodon 

Quarry 
−8.2 −7.9 13.0 0.0 

101 Hispanotherium 

tungurense 

Platybelodon 

Quarry 
−7.8 −8.7 13.0 0.0 

Tn-02 Anchitherium 

gobiense 

Tairum Nor −9.1 −9.1 13.6 0.0 

Tn-02 Anchitherium 

gobiense 

Tairum Nor −9.2 −8.4 13.6 0.0 

041 Hispanotherium 

matritense 

Tairum Nor −11.3 −7.3 13.6 0.0 

042 Hispanotherium 

matritense 

Tairum Nor −9.3 −7.6 13.6 0.0 

043 Gomphotherium 

sp. 

Tairum Nor −9.6 −7.5 13.6 0.0 

044 Gomphotherium 

sp. 

Tairum Nor −9.4 −7.4 13.6 0.0 

065 Cervidae gen. et 

sp. indet. 

Gashunyinadege −10.9 −8.1 17.4 0.0 

066 Rhinocerotidae 

gen. et sp. indet. 

Gashunyinadege −11.0 −14.5 17.4 0.0 

067 Rhinocerotidae 

gen. et sp. indet. 

Gashunyinadege −8.6 −11.8 17.4 0.0 

001 Paraceratherium 

sp. 

Yanchi −9.5 −8.7 25.7   

002 Paraceratherium 

sp. 

Yanchi −10.1 −14.3 25.7   

003 Paraceratherium 

sp. 

Yanchi −9.3 −8.3 25.7   

004 Paraceratherium 

sp. 

Yanchi −9.4 −8.6 25.7   

*:  IMMH, IMM-2, and IM0703 are calculated from serial sample analyses. 

**: Calculated according to Passey et al. (2002, 2009) 
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In contrast to the previous period, enamel samples from ~7.5 Ma to ~3.9 Ma display a larger 

range of δ13
C variation (−2.4‰ to −12.6‰). The mean enamel-δ13

C value is −8.6 ± 2.7‰, 

significantly higher (Table 2.2) than that of the preceding period. These δ13
C values indicate that 

herbivores had a variable diet ranging from pure C3 to mixed C3-C4 vegetation (with C4 plants 

comprising up to ~76% of their diet) during the late Miocene and early Pliocene. The presence of 

a significant C4 dietary component was detected in about half of the fossil samples from two 

stratigraphic levels at ~7.5 Ma (in Baogedawula) and ~3.9 Ma (in Gaotege) in the Xilinhot Area 

(Fig. 2.1). This suggests that C4 plants were an important component of the local ecosystems 

around 7.5 Ma and 3.9 Ma. Intriguingly, samples from two other Miocene-Pliocene fossil 

localities in the Huade Area in the south (i.e., Ertemte, ~6.0 Ma, 6 samples; and Bilike, ~4.7 Ma, 

4 samples), yielded δ13
C values indicating a pure C3 diet (Figs. 2.1 & 2.3b). Because of the small 

sample size and the lack of samples of other ages at these southern localities as well as the lack 

of contemporary samples from other fossil localities in the Xilinhot or Tunggur Areas for 

comparison, we cannot determine whether the pure C3 diet indicates a retreat of C4 vegetation 

from the central Inner Mongolia or inadequate sampling of the populations (Fig. 2.3b; Table 2.1). 

Considering that these southern fossil localities are close to the present-day boundary between 

temperate deciduous forest and temperate steppe, it is also possible that the southern part of the 

central Inner Mongolia (i.e., Huade Area) was forested without any C4 plants in the latest 

Miocene and Pliocene due to wetter conditions in a warmer climate. More samples are needed to 

resolve this issue.  

 

Table 2.2 Student t Test for unpaired data with unequal variance. 

 Mean 

difference 

(‰) 

df t p 
Significant 

difference at 95%? 

δ13
C (482 km) vs. δ13

C 

(Wolf Camp) (~12.5 Ma) 

−1.6 11 −3.8062 <0.003 Yes 

δ18
O (482 km) vs. δ18

O 

(Wolf Camp) (~12.5 Ma) 

−0.9 24 −1.5784 0.1273 No 

δ13
C (~7.5 to ~3.9 Ma) vs. 

δ13
C (26 to ~8.5 Ma) 

1.2 27 2.1860 0.0374 Yes 

δ18
O (~7.5 to ~3.9 Ma) vs. 

δ18
O (26 to ~8.5 Ma) 

−0.7 70 −1.8595 0.0671 No 
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Our study area is currently located in the temperate steppe vegetation zone (Ren and Beug, 

2002). In contrast to the late Miocene and early Pliocene, the present-day ecosystems in the area 

are dominated by C3 vegetation, which is confirmed by carbon isotope analysis of plant samples 

collected during a recent field trip to the study area (Table 2.4).  Our plant survey shows that 

only one out of 21 species collected is a C4 plant and it is a minor component of the local 

ecosystem (accounting for insignificant amount of the local biomass). Although C4 plants (both 

monocots and dicots) have also been found in the vicinities of our study area (e.g., to the east or 

northeast of our study area: Redmann et al., 1995; Tang et al., 1999; Chen et al., 2007; and to the 

northwest: Pyankov et al., 2000), they are not a significant component of the biomass. Bulk 

enamel δ13
C values from four modern horses (three of which were calculated from serial 

samples) and one modern cow ranged from −8.0 to −12.7‰ (Table 2.1), indicating a C3-based 

diet for these modern herbivores, consistent with the present C3-dominance in the area. The 

slightly enriched δ13
C values (>−9‰) could be due to an intake of a small amount of C4 plants, 

but the lack of significant intra-tooth δ13
C variations within individual teeth (Fig. 2.4a and b; 

Table 2.3) indicates that these slightly enriched δ13
C values are most likely due to ingestion of 

C3 plants experiencing water stress and perhaps some CAM plants. Thus, our data suggest that 

significant ecological changes occurred in the central Inner Mongolia at about 7.5 Ma when C4 

plants expanded into the area and also after 3.9 Ma when C4 plants either disappeared or became 

insignificant in the local ecosystems. However, we do not have any samples from the time 

interval between ~3.9 Ma and the present to determine the exact timing of the latter ecological 

change. 

 

Table 2.3 Stable carbon and oxygen isotopic compositions of serial fossil and modern teeth 

enamel samples from Inner Mongolia.  

Sample  # Sample name Locality 

Distance to 

crown (mm)

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

IMMH-1 modern horse Sonid Zuoqi 1.0 −7.9 −10.8 0 

IMMH-2   4.0 −7.8 −9.3   

IMMH-3   7.0 −8.2 −8.7   

IMMH-4   12.0 −7.4 −6.0   

IMMH-5   16.0 −7.7 −4.0   

IMMH-6   20.0 −7.9 −2.9   

IMMH-7   24.0 −8.6 −1.9   

IMMH-8   27.0 −8.6 −2.6   
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Table 2.3 – continued 

Sample  # Sample name Locality 

Distance to 

crown (mm)

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

IMMH-9   30.0 −8.8 −3.4   

IMMH-10   33.0 −8.8 −6.0   

IMMH-11     36.0 −8.7 −8.0   

IMMH2-1 modern horse Sonid Zuoqi 3.0 −7.5 −9.5 0 

IMMH2-2   4.5 −7.9 −8.7   

IMMH2-3   7.5 −7.9 −9.0   

IMMH2-4   9.0 −7.8 −8.5   

IMMH2-5   11.0 −7.8 −7.3   

IMMH2-6   12.5 −7.6 −6.7   

IMMH2-7   14.5 −7.5 −5.8   

IMMH2-8   17.0 −7.6 −4.7   

IMMH2-9   19.0 −7.9 −3.4   

IMMH2-10   21.0 −8.0 −2.7   

IMMH2-11   23.0 −8.0 −2.4   

IMMH2-12   25.0 −8.3 −2.2   

IMMH2-13   27.0 −8.5 −2.3   

IMMH2-14   29.0 −8.7 −2.7   

IMMH2-15   31.0 −8.6 −3.5   

IMMH2-16   33.0 −8.8 −4.0   

IMMH2-17   35.0 −8.8 −4.6   

IMMH2-18     37.0 −8.9 −5.5   

IMM-2-1 modern horse 

(M3) 

Aoerban 2.0 −7.7 −6.4 0 

IMM-2-2   4.5 −7.8 −7.7   

IMM-2-3   7.0 −8.1 −7.9   

IMM-2-4     9.0 −8.6 −5.5   

IM0703-1 modern horse 

(P4) 

Baogedawula 4.0 −10.6 −12.0 0 

IM0703-2   6.0 −10.7 −9.7   

IM0703-3   8.5 −10.5 −7.7   

IM0703-4   11.0 −10.4 −6.4   

IM0703-5   13.0 −10.3 −5.8   

IM0703-6   15.0 −10.5 −5.4   

IM0703-7   17.0 −10.4 −4.9   

IM0703-8   19.0 −10.4 −5.1   

IM0703-9   21.5 −10.2 −5.6   

IM0703-10   23.5 −10.1 −6.1   

IM0703-11   26.5 −10.0 −7.8   

IM0703-12   29.0 −9.7 −8.8   
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Table 2.3 – continued 

Sample  # Sample name Locality 

Distance to 

crown (mm)

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

IM0703-13   31.0 −9.7 −9.3   

IM0703-14   34.0 −9.6 −10.4   

IM0703-15   36.0 −9.4 −11.1   

IM0703-16   38.0 −9.4 −11.6   

IM0703-17   40.0 −9.3 −12.0   

IM0703-18   42.0 −9.4 −12.3   

IM0703-19   44.5 −9.2 −13.4   

IM0703-20   47.0 −9.1 −13.9   

IM0703-21   49.0 −9.2 −13.9   

IM0703-22   51.5 −9.1 −13.3   

IM0703-23   53.5 −9.1 −12.0   

IM0703-24   56.5 −9.3 −9.8   

IM0703-25   58.5 −9.3 −7.5   

IM0703-26     61.0 −9.3 −6.6   

IM005-1 Hipparion sp. Bilike 2.0 −12.9 −10.3 4.7 

IM005-2   4.0 −13.0 −11.1   

IM005-3   6.0 −13.1 −11.9   

IM005-4   8.0 −13.1 −12.4   

IM005-5   10.0 −13.0 −12.9   

IM005-6   11.5 −13.1 −13.3   

IM005-7   13.5 −13.0 −13.7   

IM005-8   15.0 −13.0 −13.9   

IM005-9   17.0 −13.0 −13.8   

IM005-10   18.5 −12.7 −13.2   

IM005-11     20.0 −12.7 −12.8   

IM012-1 Mastodon sp. Ertemte 4.5 −9.6 −10.7 6 

IM012-2   7.0 −9.7 −10.4   

IM012-3   9.5 −9.7 −9.5   

IM012-4   11.0 −9.7 −9.4   

IM012-5   13.5 −9.6 −9.2   

IM012-6   15.5 −9.6 −9.0   

IM012-7   17.5 −9.6 −8.8   

IM012-8   19.5 −9.7 −9.0   

IM012-9   21.5 −9.8 −8.9   

IM012-10   23.5 −9.8 −9.4   

IM012-11   25.5 −9.8 −9.3   

IM012-12   27.5 −9.9 −9.0   

IM012-13   29.5 −9.9 −9.1   
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Table 2.3 – continued 

Sample  # Sample name Locality 

Distance to 

crown (mm)

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

IM012-14   31.0 −9.8 −9.0   

IM012-15   33.0 −9.9 −9.1   

IM012-16   34.5 −9.6 −9.0   

IM012-17   36.5 −9.6 −9.7   

IM012-18     38.0 −9.6 −10.0   

M102-1 Hispanotherium 

tungurense 

Milestone 482 

km 

2.5 −11.7 −8.6 12.5 

IM102-2   4.0 −11.8 −8.3   

IM102-3   5.5 −11.8 −8.3   

IM102-4   6.5 −11.8 −8.7   

IM102-5   8.0 −11.5 −9.1   

IM102-6   9.5 −11.3 −9.2   

IM102-7   11.0 −11.2 −9.7   

IM102-8   12.5 −11.1 −10.2   

IM102-9   14.0 −10.9 −10.7   

IM102-10   15.5 −10.9 −11.5   

IM102-11   16.7 −11.0 −12.0   

IM102-12   18.0 −11.2 −12.1   

IM102-13   19.5 −11.2 −12.4   

IM102-14   20.5 −11.2 −12.4   

IM102-15   21.5 −11.1 −12.6   

IM102-16   23.0 −11.0 −12.7   

IM102-17   24.5 −11.1 −12.8   

IM102-18   25.5 −11.0 −12.2   

IM102-19   26.5 −10.8 −11.4   

IM102-20   28.0 −10.9 −10.8   

IM102-21   29.5 −10.7 −10.4   

IM102-22   30.5 −10.9 −10.2   

IM102-23   31.7 −11.1 −10.4   

IM102-24   33.0 −11.1 −10.7   

IM102-25   34.2 −11.4 −10.9   

IM102-26   35.5 −11.4 −11.2   

IM102-27   36.5 −11.2 −11.7   

IM102-28   37.5 −11.3 −11.9   

IM102-29   38.5 −11.1 −12.3   

IM102-30   39.5 −11.2 −12.6   

IM102-31   40.5 −10.8 −12.7   

IM102-32   42.0 −10.8 −12.8   
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Table 2.3 – continued 

Sample  # Sample name Locality 

Distance to 

crown (mm)

δ13
C 

(VPDB) 
δ18

O 

(VPDB) 
Estimated 

age (Ma) 

IM102-33   43.0 −10.8 −12.8   

IM102-34   44.0 −10.9 −12.8   

IM102-35   45.0 −10.9 −12.9   

IM102-36     46.0 −11.0 −13.2   

IM043-1 Gomphotherium 

sp. 

Tairum Nor 2.5 −9.5 −5.6 13.6 

IM043-2   4.5 −10.1 −6.5   

IM043-3   6.5 −10.3 −7.4   

IM043-4   8.5 −10.4 −7.8   

IM043-5   10.5 −10.6 −8.4   

IM043-6   12.5 −10.8 −8.3   

IM043-7   14.5 −10.8 −7.8   

IM043-8   16.5 −10.7 −7.9   

IM043-9   18.5 −10.6 −7.8   

IM043-10   20.5 −10.6 −8.1   

IM043-11   22.5 −10.5 −7.9   

IM043-12   24.5 −10.4 −8.1   

IM043-13   26.5 −10.4 −7.9   

IM043-14   28.5 −10.2 −7.7   

IM043-15   30.0 −10.2 −6.8   

IM043-16   31.5 −10.1 −6.4   

IM043-17   33.0 −9.8 −6.7   

IM043-18   35.0 −10.1 −5.8   

IM043-19   36.5 −9.9 −5.9   

IM043-20     38.0 −9.8 −5.7   

 

 

Based on the analysis of phytolith and pollen preserved in a paleosol profile, Huang et al. 

(2005) suggested that C4 plants (e.g., Aneurolepidium chinese-Stipa grandis) expanded or retreated 

on a timescale of thousands of years during the Holocene in the Taipusi Banner area (Taibus Qi 

in Fig. 2.1) due to changes in temperature and/or monsoon strength (which relates to 

precipitation and aridity). Although this finding suggests that it is entirely possible that C4 plants 

have advanced and retreated many times in our study area, the low time resolution of the 

available fossil mammalian record precludes any meaningful discussion of such shorter time 

scale ecological variations. 
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Fig. 2.4 Intra-tooth δ C and δ O variations in modern and fossil herbivore teeth from the 

central Inner Mongolia area.

13 18

 IMMH and IMMH2 are two sets of serial samples taken from 

the same horse tooth but on opposing sides of the tooth with different sampling densities. 
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Table 2.4 Plant samples collected during a recent field trip to the central Inner Mongolia area 

and their δ C analytical result
13

s. 

Sample 
ID 

Family in 
Chinese 

Chinese 
Name Family Genus & Species Defined by 

δ13C (‰ vs. 
VPDB)* 

IMV-2 藜科 尖头叶藜 Chenopodiaceae Chenopodium 
acuminatum 

Willd. −26.1 

IMV-5 菊科 莳萝蒿 Compositae Artemisia 
anethoides 

Mattf. −28.7 

IMV-11 菊科 冷蒿 Compositae Artemisia frigida Willd. −28.3 

IMV-18 旋花科 银灰旋花 Convolvulaceae Convolvulus 
arvensis 

L. −24.0 

IMV-23 麻黄科 草麻黄 Ephedraceae Ephedra sinica Stapf. −23.5 

IMV-1 禾本科 芨芨草 Gramineae Achnatherum 
splendens 

(Trin.) Nevski. −27.5 

IMV-14 禾本科 芨芨草 Gramineae Achnatherum 
splendens 

(Trin.) Nevski. −27.0 

IMV-26 禾本科 芨芨草 Gramineae Achnatherum 
splendens 

(Trin.) Nevski. −25.2 

IMV-8 禾本科 冰草 Gramineae Agropyron 
cristatum 

(L.) Gaertn. −27.7 

IMV-13 禾本科 沙芦草 Gramineae Agropyron 
mongolicum 

Keng −26.8 

IMV-21 禾本科 假苇拂子
茅 

Gramineae Calamagrostis 
macrolepis 

Litv. −24.3 

IMV-12 禾本科 糙隐子草 Gramineae Cleistogene 
squarrosa 

(Trin.) Keng −15.7 

IMV-15 禾本科 糙隐子草 Gramineae Cleistogene 
squarrosa 

(Trin.) Keng −16.1 

IMV-3 禾本科 披碱草 Gramineae Elymus dahuricus Turcz. −24.8 

IMV-6 禾本科 羊草 Gramineae Leymus chinensis (Trin.) Tzvel. −27.4 

IMV-16 禾本科 羊草 Gramineae Leymus chinensis (Trin.) Tzvel. −23.8 

IMV-9 禾本科 长芒草 Gramineae Stipa bungeana Trin. −25.8 

IMV-19 禾本科 小针茅 Gramineae Stipa klemenzii Roshev. −24.9 

IMV-10 唇形科 夏至草 Labiatae Lagopsis supine (Steph.) IK.-
Gal. Ex Knorr. 

−26.5 

IMV-4 唇形科 百里香 Labiatae Thymus mongolicus Ronn. −28.5 

IMV-7 豆科 中间锦鸡
儿 

Leguminosae Caragana 
intermedia 

Kuang et H. C. 
Fu 

−25.8 

IMV-24 百合科 砂韭 Liliaceae Allium bidentatum Fisch. ex Prokh. −25.8 

IMV-17 柽柳科 红砂 Tamaricaceae Reaumuria 
soongorica 

(Pall.) Maxim. −24.2 

IMV-20 柽柳科 红砂 Tamaricaceae Reaumuria 
soongorica 

(Pall.) Maxim. −24.7 

IMV-25 瑞香科 狼毒 Thymelaeaceae Stellera 
chamaejasme 

L. −25.3 

IMV-22 蒺藜科 霸王 Zygophyllaceae Zygophyllum 
xanthoxylum 

(Bge.) Maxim. −25.7 

* The δ13
C values are average values of two analyses for each sample, except that of IMV-12, 

which is an average of three analyses. 
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We also analyzed serial samples from seven individual teeth, but only six of them are plotted 

in Figure 2.4, because one tooth (sample IMM-2) from Aoerban (43°20’21.6”N, 113°54’48.6”E) 

only yielded four serial enamel samples. Unfortunately we did not have enough tooth material 

left from the time intervals that show the C4 signals to perform serial analyses, and not 

surprisingly, there is not much variation in the δ13
C values of these serial samples. Nevertheless, 

the δ13
C values clearly show some trends: (1) In the Tunggur Area, the δ13

C values of a modern 

horse from Sonid Zuoqi (~ −8‰, Fig. 2.4a) and those from Aoerban (~ −8‰, Table 2.1) are 

~2‰ higher than those of a fossil elephant from Tairum Nor (13.6 Ma, Fig. 2.4f); (2) In the 

Xilinhot Area, the δ13
C values of a modern horse from Baogedawula (~10‰, Fig. 2.4b) are also 

~2‰ higher than those of a rhino from Milestone 482 km (12.5 Ma, Fig. 2.4e); and (3) the δ13
C 

values of modern horses from the Tunggur Area are ~2‰ higher than those of a modern horse 

from the Xilinhot Area (Fig. 2.4a and b). These trends suggest that the modern C3 plants, 

especially those from the Tunggur Area, are experiencing more severe water stress than before, 

and that the modern C3 plants from the Tunggur Area are experiencing more arid conditions than 

those from the Xilinhot Area. The much larger ranges of δ18
O values (8.9‰ for the horse from 

Sonid Zuoqi and 9.0‰ for that from Baogedawula) may indicate that the modern day 

environment is much more arid than before; and the generally higher δ18
O values of the modern 

horse from the Tunggur Area than those from the Xilinhot Area indicate that the Tunggur Area is 

more arid than the Xilinhot Area. Both are consistent with our previous inference based on the 

δ13
C values. An opposite trend however, is observed in the Huade Area, where the δ13

C values of 

a horse from Bilike (4.7 Ma, Fig. 2.4c) are lower than those of an elephant from Ertemte (6.0 

Ma, Fig. 2.4d), perhaps indicating that it had become more humid from ~6.0 Ma to ~4.7 Ma. 

 

2.4.2 Comparison with records from other regions 

Our tooth enamel C isotope data show that the first appearance of significant C4 component 

in the diets of herbivores in the central Inner Mongolia occurred in the late Miocene, at about 7.5 

Ma, which is synchronous with the C3-C4 dietary change observed in East Africa, Indian 

subcontinent, and the Americas (Cerling et al., 1997). This provides support for a global factor as 

the driving mechanism for the late Miocene C4 expansion (Cerling et al., 1997). However, the 

26 

 



δ13
C record from the central Inner Mongolia also displays striking differences from the other 

records. 

First, the expansion of C4 plants in the central Inner Mongolia appears to be earlier than that 

observed at similar latitudes in North America (Cerling et al., 1997; Passey et al., 2002). A 

possible explanation is that the central Inner Mongolia was warmer than similar latitudes in the 

central North America in the late Miocene and early Pliocene due to its proximity to the oceans. 

Sufficient growing season precipitation and warmer temperatures (in addition to low atmospheric 

pCO2) would have provided favorable conditions for the late Miocene expansion of C4 plants in 

the central Inner Mongolia. 

Secondly, in many regions around the world where C4 expansion occurred, significant C4 

biomass has persisted to the present day (Cerling et al., 1997) despite variations in their 

abundance in response to changes in temperature and/or precipitation on millennium or glacial-

interglacial time scales (e.g., Huang et al., 2001; Gaboardi et al., 2005). In contrast, C4 grasses 

expanded into the central Inner Mongolia during the latest Miocene and Pliocene but have since 

become insignificant in local ecosystems, although the exact timing of C4 retreat from this area 

has yet to be determined. Furthermore, the C4 expansion in the central Inner Mongolia also 

occurred much earlier than that in the Linxia Basin and that in the Chinese Loess Plateau (CLP), 

both of which are located to the southwest of our study area. In the CLP (~400 to 500 km SW of 

our study area), C4 first expanded at ~2.9-2.7 Ma (An et al., 2005). Farther west in the Linxia 

Basin, C4 grasses became an important component of local ecosystems only after ~2.5 Ma 

(Wang and Deng, 2005). Passey et al. (2009) recently reported that C4 vegetation has been 

present since the latest Miocene in Baode and Yushe on the eastern edge of the CLP, south of 

our study area. This east-west time transgression in C4 expansion provides supporting evidence 

for the hypothesis of Wang and Deng (2005) regarding the role of the East Asian monsoon 

system in controlling the development of C4 ecosystems in northern China. Our data suggest 

that, in agreement with Wang and Deng (2005), perhaps the Tibetan Plateau had not reached its 

present-day elevations across its vast extent until more recent time than generally thought (e.g., 

Rowley and Garzione, 2007; Royden et al., 2008). Consequently, the East Asian summer 

monsoon was not strong enough during much of the Neogene to affect the CLP, which is over 

1500 km away from a moisture source, let alone the Linxia Basin, which is farther west of the 

CLP by a few hundred kilometers. However, with the further significant growth/uplift of the 
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Tibetan Plateau, the East Asian summer monsoon was strengthened and the dominant wind 

direction in the summer shifted slightly toward the CLP and away from the central Inner 

Mongolia area, thus diverting some moisture away from the central Inner Mongolia and to the 

CLP and later also to the Linxia Basin. This resulted in the retreat of C4 plants from the central 

Inner Mongolia area due to a decrease in temperature, and the subsequent expansion of C4 plants 

in the CLP and later the Linxia Basin, due to increased seasonality with precipitation 

concentrating in summer months as it is today. This hypothesis appears to be supported by 

climate models. For example, an earlier model simulation revealed a significant drop in 

temperature of 5 to 6°C in both July and January in Northeast Asia (including our study area in 

Inner Mongolia) from no mountain to mountain cases, with a simultaneous but statistically 

insignificant increase in precipitation (Kutzbach et al., 1993). A recent simulation study with 

higher resolution models showed a systematic change in the precipitation pattern on the Asian 

continent with the uplift of the Tibetan Plateau: in summertime, precipitation area moves inland, 

and in our study area the June precipitable water decreases in both the CGCM (Coupled General 

Circulation Model) and AGCM (Atmospheric General Circulation Model) simulations (Kitoh, 

2004).  

In the present-day environment, there were no clear C4 signals detected in the mammalian 

diets in the central Inner Mongolia area. On the contrary, there are still significant C4 

components in the local ecosystems of the CLP (An et al., 2005) and the Linxia Basin (Wang 

and Deng, 2005). A comparison of 57-year weather data (Fig. 2.5) reveals that (1) Linxia Basin’s 

mean monthly temperature is above freezing (0 °C) from March to November, two months 

longer than in the central Inner Mongolia (Erenhot, Xilinhot, and Zhurihe), which is above 

freezing from April to October; and (2) the monthly mean precipitations were much higher from 

April to October in the Linxia Basin than those in the central Inner Mongolia area, and the mean 

cumulative precipitation from April to October from the year 1951 to 2007 was also much higher 

in the Linxia Basin than that in the central Inner Mongolia (Linxia: 471 mm; Xilinhot: 261 mm; 

Zhurihe: 202 mm; and Erenhot: 132 mm. The data for Erenhot are from a different data source, 

http://www.wunderground.com/NORMS/DisplayIntlNORMS.asp?CityCode=53068&Units=both

, which only lists the averages). A combination of a longer growing season, more growing season 

precipitation and a higher mean annual temperature is probably why C4 plants are still a 

significant ecosystem component in the Linxia Basin now but not the case in the central Inner 
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Mongolia area. Our data suggest that the present-day differences in precipitation and temperature 

regimes between the central Inner Mongolia and the CLP and the Linxia Basin were established 

after the early Pliocene, and were probably linked to the evolution of the Tibetan Plateau. A 

reduction in moisture in the central Inner Mongolia is also supported by both C and O isotope 

data of the serial samples, which suggest that the modern day environment is more arid than 

before. 

 

 

Fig. 2.5 Modern weather data from the weather stations in the vicinity of the study area 

(Erenhot, Xilinhot, and Zhurihe), from Zhangjiakou (SE of the study area), and from Linxia 

(which have C4 plants nowadays) for comparison. It seems that Linxia has more equable 

temperature (a higher mean annual temperature with higher temperatures in winter and lower 

temperatures in summer), longer growing season (2 more months), and more precipitation 

during the growing season than the study area. The data of Xilinhot, Zhurihe, Zhangjiakou, 

and Linxia are from: http://bcc.cma.gov.cn/Website/index.php?ChannelID=43&WCHID=5, 

and the data plotted are the mean values from 1951 to 2007. The data for Erenhot are from: 

http://www.wunderground.com/NORMS/DisplayIntlNORMS.asp?CityCode=53068&Units=

both. Error bars represent one standard deviation (1σ). 

 

2.5 Conclusions   

Stable carbon and oxygen isotopic analyses of herbivorous mammalian tooth enamel from 

the central Inner Mongolia area reveal significant changes in vegetation and climate since the 

late Oligocene (~26 Ma). Prior to ~8 Ma, the diets of various herbivores were composed of pure 

or nearly pure C3 plants, suggesting the local ecosystems were dominated by C3 plants. From 
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~7.5 to ~3.9 Ma, there were significant C4 plants in the diets of a variety of herbivorous 

mammals (up to ~76% of C4 plants), implying that C4 plants were a significant component of 

the local ecosystems. However, the modern day ecosystem in our study area is dominated by C3 

grasses. The expansion of C4 grasses in the late Miocene and Pliocene and the subsequent retreat 

of C4 plants from this area appear to be driven by a combination of global and regional factors.  

The synchronism of C4 expansion in the central Inner Mongolia and in many other places around 

the world at about 7-8 Ma provides support for a global factor in causing this late Miocene 

ecological change (Cerling et al., 1997); whereas subsequent C4 retreat from the central Inner 

Mongolia suggests that changes in regional temperature and precipitation regimes associated 

with the growth of the Tibetan Plateau may have played a major role in the evolution of C4-

containing ecosystems in northern China. In comparison with the timing of C4 expansions in the 

CLP and the Linxia Basin, we suggest that a more recent phase of surface uplift or growth of the 

Tibetan Plateau during the Plio-Pleistocene (An et al., 2001) further strengthened the East Asian 

monsoon system, increased seasonality in northern China, and diverted some of the summer 

moisture to the CLP and later to the Linxia Basin away from the central Inner Mongolia area. 

These changes, in conjunction with a reduction in temperature in the area as suggested by 

climate model simulations, were responsible for the retreat of C4 grasses from the central Inner 

Mongolia area after perhaps the early Pliocene and for the expansion of C4 plants in the CLP and 

later the Linxia Basin. 
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CHAPTER 3 

DIETS AND ENVIRONMENTS OF LATE CENOZOIC 

MAMMALS IN THE QAIDAM BASIN, TIBETAN PLATEAU: 

EVIDENCE FROM STABLE ISOTOPES 

 

Abstract 

The evolution of C4 plants and the uplift of the Tibetan Plateau are two of the hotly debated 

issues, focusing mainly on the timing and the driving mechanisms. To help resolve these issues 

and get a more complete picture, it is essential to gather evidence from the Tibetan Plateau itself, 

and combine the new evidence with previous results obtained from the south side of the 

Himalayas and from other places. Here we report results of stable C and O isotope analyses of 

tooth enamel samples from a wide variety of late Cenozoic mammals, including deer, giraffe, 

horse, rhino, and elephant, from the Qaidam Basin in the northern Tibetan Plateau.  

The δ13
C values of these samples generally show only small variations and are mostly less 

than −8‰ for modern samples and less than −7‰ for fossils, except a rhino tooth CD0722 from 

Shengou (late Miocene, with a current best estimated age of ~8–10 Ma) that yielded δ13
C values 

up to −4.1‰ - an unambiguous indication of a significant intake of C4 plants in its diet (up to 

~56%). If the Qaidam Basin was as arid as today during the late Miocene and early Pliocene, this 

would indicate that the animals had pure or nearly pure C3 diets and the local ecosystems were 

likely composed of pure or nearly pure C3 vegetation and that the lone rhino (CD0722) was 

more likely a migrant who grew up in places where C4 plants were present and migrated to the 

Shengou area. If, however, the Qaidam Basin was warmer and more humid during the late 

Miocene and early Pliocene than today as suggested by geological evidence, then at least a few 

more samples from Shengou (late Miocene) and Huaitoutala (early Pliocene) in addition to 

CD0722 indicate significant dietary intakes of C4 plants based on their tooth enamel δ C values. 

This suggests that the Qaidam Basin very likely had more C4 plants in the local ecosystems 

during the late Miocene and early Pliocene than today. Moreover, the Qaidam Basin probably 

also had much denser vegetation at that time to support additional large mammals such as rhinos 

13
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and elephants. Nonetheless, the C4 plants seemed to have not been consistently utilized because 

C3 plants, which were more nutritious and easier to digest than C4 plants, were readily available. 

The δ18
O values of these samples did not increase monotonously with time. However, the 

range of variation seems to have increased considerably since the early Pliocene, indicating 

increased aridification in the basin. The mean δ18
O values of large mammals and the 

reconstructed δ18
O compositions of local meteoric water display a significant negative shift from 

the Tuosu Nor-Quanshuiliang interval (~11-11.2 Ma) to the Shengou-Naoge interval (~9-9.5 

Ma), which is consistent with the marine δ18
O record showing a cooling trend in the same period 

as suggested by a positive excursion in the δ18
O values of benthic forams (Zachos et al., 2001). 

Taken together, the isotope data suggest a warmer, wetter, and perhaps lower Qaidam Basin 

during the late Miocene and early Pliocene than today. Increased aridification after the early 

Pliocene is likely due to a combined effect of regional tectonism, which resulted in a more 

effective moisture barrier preventing moisture from the Indian Ocean and Bay of Bengal from 

entering the basin, and global cooling. 

Key Words: C4 plants, stable isotopes, fossil mammals, Qaidam Basin, late Miocene, early 

Pliocene 

 

3.1 Introduction 

According to the photosynthetic pathways used, plants can be divided into C3 (including 

virtually all trees, most shrubs and herbs, and cool season grasses), C4 (warm season grasses and 

a few shrubs in the Euphorbiaceae and Chenopodiaceae families), and CAM (crassulacean acid 

metabolism, including succulents such as cacti and some yuccas) categories, each with 

characteristic δ13
C values: −20 to −35‰ (vs. VPDB) and averaging −27‰ for C3 plants; −9 to 

−17‰ with an average of −13‰ for C4 plants; and between C3 and C4 plants for CAM plants 

(Deines, 1980; Quade et al., 1989; Wang and Cerling, 1994; Kohn et al., 1996; Cerling et al., 

1997; Tipple and Pagani, 2007; Wang et al., 2008a; Wang et al., 2008b; Zhang et al., 2009). It 

has been shown that the paleodiets of herbivorous mammals and the paleoenvironments that they 

lived in can be reconstructed from the carbon and oxygen isotopes of their tooth enamels (Wang 

and Cerling, 1994; Kohn et al., 1996; Cerling et al., 1997; Wang et al., 2008b).  
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The expansion of C4 grasses has been widely documented around the world, except that its 

timing and driving mechanism remain controversial (Zhang et al., 2009 and the references 

therein). The timing and tectonic processes of the uplift of the Tibetan Plateau and the associated 

paleoenvironmental changes are some of the hotly debated issues that have attracted a lot of 

attention in recent years from geologists and climatologists alike (e.g., Molnar, 2005; Wang et 

al., 2007). Concerning the timing, some argued that the Himalayan-Tibetan Plateau had achieved 

its current elevation more than 10 Myr ago and perhaps as early as the late Eocene (e.g., Garzione 

et al., 2000; Rowley and Currie, 2006), while others argued for a significant (> ~1 to 2 km) uplift 

of at least some parts of the region after the middle Miocene (at ~8 Ma or even later in the 

Pliocene) (e.g., An et al., 2001; Wang and Deng, 2005; Wang et al., 2005; Wang et al., 2008b). 

Here we present the results of stable carbon and oxygen isotope analyses on fossil and 

modern mammalian tooth enamel samples from the Qaidam Basin, China (49 bulk samples, 29 

of which were calculated from serial analyses, and 355 serial samples from 29 teeth), ranging in 

age from the middle Miocene to the present. Our goal is to compare the paleodiet and the 

paleoclimate record of the Qaidam Basin with records from other parts of the world to better 

understand the evolution of C4 ecosystems and the natural variability of the Earth’s climate 

system. 

 

 

3.2 Geographic and geological settings 

The Qaidam
1
 Basin (latitude: ~36°-39°N, longitude: ~90-98°E) is a large, intermontane, 

nonmarine petroliferous basin on the northeastern Tibetan Plateau in western China, covering an 

area of about 1.2 × 10
5
 km

2
 (Gu and Di, 1989; Liu et al., 1998; Metivier et al., 1998; Chen et al., 

1999; Ritts et al., 1999; Wang et al., 2007). The modern Qaidam Basin has an extremely arid 

desert climate, with an annual average precipitation less than about 100 mm (as low as 20 to 40 

mm) while potential evaporation greater than about 2000 mm (up to about 3250 mm). The mean 

annual temperature is about 4 to 5°C (Yang et al., 1995; Wang et al., 1999; Zhao et al., 2010). 

 
1 Qaidam is also spelled Tsaidam, Caidam, or Chaidamu. In Mongolian, Qaidam means “salt marsh”. 
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Fig. 3.1 Sketch map of the Qaidam Basin, showing the fossil localities (adapted from Wang et al., 2007 and Metivier et al., 1998).  

Other localities for comparison are: 1-Linxia Basin (Wang & Deng, 2005; Biasatti et al., 2010); 2-Lantian, 3-Yushe, 4-Baode (Passey 

et al. (2009); 5-Inner Mongolia (Zhang et al., 2009).



 

 

Fig. 3.2 The lithostratigraphic and biostratigraphic framework of the late Cenozoic Qaidam 

Basin (adapted from Wang et al., 2007) 
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At an average elevation of about 3 km, the Qaidam Basin is a low-relief region on the 

Tibetan Plateau, and is bounded by the Altyn-Tagh sinistral fault system to the north, the Qilian 

Shan − Nan Shan mountain belt to the northeast, the Kunlun sinistral fault system to the south, 

and the Qimantag − Kunlun Shan mountain belt to the southwest (Chen et al., 1999; Fig. 3.1). 

The sedimentary deposits of the Qaidam Basin are mainly of Mesozoic to Cenozoic age, 

covering an area of 9.6 × 10
4
 km

2
 with a maximum thickness of 16 km and a total volume of 

about 6 × 10
5
 km

3
 (Gu and Di, 1989). 

The Cenozoic deposits in the Qaidam Basin are primarily fluvial-alluvial-lacustrine 

sediments. A basin-wide, seven-formation system lithostratigraphic framework has been 

established, from bottom to top: Lulehe (Paleocene-Eocene), Lower Ganchaigou (Eocene), 

Upper Ganchaigou (Oligocene), Lower Youshashan (early to middle Miocene), Upper 

Youshashan (late Miocene), Shizigou (Pliocene), and Qigequan (Pliocene-Pleistocene) 

Formations. Our fossils were collected from Lower Youshashan to Shizigou Formations, and 

belong to four mammalian faunas: Olongbuluk Mammal Fauna (middle Miocene), Tuosu 

Mammal Fauna (early late Miocene), Shengou Mammal Fauna (early late Miocene), and 

Huaitoutala Mammal Fauna (early Pliocene) (Wang et al., 2007; Fig. 3.2). It should be noted that 

the boundaries between the formations are still tentative, which could easily have an error of 1 

Ma (but hopefully not much more than that). 

 

3.3 Sampling and analytical methods 

Forty-nine well preserved fossil and modern teeth were selected for stable carbon and oxygen 

isotope analyses. These teeth were from a diverse group of herbivorous mammals including deer, 

hipparions, rhinos, elephants, a giraffe, a modern horse, and a modern goat. It usually takes 

different amounts of time to form the teeth in different animals, and the larger the animal, the 

longer it takes. For example, it may take a few weeks to a few months to form a single tooth for a 

small animal, a few months to a couple of years for a large herbivore such as an elk or horse, or 

even decades for an elephant to form tusks (Kohn and Cerling, 2002; Hillson, 2005). Therefore, 

well-preserved teeth would have recorded seasonal changes in diet and climate in their δ13
C and 

δ18
O values, respectively, in the geological past (Kohn and Cerling, 2002). To garner maximum 

information from the available teeth to reveal possible seasonal variations, we performed 
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meticulous serial-sampling whenever conditions allowed, and tried to obtain as many serial 

samples as we could from each individual tooth. If serial-sampling were not feasible (e.g., 

enamel too thin, tooth too small or too short), a bulk sample was prepared instead. 

Bulk samples were prepared by either grinding a cleaned piece of tooth enamel with a mortar 

and pestle, or drilling/milling the cleaned enamel surface more or less evenly along the entire 

growth axis to make the sample more representative. Serial samples were obtained by drilling the 

clean enamel surface in bands perpendicular to the growth axis.  

Pretreatments to remove organic matter and non-structural carbonate followed the methods 

described in Zhang et al. (2009), and are briefly summarized below. To remove organic matter, 

the sample powder was soaked in ~5% sodium hypochlorite (NaOCl) solution for at least 12 

hours, and then rinsed with distilled water three times after centrifugation and decantation of the 

solution. Then, to remove non-structural carbonate, the powder was treated with 1 M acetic acid 

for at least 12 hours, and rinsed with distilled water three times via centrifugation. Finally, the 

samples were freeze-dried for a minimum of three days using a Labconco Freeze Dry System / 

Freezone
®

 4.5 freeze-dryer. Unfortunately, we sometimes had to combine the serial samples 

from a single tooth into a bulk sample, because those serial samples were not sufficient for 

individual analysis due to pretreatment losses.  

About 2-4 mg of the enamel powder samples were weighed into individual reaction vials, 

along with three sets (on one occasion, four sets) of selected standards (~100-300 μg each). 

These vials were baked for a few hours in a drying oven set to ~71°C to remove possible 

moisture absorbed onto the powder. Then, caps and septa were screwed on the vials immediately, 

making sure that the vials were tightly sealed (a small dimple would appear on the septum, but 

not a cone). Next the vials were flushed with pure He, and 100% H3PO4 acid was manually 

injected into the vials, covering all the powder. The vials were then left in the sample block (25.0 

± 0.1 °C) or in a thermal water bath (25.0 ± 0.5 °C) for at least three days (72 hours). The CO2 

generated was subsequently analyzed by a continuous flow Finnigan Delta Plus XP stable 

isotope ratio mass spectrometer (IRMS) at the Stable Isotope Geochemistry Lab of the Florida 

State University (FSU). Plant samples were freeze-dried and ground/cut into very small pieces, 

and then analyzed for their carbon isotopic compositions on a Carlo Erba Elemental Analyzer 

interfaced to the IRMS at FSU (Zhang et al., 2009). 
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The standard δ notation (δ13
C and δ18

O) were used to report the analytical results: δ = 

[(Rsample/Rstandard) – 1] × 1000 (in ‰), where R = 
13

C/
12

C or 
18

O/
16

O, and the international 

carbonate standard Vienna Pee Dee Belemnite (VPDB) was used as the reference standard. The 

analytical precisions for both δ13
C and δ18

O of tooth enamel samples are better than ± 0.1‰ 

based on replicate analyses of the carbonate standard NBS-19 and our lab standards MERK, 

Roy-cc, and YW-cc-st (Zhang et al., 2009), and those for δ13
C of plant samples are better than ± 

0.3‰ based on repeated analyses of our lab standards for organic matter YWOMST-1, 

YWOMST-2, YWOMST-3, and YWOMST-5. 

 

3.4 Results 

3.4.1 Bulk δ13
C and δ18

O compositions of tooth enamel 

The bulk tooth enamel δ13
C and δ18

O compositions of 49 fossil and modern teeth are 

reported in Table 3.1, 29 of which were calculated from serial data (indicated by an “*” 

following the sample # in the table). These data are further illustrated in Figures 3.3 (for δ13
C) 

and 3.4 (for δ18
O). 

The bulk δ13
C values of modern samples range from −10.4 to −11.9‰, averaging −11.1 ± 

0.5‰. The fossils have bulk δ13
C values ranging from −5.7 to −11.8‰, with an average of −9.5 

± 1.5‰, which is 1.6‰ higher than that of the modern samples. But only two fossils have bulk 

δ13
C values greater than or equal to −7.0‰ (−7.0‰ for CD0757 from Huaitoutala and −5.7‰ for 

CD0722 from Shengou). 

The bulk δ18
O compositions of modern samples have a range of –7.0 to −3.3‰, and a mean 

of −5.4 ± 1.6‰. The fossils have a range of δ18
O values between −9.9 and 0.0‰, averaging −5.8 

± 2.2‰. The range of δ18
O values of modern samples overlap with that of fossils. However, this 

comparison is probably not very meaningful, because there are many factors that can affect the 

δ18
O values. 

 



Table 3.1 Stable carbon and oxygen isotopic compositions of bulk fossil and modern teeth enamel samples from the Qaidam Basin. 

Samples are arranged according to increasing age. 

Sample # Sample name Locality 

δ13C 

(VPDB) 

1 σ 

for 

δ13C 

δ18O 

(VPDB) 

1 σ 

for 

δ18O 

Estima-

ted age 

(Ma) 

Age 

error 

(Ma) 

Min.% 

C4** 

Lower Limit 

of  C4% in 

diet*** 

Upper Limit 

of C4% in 

diet**** 

BRY-RM3* Modern horse Barunyawula −11.3  0.4 −6.8  3.0 0.0  0.0 0.0 0.0 11.9 

BRY-RP4* Modern horse Barunyawula −11.2  0.5 −7.0  3.8 0.0  0.0 0.0 0.0 13.1 

YW-GH1-P4-1 Modern goat Gahai −10.4   −6.7   0.0  0.0 0.0 0.0 18.9 

YW-GH1-P2-1 Modern goat Gahai −11.0   −3.3   0.0  0.0 0.0 0.0 14.3 

YW-GH1-M3* Modern goat Gahai −11.0  0.6 −4.1  2.6 0.0  0.0 0.0 0.0 14.4 

YW-GH1-M1* Modern goat Gahai −11.9  0.1 −4.4  1.7 0.0  0.0 0.0 0.0 7.7 

CD0757 Horse? Huaitoutala −7.0   −4.4   5.0  1.0 12.3 0.0 35.4 

HTTL-1 

(CD9816) 

Elephant Huaitoutala −9.6   −7.6   5.0  1.0 0.0 0.0 17.0 

HTTL-5 

(CD9810) 

Elephant Huaitoutala −7.6   −6.5   5.0  1.0 7.4 0.0 31.3 

HTTL-2 

(CD9821) 

Giraffe Huaitoutala −10.8   −5.1   5.0  1.0 0.0 0.0 8.4 

HTTL-4 Deer Huaitoutala −9.2    −2.1    5.0  1.0 0.0 0.0 20.0 

Cdm-07 

(CD0227) 

Hipparion Shengou −7.6   −6.8   9.0  1.0 5.5 0.0 31.6 

SG-41 (YW-

SG-5) 

Hipparion Shengou −7.7   −7.3   9.0  1.0 4.7 0.0 31.0 

SGD-3 

(CD0403-2)* 

Hipparion Shengou −11.1  0.2 −9.4  1.5 9.0  1.0 0.0 0.0 6.2 

CD0747* Hipparion Shengou −8.0  0.6 −6.6  0.7 9.0  1.0 2.1 0.0 28.8 

CD0227_2* Hipparion Shengou −11.8  0.2 −9.9  0.2 9.0  1.0 0.0 0.0 1.3 

CD0718* Elephant Shengou −9.4  0.3 −6.9  0.3 9.0  1.0 0.0 0.0 18.7 

CD0224* Rhino Shengou −10.8  0.1 −5.3  0.6 9.0  1.0 0.0 0.0 8.3 

CD0727* Rhino Shengou −9.3  0.2 −5.3  0.7 9.0  1.0 0.0 0.0 19.2 

CD0722* Rhino Shengou −5.7  0.8 −6.6  0.9 9.0  1.0 21.7 15.0 45.3 

CD0227* Rhino Shengou −9.2  0.5 −8.2  0.8 9.0  1.0 0.0 0.0 19.9 

CD0711* Rhino Shengou −10.3  0.2 −7.8  0.6 9.0  1.0 0.0 0.0 11.9 

CD0109* Cervid Naoge −9.3  0.0 −5.7  0.3 9.5  1.0 0.0 0.0 19.5 
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Table 3.1 – continued 

Sample # Sample name Locality 

δ13C 

(VPDB) 

1 σ 

for 

δ13C 

δ18O 

(VPDB) 

1 σ 

for 

δ18O 

Estima-

ted age 

(Ma) 

Age 

error 

(Ma) 

Min.% 

C4** 

Lower Limit 

of  C4% in 

diet*** 

Upper Limit 

of C4% in 

diet**** 

Cdm-08 

(CD0302) 

Hipparion Naoge −8.3   −4.5   9.5  1.0 0.4 0.0 26.6 

Cdm-01 

(CD0209) 

Rhino Naoge −7.8   −7.0   9.5  1.0 4.3 0.0 29.9 

Cdm-02 

(CD0236) 

Rhino Naoge −10.4   −9.2   9.5  1.0 0.0 0.0 11.3 

Cdm-03 

(CD0302) 

Rhino? Naoge −9.2   −8.2   9.5  1.0 0.0 0.0 19.7 

NG-9 

(CD0109) 

Rhino Naoge −8.6   −3.5   9.5  1.0 0.0 0.0 24.4 

NG-10 

(CD0119) 

Rhino Naoge −9.2   −7.0   9.5  1.0 0.0 0.0 19.8 

NG-11 

(CD0236) 

Rhino Naoge −10.5   −7.2   9.5  1.0 0.0 0.0 10.5 

CD0120* Rhino Naoge −10.0  0.2 −6.8  0.6 9.5  1.0 0.0 0.0 14.3 

CD0701* Elephant Naoge −8.3  0.5 −8.0  0.3 9.5  1.0 0.4 0.0 26.6 

CD0230* Elephant 

(Gomphothere) 

Naoge −8.0  0.3 −6.5  0.4 9.5  1.0 2.8 0.0 28.6 

CD0230_2* Elephant 

(Gomphothere) 

Naoge −8.7  0.1 −4.1  0.6 9.5  1.0 0.0 0.0 23.9 

TN-1* Rhino Tuosu Nor −8.1  0.1 −1.1  1.0 11.0  1.0 0.0 0.0 27.8 

CD0868 Hipparion Quanshuiliang −11.3   −4.9   11.2  1.0 0.0 0.0 4.9 

CD0822 Hipparion Quanshuiliang −11.8   −7.5   11.2  1.0 0.0 0.0 1.7 

CD07110 Hipparion Quanshuiliang −7.9   −4.8   11.2  1.0 0.7 0.0 29.5 

CD0780* Horse? Quanshuiliang −10.0  0.4 −6.0  0.5 11.2  1.0 0.0 0.0 14.5 

CD0876* Rhino Quanshuiliang −11.6  0.1 −4.9  0.3 11.2  1.0 0.0 0.0 2.6 

CD07101* Rhino Quanshuiliang −11.5  0.1 0.0  0.7 11.2  1.0 0.0 0.0 3.9 

CD0827* Elephant Quanshuiliang −10.5  0.1 −6.1  0.7 11.2  1.0 0.0 0.0 10.6 

CD08117* Elephant Quanshuiliang −10.8  0.2 −5.7  0.4 11.2  1.0 0.0 0.0 8.5 

CD0803* Elephant Quanshuiliang −10.4  0.1 −1.9  0.7 11.2  1.0 0.0 0.0 11.7 
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Table 3.1 – continued 

Sample # Sample name Locality 

δ13C 

(VPDB) 

1 σ 

for 

δ13C 

δ18O 

(VPDB) 

1 σ 

for 

δ18O 

Estima-

ted age 

(Ma) 

Age 

error 

(Ma) 

Min.% 

C4** 

Lower Limit 

of  C4% in 

diet*** 

Upper Limit 

of C4% in 

diet**** 

CD08122* Elephant Quanshuiliang −10.7  0.5 −7.0  1.2 11.2  1.0 0.0 0.0 9.5 

CD0773* Elephant Quanshuiliang −10.5  0.2 −4.1  1.2 11.2  1.0 0.0 0.0 10.9 

CD0783* Elephant Quanshuiliang −9.5  0.1 −3.5  0.5 11.2  1.0 0.0 0.0 17.8 

CD0786* (Herbivore) Quanshuiliang −10.7  0.1 −5.0  0.1 11.2  1.0 0.0 0.0 9.3 

GCG-01 

(CD0230) 

Elephant Bayin Mt. 

(Below Naoge)
−10.2    −2.9    13.5  1.0 0.0 0.0 12.9 

*: Calculated from serial sample analyses. 

**: Min. %C4 is calculated according to Passey et al. (2002, 2009). 

***: Lower Limit of C4% in diet is calculated by assuming water-stressed conditions, and end-member enamel δ13
C values of −8.0 

and +1.0‰ for modern samples and of −7.0 and +2.0‰ for fossils that have pure C3 and C4 diets, respectively. 

****: Upper Limit of C4% in diet is calculated by assuming normal conditions, and end-member enamel δ13
C values of −13.0 and 

+1.0‰ for modern samples and of −12.0 and +2.0‰ for fossils that have pure C3 and C4 diets, respectively. 
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Table 3.2 Stable carbon and oxygen isotopic compositions of serial fossil teeth enamel samples from the Qaidam Basin. 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

YW-GH1-M3-1 Modern goat Gahai  −10.0  −8.6  0.0  3.2 0.0 21.7 

YW-GH1-M3-2    −10.3  −7.0   0.5 0.0 19.4 

YW-GH1-M3-3    −10.9  −4.8   0.0 0.0 15.1 

YW-GH1-M3-4    −11.7  −1.2   0.0 0.0 9.6 

YW-GH1-M3-5    −11.7  −0.8   0.0 0.0 9.0 

YW-GH1-M3-6    −11.7  −1.3   0.0 0.0 9.0 

YW-GH1-M3-7    −11.4  −2.0   0.0 0.0 11.6 

YW-GH1-M3-8    −11.2  −3.0   0.0 0.0 12.9 

YW-GH1-M3-9    −10.8  −4.2   0.0 0.0 15.9 

YW-GH1-M3-

10 

   −10.6  −5.5   0.0 0.0 16.8 

YW-GH1-M3-

11 

     −10.5  −6.6    0.0 0.0 17.6 

YW-GH1-M1-1 Modern goat Gahai  −11.9  −2.7  0.0  0.0 0.0 7.5 

YW-GH1-M1-2    −11.8  −4.5   0.0 0.0 8.2 

YW-GH1-M1-4      −12.0  −6.2    0.0 0.0 7.4 

BRY-RM3-1 Modern horse 

(Upper Right M3) 

Barunyawula 2.0  −12.0 −1.6 0.0  0.0 0.0 6.8 

BRY-RM3-2   4.0  −11.8 −2.2  0.0 0.0 8.2 

BRY-RM3-3   6.0  −11.7 −3.5  0.0 0.0 9.4 

BRY-RM3-4   8.0  −11.5 −4.8  0.0 0.0 10.9 

BRY-RM3-5   10.0  −11.3 −5.9  0.0 0.0 11.8 

BRY-RM3-6   12.0  −11.2 −6.5  0.0 0.0 12.5 

BRY-RM3-7   14.0  −11.2 −7.1  0.0 0.0 13.0 

BRY-RM3-8   16.0  −11.0 −8.0  0.0 0.0 14.2 

BRY-RM3-9   18.0  −11.0 −8.8  0.0 0.0 14.5 

BRY-RM3-10   20.0  −10.9 −10.1  0.0 0.0 15.2 

BRY-RM3-11   22.0  −10.7 −11.2  0.0 0.0 16.5 

BRY-RM3-12   24.0  −10.7 −11.5  0.0 0.0 16.3 

BRY-RM3-13   26.0  −10.8 −11.3  0.0 0.0 15.8 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

BRY-RM3-14   28.0  −10.8 −11.1  0.0 0.0 16.1 

BRY-RM3-15   30.0  −10.9 −10.4  0.0 0.0 15.2 

BRY-RM3-16   32.0  −10.9 −9.2  0.0 0.0 14.9 

BRY-RM3-17   34.0  −11.1 −7.7  0.0 0.0 13.8 

BRY-RM3-18   36.0  −11.2 −6.6  0.0 0.0 12.5 

BRY-RM3-19   38.0  −11.5 −5.1  0.0 0.0 10.9 

BRY-RM3-20   40.0  −11.7 −3.3  0.0 0.0 9.5 

BRY-RM3-21   42.0  −11.7 −3.5  0.0 0.0 9.1 

BRY-RM3-22   44.0  −11.9 −5.6  0.0 0.0 8.2 

BRY-RM3-23   46.0  −11.7 −7.0  0.0 0.0 9.1 

BRY-RM3-24   48.0  −11.5 −8.0  0.0 0.0 11.0 

BRY-RM3-25   50.0  −11.5 −6.6  0.0 0.0 10.8 

BRY-RM3-26   52.0  −12.1 −3.0  0.0 0.0 6.5 

BRY-RM3-27     54.0  −11.8 −3.5   0.0 0.0 8.5 

BRY-RP4-1 Modern Horse 

(Upper Right P4) 

Barunyawula 6.0  −12.0 −1.3 0.0  0.0 0.0 7.1 

BRY-RP4-2   8.0  −12.0 −1.7  0.0 0.0 7.2 

BRY-RP4-3   10.0  −11.8 −2.4  0.0 0.0 8.5 

BRY-RP4-4   12.0  −11.7 −3.4  0.0 0.0 9.4 

BRY-RP4-5   14.0  −11.4 −4.6  0.0 0.0 11.3 

BRY-RP4-6   16.0  −11.4 −5.4  0.0 0.0 11.7 

BRY-RP4-7   18.0  −11.3 −5.6  0.0 0.0 12.0 

BRY-RP4-8   20.0  −11.2 −6.0  0.0 0.0 12.9 

BRY-RP4-9   21.7  −11.1 −6.7  0.0 0.0 13.5 

BRY-RP4-10   23.5  −10.9 −8.0  0.0 0.0 15.0 

BRY-RP4-11   25.5  −10.8 −10.1  0.0 0.0 15.7 

BRY-RP4-12   27.0  −10.8 −10.7  0.0 0.0 15.8 

BRY-RP4-13   29.0  −10.7 −11.9  0.0 0.0 16.6 

BRY-RP4-14   31.0  −10.5 −12.8  0.0 0.0 17.6 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

BRY-RP4-15   32.5  −10.6 −12.7  0.0 0.0 17.3 

BRY-RP4-16   34.5  −10.6 −11.3  0.0 0.0 17.3 

BRY-RP4-17   36.5  −10.8 −10.1  0.0 0.0 15.6 

BRY-RP4-18   38.5  −11.1 −7.9  0.0 0.0 13.9 

BRY-RP4-19   40.5  −11.3 −4.8  0.0 0.0 12.0 

BRY-RP4-20     42.5  −11.3 −2.6   0.0 0.0 12.2 

SGD-3-1 (close 

to root) 

Hipparion A few km E  

of Shengou 

 −10.6 −11.8 9.0  0.0 0.0 10.1 

SGD-3-2    −11.3 −6.6  0.0 0.0 5.1 

SGD-3-3    −11.1 −9.9  0.0 0.0 6.5 

SGD-3-4    −11.2 −9.9  0.0 0.0 5.8 

SGD-3-5    −11.2 −9.5  0.0 0.0 5.8 

SGD-3-6    −11.4 −9.5  0.0 0.0 4.2 

SGD-3-7    −11.3 −9.6  0.0 0.0 5.3 

SGD-3-8    −11.1 −9.6  0.0 0.0 6.3 

SGD-3-9    −11.2 −6.7  0.0 0.0 5.6 

SGD-3-10    −11.1 −9.7  0.0 0.0 6.4 

SGD-3-11 

(close to crown) 

    −11.0 −10.4   0.0 0.0 7.3 

CD0747-1 Hipparion Shengou 4.0  −8.6 −6.5 9.0  0.0 0.0 24.2 

CD0747-2   6.5  −8.2 −6.1  0.5 0.0 27.4 

CD0747-3   9.0  −8.0 −5.7  1.9 0.0 28.6 

CD0747-4   11.0  −7.9 −5.5  2.6 0.0 29.2 

CD0747-5   13.0  −7.9 −5.6  3.0 0.0 29.5 

CD0747-6   15.0  −8.0 −6.0  1.9 0.0 28.6 

CD0747-7   17.0  −8.2 −6.1  0.0 0.0 27.0 

CD0747-8   19.0  −8.4 −6.3  0.0 0.0 25.7 

CD0747-9   20.5  −8.5 −7.2  0.0 0.0 25.3 

CD0747-10   22.0  −8.5 −7.4  0.0 0.0 24.8 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0747-11   24.0  −8.7 −7.5  0.0 0.0 23.9 

CD0747-12   26.0  −8.4 −7.5  0.0 0.0 25.7 

CD0747-13   28.0  −7.8 −7.1  3.9 0.0 30.3 

CD0747-14   30.0  −7.2 −6.9  9.0 0.0 34.6 

CD0747-15   32.0  −6.9 −7.0  10.8 0.6 36.1 

CD0747-16   34.0  −7.1 −7.1  9.3 0.0 34.9 

CD0747-17     36.0  −7.3 −7.0   7.9 0.0 33.7 

CD0227_2-1 Hipparion Shengou 9.0  −11.5 −9.5 9.0  0.0 0.0 3.3 

CD0227_2-2   11.5  −11.9 −9.9  0.0 0.0 0.7 

CD0227_2-3   14.0  −12.0 −9.8  0.0 0.0 0.0 

CD0227_2-4   16.5  −11.8 −9.9  0.0 0.0 1.5 

CD0227_2-5   19.0  −11.9 −10.0  0.0 0.0 0.5 

CD0227_2-6     21.0  −11.7 −10.0   0.0 0.0 2.2 

CD0718-1 Elephant Shengou 3.0  −9.8 −6.7 9.0  0.0 0.0 15.6 

CD0718-2   6.0  −9.8 −7.0  0.0 0.0 15.5 

CD0718-3   8.5  −9.6 −7.1  0.0 0.0 17.1 

CD0718-4   11.0  −9.4 −7.1  0.0 0.0 18.7 

CD0718-5   13.0  −9.2 −7.3  0.0 0.0 19.7 

CD0718-6   14.5  −8.9 −7.1  0.0 0.0 22.2 

CD0718-7   16.5  −8.9 −6.9  0.0 0.0 22.1 

CD0718-8   18.0  −9.3 −6.7  0.0 0.0 19.0 

CD0718-9     20.0  −9.4 −6.4   0.0 0.0 18.5 

CD0224-1 Rhino Shengou 2.0  −11.1 −5.9 9.0  0.0 0.0 6.4 

CD0224-2   4.0  −10.9 −6.0  0.0 0.0 8.0 

CD0224-3   6.0  −10.9 −6.2  0.0 0.0 8.0 

CD0224-4   8.0  −10.6 −5.7  0.0 0.0 9.7 

CD0224-5   10.0  −11.0 −5.3  0.0 0.0 7.3 

CD0224-6   12.5  −11.0 −4.9  0.0 0.0 7.5 

CD0224-7   15.0  −10.8 −4.6  0.0 0.0 8.7 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0224-8   17.0  −10.8 −4.7  0.0 0.0 8.5 

CD0224-9   19.0  −10.7 −4.8  0.0 0.0 9.1 

CD0224-10     21.0  −10.7 −5.4   0.0 0.0 9.6 

CD0727-1 Rhino Shengou 3.0  −9.1 −4.6 9.0  0.0 0.0 20.4 

CD0727-2   5.0  −9.1 −4.8  0.0 0.0 20.4 

CD0727-3   7.0  −9.1 −4.7  0.0 0.0 20.7 

CD0727-4   8.5  −9.2 −4.3  0.0 0.0 19.9 

CD0727-5   10.5  −9.2 −4.6  0.0 0.0 19.8 

CD0727-6   12.0  −9.3 −4.8  0.0 0.0 19.6 

CD0727-7   13.5  −9.2 −4.9  0.0 0.0 20.2 

CD0727-8   15.0  −9.1 −5.0  0.0 0.0 20.7 

CD0727-9   17.0  −9.3 −5.1  0.0 0.0 19.3 

CD0727-10   19.0  −9.4 −5.3  0.0 0.0 18.8 

CD0727-11   20.5  −9.4 −5.9  0.0 0.0 18.4 

CD0727-12   22.5  −9.5 −6.2  0.0 0.0 18.0 

CD0727-13   24.0  −9.5 −6.3  0.0 0.0 18.0 

CD0727-14   26.0  −9.6 −6.1  0.0 0.0 17.2 

CD0727-15   27.5  −9.5 −6.0  0.0 0.0 17.5 

CD0727-16     29.5  −9.4 −5.8   0.0 0.0 18.3 

CD0722-1 Rhino Shengou 5.0  −6.2 −8.6 9.0  16.6 8.4 41.1 

CD0722-2   7.0  −6.0 −8.3  18.9 11.3 43.0 

CD0722-3   9.0  −5.9 −7.9  19.2 11.7 43.2 

CD0722-4   11.0  −6.3 −7.1  16.3 7.9 40.8 

CD0722-5   13.0  −6.6 −6.8  13.3 3.9 38.2 

CD0722-6   15.0  −6.6 −6.3  13.8 4.6 38.7 

CD0722-7   17.0  −6.5 −6.0  14.1 5.1 39.0 

CD0722-8   18.5  −6.5 −5.7  14.8 6.0 39.5 

CD0722-9   20.5  −6.4 −5.5  15.7 7.1 40.3 

CD0722-10   22.5  −6.1 −5.9  17.9 10.1 42.2 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0722-11   24.0  −5.8 −6.1  20.2 13.1 44.1 

CD0722-12   26.0  −5.2 −6.0  25.7 20.4 48.8 

CD0722-13   27.5  −4.9 −6.0  27.8 23.1 50.6 

CD0722-14   29.5  −4.8 −6.3  28.9 24.5 51.5 

CD0722-15   31.5  −4.6 −6.2  30.8 27.0 53.1 

CD0722-16   33.5  −4.7 −6.6  29.3 25.0 51.8 

CD0722-17   35.5  −4.5 −6.8  31.5 28.0 53.7 

CD0722-18     37.5  −4.1 −6.9   34.8 32.2 56.4 

CD0227-1 Rhino Shengou 4.0  −10.1 −6.8 9.0  0.0 0.0 13.7 

CD0227-2   6.0  −10.0 −7.4  0.0 0.0 14.6 

CD0227-3   8.0  −9.7 −7.5  0.0 0.0 16.2 

CD0227-4   10.0  −9.3 −7.8  0.0 0.0 19.0 

CD0227-5   12.0  −9.1 −8.2  0.0 0.0 21.0 

CD0227-6   15.0  −9.0 −8.1  0.0 0.0 21.5 

CD0227-7   17.0  −9.2 −8.3  0.0 0.0 19.9 

CD0227-8   19.0  −9.2 −8.5  0.0 0.0 20.0 

CD0227-9   21.0  −9.0 −8.6  0.0 0.0 21.8 

CD0227-10   23.0  −8.8 −8.8  0.0 0.0 22.9 

CD0227-11   25.0  −8.7 −9.3  0.0 0.0 23.3 

CD0227-12     27.0  −8.5 −9.4   0.0 0.0 24.9 

CD0711-1 Rhino Shengou 3.0  −10.7 −8.2 9.0  0.0 0.0 9.5 

CD0711-2   5.0  −10.7 −8.5  0.0 0.0 9.1 

CD0711-3   6.5  −10.4 −8.7  0.0 0.0 11.2 

CD0711-4   8.0  −10.2 −8.7  0.0 0.0 12.9 

CD0711-5   9.5  −10.2 −8.5  0.0 0.0 12.7 

CD0711-6   11.0  −10.1 −8.3  0.0 0.0 13.3 

CD0711-7   12.5  −10.1 −8.1  0.0 0.0 13.3 

CD0711-8   14.0  −10.1 −7.8  0.0 0.0 13.6 

CD0711-9   15.5  −10.1 −7.1  0.0 0.0 13.5 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0711-10   17.0  −10.0 −6.9  0.0 0.0 14.3 

CD0711-11   18.5  −10.1 −7.0  0.0 0.0 13.6 

CD0711-12   20.0  −10.1 −7.3  0.0 0.0 13.9 

CD0711-13   21.5  −10.2 −7.7  0.0 0.0 12.8 

CD0711-14   23.0  −10.2 −7.7  0.0 0.0 13.2 

CD0711-15   24.5  −10.4 −8.3  0.0 0.0 11.6 

CD0711-16   26.0  −10.5 −8.3  0.0 0.0 11.0 

CD0711-17   27.5  −10.5 −8.0  0.0 0.0 10.5 

CD0711-18   29.0  −10.6 −7.8  0.0 0.0 10.3 

CD0711-19   30.5  −10.5 −7.6  0.0 0.0 11.0 

CD0711-20   32.0  −10.4 −7.0  0.0 0.0 11.4 

CD0711-21   34.0  −10.6 −6.8  0.0 0.0 9.9 

CD0711-22     36.0  −10.7 −6.8   0.0 0.0 9.5 

CD0109-1 Cervid Naoge 2.0  −9.3 −5.5 9.5  0.0 0.0 19.3 

CD0109-2   4.0  −9.3 −5.5  0.0 0.0 19.3 

CD0109-3     6.0  −9.2 −6.0   0.0 0.0 19.8 

CD0120-1 Rhino Naoge 3.0  −10.2 −7.3 9.5  0.0 0.0 13.0 

CD0120-2   5.0  −10.1 −7.4  0.0 0.0 13.4 

CD0120-3   7.0  −10.0 −7.3  0.0 0.0 14.2 

CD0120-4   9.0  −9.9 −7.0  0.0 0.0 14.9 

CD0120-5   14.0  −9.9 −6.8  0.0 0.0 15.1 

CD0120-6   16.0  −10.0 −6.2  0.0 0.0 14.5 

CD0120-7   18.0  −10.1 −5.7  0.0 0.0 13.7 

CD0120-8   20.0  −10.1 −5.9  0.0 0.0 13.4 

CD0120-9   22.0  −10.2 −6.6  0.0 0.0 12.8 

CD0120-10   24.0  −10.0 −7.0  0.0 0.0 14.2 

CD0120-11   26.0  −9.8 −7.1  0.0 0.0 15.5 

CD0120-12     28.0  −9.6 −7.2   0.0 0.0 17.1 

CD0701-1 Elephant Naoge 5.0  −8.8 −8.4 9.5  0.0 0.0 22.9 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0701-2   6.5  −8.7 −8.1  0.0 0.0 23.9 

CD0701-3   8.0  −8.8 −8.1  0.0 0.0 23.1 

CD0701-4   10.0  −8.8 −8.3  0.0 0.0 22.9 

CD0701-5   12.0  −8.5 −8.2  0.0 0.0 25.1 

CD0701-6   14.0  −8.4 −8.0  0.0 0.0 25.7 

CD0701-7   16.0  −8.0 −7.6  2.7 0.0 28.6 

CD0701-8   18.0  −7.8 −7.6  4.2 0.0 29.9 

CD0701-9   20.0  −7.9 −8.0  3.7 0.0 29.4 

CD0701-10   22.0  −7.9 −7.9  3.9 0.0 29.6 

CD0701-11     24.0  −7.6 −7.4   6.3 0.0 31.6 

CD0230-1 Elephant 

(Gomphothere) 

Naoge 5.0  −7.7 −6.8 9.5  5.6 0.0 31.0 

CD0230-2   7.0  −7.6 −6.9  6.3 0.0 31.6 

CD0230-3   10.0  −7.6 −6.6  5.8 0.0 31.1 

CD0230-4   13.0  −7.9 −6.5  3.9 0.0 29.6 

CD0230-5   16.0  −7.8 −6.5  4.2 0.0 29.8 

CD0230-6   18.0  −8.0 −6.4  2.7 0.0 28.6 

CD0230-7   20.5  −8.1 −6.2  2.1 0.0 28.0 

CD0230-8   23.0  −8.3 −5.8  0.2 0.0 26.4 

CD0230-9   26.0  −8.4 −6.4  0.0 0.0 25.7 

CD0230-10   29.0  −8.2 −6.2  1.3 0.0 27.3 

CD0230-11     32.0  −8.4 −7.0   0.0 0.0 25.8 

CD0230_2-1 Elephant 

(Gomphothere) 

Naoge 9.0  −8.5 −3.2 9.5  0.0 0.0 25.3 

CD0230_2-2   11.5  −8.6 −3.6  0.0 0.0 24.4 

CD0230_2-3   13.5  −8.7 −4.1  0.0 0.0 23.6 

CD0230_2-4   16.0  −8.8 −5.1  0.0 0.0 22.5 

CD0230_2-5   18.0  −8.8 −4.4  0.0 0.0 23.0 

CD0230_2-6   20.0  −8.7 −4.3  0.0 0.0 23.9 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0230_2-7     22.5  −8.6 −4.2   0.0 0.0 24.5 

TN-1-1 Rhino Tuosu Nor 6.0  −8.0 −2.8 11.0  0.0 0.0 28.5 

TN-1-2   8.0  −8.1 −1.7  0.0 0.0 27.8 

TN-1-3   10.5  −8.0 −1.2  0.0 0.0 28.4 

TN-1-4   13.0  −8.1 −0.1  0.0 0.0 27.5 

TN-1-5   15.5  −8.3 0.0  0.0 0.0 26.3 

TN-1-6     18.5  −8.1 −0.8   0.0 0.0 28.0 

CD0827-1 Elephant Quanshuiliang 4.5  −10.3 −5.7 11.2  0.0 0.0 12.0 

CD0827-2   5.5  −10.4 −5.4  0.0 0.0 11.4 

CD0827-3   6.5  −10.5 −5.5  0.0 0.0 10.8 

CD0827-4   8.0  −10.4 −5.6  0.0 0.0 11.3 

CD0827-5   9.5  −10.4 −5.3  0.0 0.0 11.7 

CD0827-6   10.8  −10.5 −5.4  0.0 0.0 11.0 

CD0827-7   12.5  −10.5 −5.5  0.0 0.0 10.9 

CD0827-8   14.0  −10.5 −5.6  0.0 0.0 10.8 

CD0827-9   15.4  −10.4 −5.4  0.0 0.0 11.2 

CD0827-10   16.8  −10.5 −5.8  0.0 0.0 11.0 

CD0827-11   18.2  −10.5 −6.1  0.0 0.0 10.8 

CD0827-12   19.5  −10.5 −6.3  0.0 0.0 10.7 

CD0827-13   21.0  −10.5 −6.4  0.0 0.0 10.8 

CD0827-14   22.4  −10.6 −6.6  0.0 0.0 9.7 

CD0827-15   23.8  −10.8 −6.6  0.0 0.0 8.8 

CD0827-16   25.3  −10.6 −7.2  0.0 0.0 9.7 

CD0827-17   26.8  −10.5 −7.0  0.0 0.0 10.4 

CD0827-18   28.3  −10.5 −7.1  0.0 0.0 10.8 

CD0827-19   29.8  −10.7 −7.1  0.0 0.0 9.5 

CD0827-20     31.2  −10.8 −7.0   0.0 0.0 8.6 

CD08117-1 Elephant Quanshuiliang 3.0  −10.8 −6.0 11.2  0.0 0.0 8.5 

CD08117-2   5.0  −11.2 −6.1  0.0 0.0 5.6 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD08117-3   6.5  −10.8 −5.7  0.0 0.0 8.7 

CD08117-4   8.0  −10.7 −5.4  0.0 0.0 9.5 

CD08117-5   10.0  −10.6 −5.1  0.0 0.0 10.0 

CD08117-6     11.5  −10.8 −5.7   0.0 0.0 8.8 

CD0803-1 Elephant Quanshuiliang 9.0  −10.6 −0.8 11.2  0.0 0.0 10.0 

CD0803-2   10.5  −10.5 −1.1  0.0 0.0 10.7 

CD0803-3   12.5  −10.3 −1.2  0.0 0.0 11.9 

CD0803-4   14.0  −10.3 −1.3  0.0 0.0 12.0 

CD0803-5   16.0  −10.2 −1.8  0.0 0.0 12.9 

CD0803-6   17.6  −10.3 −1.6  0.0 0.0 12.5 

CD0803-7   19.5  −10.4 −1.5  0.0 0.0 11.1 

CD0803-8   21.2  −10.5 −1.6  0.0 0.0 10.6 

CD0803-9   23.0  −10.4 −1.9  0.0 0.0 11.2 

CD0803-10   24.5  −10.4 −2.2  0.0 0.0 11.7 

CD0803-11   26.4  −10.2 −2.6  0.0 0.0 13.1 

CD0803-12   28.2  −10.4 −2.2  0.0 0.0 11.7 

CD0803-13   30.0  −10.4 −2.4  0.0 0.0 11.2 

CD0803-14   32.0  −10.4 −2.6  0.0 0.0 11.6 

CD0803-15   33.5  −10.3 −2.7  0.0 0.0 12.0 

CD0803-16     35.5  −10.2 −3.1   0.0 0.0 12.9 

CD08122-1 Elephant Quanshuiliang 11.0  −9.6 −5.3 11.2  0.0 0.0 17.4 

CD08122-2   13.0  −9.7 −5.6  0.0 0.0 16.2 

CD08122-3   14.5  −10.4 −5.9  0.0 0.0 11.4 

CD08122-4   16.0  −10.7 −6.2  0.0 0.0 9.1 

CD08122-5   17.8  −10.6 −6.6  0.0 0.0 9.7 

CD08122-6   19.5  −11.1 −7.2  0.0 0.0 6.8 

CD08122-7   21.0  −11.2 −7.8  0.0 0.0 6.0 

CD08122-8   23.0  −11.1 −7.4  0.0 0.0 6.5 

CD08122-9   25.0  −11.1 −6.6  0.0 0.0 6.7 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD08122-10   27.0  −11.0 −6.2  0.0 0.0 7.1 

CD08122-11   29.0  −11.0 −6.7  0.0 0.0 7.1 

CD08122-12   31.0  −10.9 −7.1  0.0 0.0 7.6 

CD08122-13   33.0  −10.7 −7.8  0.0 0.0 9.1 

CD08122-14   35.0  −10.6 −9.1  0.0 0.0 10.3 

CD08122-15     37.0  −10.3 −9.8   0.0 0.0 11.9 

CD0773-1 Elephant Quanshuiliang 4.8  −10.4 −5.6 11.2  0.0 0.0 11.5 

CD0773-2   7.0  −10.7 −4.5  0.0 0.0 9.3 

CD0773-3   8.8  −10.4 −5.7  0.0 0.0 11.1 

CD0773-4   10.8  −10.3 −5.6  0.0 0.0 12.1 

CD0773-5   12.5  −10.3 −5.5  0.0 0.0 12.0 

CD0773-6   14.2  −10.4 −5.1  0.0 0.0 11.7 

CD0773-7   16.0  −10.4 −4.7  0.0 0.0 11.2 

CD0773-8   17.8  −10.5 −4.3  0.0 0.0 10.8 

CD0773-9   19.8  −10.4 −3.4  0.0 0.0 11.3 

CD0773-10   21.3  −10.4 −2.8  0.0 0.0 11.4 

CD0773-11   23.0  −10.5 −2.4  0.0 0.0 10.7 

CD0773-12   25.0  −10.5 −2.7  0.0 0.0 11.0 

CD0773-13   27.0  −10.7 −3.8  0.0 0.0 9.4 

CD0773-14   28.8  −11.0 −3.8  0.0 0.0 7.3 

CD0773-15   30.6  −10.6 −3.6  0.0 0.0 9.7 

CD0773-16     32.5  −10.0 −2.6   0.0 0.0 14.0 

CD0783-1 Elephant Quanshuiliang 7.0  −9.4 −3.8 11.2  0.0 0.0 18.7 

CD0783-2   9.0  −9.3 −3.5  0.0 0.0 19.2 

CD0783-3   11.0  −9.3 −3.2  0.0 0.0 19.2 

CD0783-4   12.5  −9.3 −3.3  0.0 0.0 19.5 

CD0783-5   14.0  −9.4 −3.4  0.0 0.0 18.8 

CD0783-6   16.0  −9.5 −2.8  0.0 0.0 18.2 

CD0783-7   17.5  −9.7 −3.8  0.0 0.0 16.5 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0783-8   19.0  −9.6 −4.1  0.0 0.0 17.1 

CD0783-9   21.0  −9.6 −4.3  0.0 0.0 16.8 

CD0783-10   22.5  −9.6 −3.7  0.0 0.0 17.4 

CD0783-11   24.0  −9.7 −4.1  0.0 0.0 16.4 

CD0783-12   26.0  −9.6 −4.1  0.0 0.0 16.8 

CD0783-13   27.6  −9.5 −3.7  0.0 0.0 17.8 

CD0783-14   29.5  −9.5 −3.1  0.0 0.0 17.7 

CD0783-15   31.0  −9.6 −3.0  0.0 0.0 17.3 

CD0783-16   33.0  −9.6 −3.0  0.0 0.0 17.4 

CD0783-17     35.0  −9.6 −3.5   0.0 0.0 17.2 

CD0876-1 Rhino Quanshuiliang 5.0  −11.8 −4.8 11.2  0.0 0.0 1.1 

CD0876-2   7.0  −11.6 −4.6  0.0 0.0 3.2 

CD0876-3   9.5  −11.6 −4.8  0.0 0.0 2.8 

CD0876-4     12.0  −11.6 −5.4   0.0 0.0 3.2 

CD07101-1 Rhino Quanshuiliang 4.0  −11.5 0.4 11.2  0.0 0.0 3.5 

CD07101-2   6.0  −11.6 0.8  0.0 0.0 3.0 

CD07101-3   8.0  −11.6 0.6  0.0 0.0 3.1 

CD07101-4   10.0  −11.3 0.0  0.0 0.0 4.7 

CD07101-5   12.5  −11.4 −0.7  0.0 0.0 4.4 

CD07101-6     15.0  −11.3 −0.9   0.0 0.0 4.7 

CD0780-1 Horse? Quanshuiliang 3.0  −10.3 −7.0 11.2  0.0 0.0 12.1 

CD0780-2   4.5  −10.4 −7.0  0.0 0.0 11.4 

CD0780-3   6.0  −10.5 −6.9  0.0 0.0 10.6 

CD0780-4   7.5  −10.4 −6.5  0.0 0.0 11.3 

CD0780-5   9.5  −10.5 −6.3  0.0 0.0 11.1 

CD0780-6   11.0  −10.4 −5.9  0.0 0.0 11.7 

CD0780-7   12.5  −10.5 −6.0  0.0 0.0 10.9 

CD0780-8   14.0  −10.2 −5.9  0.0 0.0 12.6 

CD0780-9   15.5  −10.1 −5.9  0.0 0.0 13.2 
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Table 3.2 – continued 

Sample  # Sample name Locality 

d from 

crown 

(mm) 

δ13C 

(VPDB) 
δ18O 

(VPDB) 
Estimated 

age (Ma) 

Min.% 

C4* 

Lower Limit 

of C4% in 

diet** 

Upper Limit 

of C4% in 

diet*** 

CD0780-10   17.0  −10.1 −6.0  0.0 0.0 13.6 

CD0780-11   19.0  −10.0 −5.7  0.0 0.0 14.4 

CD0780-12   20.5  −9.8 −5.7  0.0 0.0 15.7 

CD0780-13   22.0  −9.7 −5.5  0.0 0.0 16.3 

CD0780-14   24.0  −9.6 −5.6  0.0 0.0 16.8 

CD0780-15   25.5  −9.6 −5.7  0.0 0.0 17.3 

CD0780-16   27.5  −9.6 −5.8  0.0 0.0 17.3 

CD0780-17   29.0  −9.6 −5.6  0.0 0.0 17.4 

CD0780-18   31.0  −9.5 −5.8  0.0 0.0 17.7 

CD0780-19   32.5  −9.3 −5.9  0.0 0.0 19.5 

CD0780-20     34.5  −9.4 −6.0   0.0 0.0 18.3 

CD0786-1 (Herbivore) Quanshuiliang 2.0  −10.6 −5.0 11.2  0.0 0.0 9.9 

CD0786-2   5.0  −10.7 −5.1  0.0 0.0 9.5 

CD0786-3     8.0  −10.8 −5.0   0.0 0.0 8.4 

*:  Calculated according to Passey et al. (2002, 2009). 

**:  Lower Limit of C4% in diet is calculated by assuming water-stressed conditions, and end-member enamel δ13
C values of −8.0 

and +1.0‰ for modern samples and of −7.0 and +2.0‰ for fossils that have pure C3 and C4 diets, respectively. 

***:  Upper Limit of C4% in diet is calculated by assuming normal conditions, and end-member enamel δ13
C values of −13.0 and 

+1.0‰ for modern samples and of −12.0 and +2.0‰ for fossils that have pure C3 and C4 diets, respectively. 

 



3.4.2 Serial δ13
C and δ18

O compositions of tooth enamel 

The serial δ13
C and δ18

O compositions of 29 fossil and modern teeth are listed in Table 3.2, 

and plotted in Figures 3.5 to 3.10. In general, the δ13
C values vary in a much narrower range than 

the δ18
O values. Four teeth display distinct inverse relationships between the δ13

C and the δ18
O 

values: two modern horse teeth from Barunyawula (BRY-RM3 and BRY-RP4, Figs. 3.5a and b), 

one modern goat tooth from Gahai (YW-GH1-M3, Fig. 3.9a), and one fossil rhino tooth from 

Shengou (CD0722, Fig. 3.6b). Moreover, the modern samples have much larger δ18
O ranges than 

fossils, the largest of which reaching 11.5‰ (a modern horse sample from Barunyawula, BRY-

RP4, Fig. 3.5b). 

 

 

Fig. 3.3 Temporal variations in the δ C compositions of (a) bulk and (b) all tooth enamel 

samples from the Qaidam Basin, China

13

. Also shown in the figures are the estimated maximum 

δ13
C values (blue line) for both fossil and modern mammals that fed on C3 plants experiencing 

high water stress from Passey et al. (2002, 2009). 
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Fig. 3.4 Temporal variations in the δ O compositions of (a) bulk and (b) all tooth enamel 

samples from the Qaidam Basin, China

18

. Shown in (c) are the local meteoric water δ18
O 

compositions estimated from the tooth enamel δ18
O values (including both bulk and serial data) 

of large mammals (horses, rhinos, and elephants). The dash lines in (a) connect the average δ18
O 

compositions of horses (black), rhinos (red), and elephants (green) at different stratigraphic 

intervals. 

 

3.4.3 δ13
C of modern plants 

Forty plant samples collected from the Qaidam Basin (9 samples), the nearby Qinghai Lake 

(7 samples), and the Kunlun Mountain Pass area (24 samples) have been analyzed for their δ13
C 

compositions, and the results are listed in Table 3.3. Only one sample from the Qaidam Basin is 
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a C4 bush (SG-V-02 from Shengou, Halocnemum strobilaceum (Pall.) M.B., with δ13
C values of 

−13.3 and −14.0‰). The other C3 plants have δ13
C values ranging from −23.0 to −28.3‰, with 

an average of −25.3 ± 1.2‰. The C3 plants from the Qaidam Basin have a range of δ13
C values 

between −23.0 to −25.2‰, and a mean of −24.4 ± 0.7‰. The two grasses with δ13
C values lower 

than −27.0‰ are both from the Qinghai Lake area. 

 

Table 3.3 Plants collected from the Qaidam Basin and its vicinities.  

Sample# Location species Elevation(m) 

Calibrated 

δ13
C (‰ vs. 

VPDB) 

Qinghai Lake and Vicinity 

QH-01 Near Qinghai Lake Potentilla bifurca L. 3144 −26.1 

QH-02 Near Qinghai Lake Bromus tectorum L. 3144 −24.5 

QH-03 Near Qinghai Lake Elymus sibiricus L. 3144 −27.3 

QH-04 Near Qinghai Lake unknown 3144 −26.5 

QH-05 Near Qinghai Lake unknown 3144 −25.3 

QH-06 Riyue Mt., near 

Qinghai Lake 

unknown 3313 −26.3 

QH-07 Riyue Mt., near 

Qinghai Lake 

unknown 3313 −28.3 

Qaidam Basin 

GCG-V-01 Ganchaigou Allium polyrhizum Jurcz. ex 3112 −25.2 

GCG-V-02 Ganchaigou unknown grass 3112 −25.1 

GCG-V-03 Ganchaigou unknown grass 3112 −24.5 

GCG-V-04 Ganchaigou unknown grass 3112 −24.8 

GCG-V-05 Ganchaigou unknown grass 3112 −23.0 

SG-V-01 Shengou Reaumuria soongorica (Fill.) 

Maxim. 

2950 −24.2 

SG-V-02 Shengou Halocnemum strobilaceum (Pall.) 

M.B.  

2950 −14.0 

SG-V-02 Shengou Halocnemum strobilaceum (Pall.) 

M.B.  

2950 −13.3 

SG-V-03 Shengou Sympegma regelii Bge. 2995 −23.9 

SG-V-04 Shengou Potentilla parvifolia Fisch. ex 2950 −24.8 

Kunlun Mountain Pass and Vicinity 

XDT-01 Xidatan/~40km 

from Kunlun Pass 

Stipa purpurea var. arenosa 

Tzvel. 

4021 −24.9 

XDT-02 Xidatan/~40km 

from Kunlun Pass 

Elymus nutans Griseb. 4021 −26.0 

XDT-03 Xidatan/~40km 

from Kunlun Pass 

Agropyron desertorum (Link) 

Schult. Et Schult. F. 

4021 −24.3 

KL-01 Kunlun Mt/on rd. to 

Kunlun Pass 

Elymus sibiricus L. 3991 −24.7 
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Table 3.3 – continued 

Sample# Location species Elevation(m) 

Calibrated 

δ13
C (‰ vs. 

VPDB) 
KL-02 Kunlun Mt/on rd. to 

Kunlun Pass 

Agropyron desertorum (Link) 

Schult. et Schult. f 

3991 −25.4 

KL-03 Kunlun Mt/on rd. to 

Kunlun Pass 

Malcolmia africana (L.) R. Br. 3991 −25.0 

KL-04 Kunlun Mt/on road 

to Kunlun Mt. Pass 

Artemisia sp. 3991 −26.8 

KL-05 Kunlun Mt/on rd. to 

Kunlun Pass 

Astragalus densiflorus Kar. Et Kir. 3991 −26.2 

KP-V-01 Kunlun Mt. Pass Saussurea aster Hemsl 4567 −25.0 

KP-V-02 Kunlun Mt. Pass Littledalea przewalskyi Tzvel 4551 −23.2 

KP-V-03 Kunlun Mt. Pass Minuartia laricina (L.) Mattf 4562 −23.8 

KP-V-04 Kunlun Mt. Pass unknow 4562 −25.0 

KP-V-06 Kunlun Mt. Pass Pegaeophyton scapiflorum Marq. 

Et Shaw 

4592 −25.8 

KP-V-07 Kunlun Mt. Pass Aster flaccidusBge 4551 −25.4 

KP-V-08 Kunlun Mt. Pass Pedicularis lyrata Praim 4583 −27.3 

KP-V-09 Kunlun Mt. Pass Astragalus tanguticus Bat 4586 −26.1 

KP-V-10 Kunlun Mt. Pass Leontopodium leontopodioides 

(Willd.) Beaur. 

4586 −25.3 

KP-V-11 Kunlun Mt. Pass Torularia humilis (C.A. Mey) 

O.E. Schulz 

4586 −25.9 

KP-V-12 Kunlun Mt. Pass Melica scabnosa 4592 −24.4 

KP-V-13 Kunlun Mt. Pass unknown 4562 −25.9 

KP-V-14 Kunlun Mt. Pass unknown 4586 −24.4 

KP-V-15 Kunlun Mt. Pass unknown 4562 −26.7 

KP-V-16 Kunlun Mt. Pass unknown 4562 −25.9 

KLR-1 On road to  Kunlun 

Mt. Pass 

Tamarix chinensis 2762 −23.7 
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Fig. 3.5 Intra-tooth δ C and δ O variations in modern and fossil horse teeth from the Qaidam 

Basin, China

13 18

. There are little variations in the δ13
C values, but the variations in δ18

O are much 

larger in modern horse teeth than in fossils, perhaps indicating a much stronger modern monsoon 

climate. 
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Fig. 3.6 Intra-tooth δ C and δ O variations in fossil rhino teeth from the Qaidam Basin, China
13 18

. 

There are little variations in the δ13
C values within individual teeth, and the variations in the 

δ O were also small (maximum ~3‰), except for one tooth (b) CD0722, which clearly show the 

presence of C4 plants and the monsoon effect. According to comparison with other samples from 

the Qaidam Basin, the Linxia Basin, and the Chinese Loess Plateau, if the Qaidam Basin is as 

arid as today, then CD0722 is more likely than not an outlier, grew up in other places where C4 

plants were significant components in the local ecosystems and where monsoon had an effect, 

and somehow migrated to the Shengou area. See text for more details.
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Fig. 3.7 Intra-tooth δ C and δ O variations in fossil elephant teeth from the Qaidam Basin, 

China

13 18

. Considering the low variations in δ C values, which were mostly less than −8‰, C4 

plants were probably never a significant component in the diets of the elephants. Comparing the 

δ O values of these samples, we suggest that the Quanshuiling interval likely had more variable 

weather conditions, while at Naoge and Shengou, the weather conditions were more equable, 

with Shengou being perhaps wetter and under the weak influence of monsoons. 

13
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Fig. 3.8 The δ C and δ O values of a fossil cervid tooth from the Qaidam Basin, China.
13 18

 This 

short tooth did not reveal much variation in either δ C or δ O values, and the animal had a pure 

C3 diet. 

13 18

 

 

 

 

 

Fig. 3.9 Intra-tooth δ C and δ O variations in modern goat teeth from the Qaidam Basin, China
13 18

.
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Fig. 3.10 The δ13
C and δ18

O values of an unknown herbivore fossil tooth from the Qaidam 

Basin, China. This tooth did not reveal much variation in either δ13
C or δ18

O values, and the 

animal had a pure C3 diet. 

 

3.5 Discussions 

3.5.1 Diets and paleoecology of Late Cenozoic Mammals in the Qaidam Basin 

Rationale and method for diet/paleodiet reconstruction from tooth enamel δ C values.
13

 

The δ13
C values of herbivorous mammalian tooth enamel can be used to reconstruct the δ13

C 

compositions of the diet, because there is an almost constant ~14‰ enrichment in the δ13
C 

values of tooth enamel relative to the diet (Cerling et al., 1997). For modern plants, the average 

δ13
C compositions of C3 and C4 plants are −27‰ and −13‰, respectively (Deines, 1980; 

O’Leary, 1988; Cerling et al., 1997), and thus the average δ13
C values of tooth enamel from 

animals consuming pure C3 and C4 plants are approximately −13‰ and 1‰, respectively. 

Under closed canopy, C3 plants have lower δ13
C values (< −27‰, to as low as −35‰) due to the 

influence of soil respired CO2; whereas under water-stressed conditions, C3 plants tend to 

differentiate less between 
13

C and 
12

C and thus have higher δ13
C values (> −27‰, up to −22‰

2
) 

(Deines, 1980; O’Leary, 1988; Cerling et al., 1997). Consequently, the conservative ‘cut-off’ 

                                                 
2  In extremely rare cases, some C3 plants could have δ13C values up to −20‰, but these plants are not considered to be 

important dietary components here. 
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enamel-δ13
C value for a pure C3 diet is −8‰ for modern samples in water-stressed environments 

(Cerling et al., 1997; Wang et al., 2008a).  

However, the δ13
C values of the atmosphere and plants have become 1.5‰ more negative 

due to fossil-fuel burning since the industrial revolution (starting at ~1850 AD) (Cerling et al., 

1997 and the references therein). Therefore, if we assume a constant atmospheric δ13
C 

composition before the industrial revolution and correct for this fossil-fuel burning induced 

decrease in δ13
C, the average tooth enamel δ13

C values for fossils with pure C3 and C4 plant diet 

should be ~1.5‰ more positive than the modern values, i.e., ~ −11.5‰ and 2.5‰ for pure C3 

and pure C4 diets, respectively. Here we choose −12.0 and +2.0‰ as end-member enamel δ13
C 

values for fossils with pure C3 and C4 diets, respectively, so that our calculations here are 

comparable to our previous estimates (Wang et al., 2008a; Wang et al., 2008b). In water-stressed 

environments, the “cut-off” enamel-δ13
C value for a pure C3 diet should be −7‰ (or even 

higher) for fossils (Cerling et al., 1997; Wang et al., 2008a; Wang et al., 2008b).  

The δ13
C values of atmospheric CO2 in the geologic past were probably not constant and 

were not measurable directly, except in rare cases where ice-core trapped air samples are 

available. Therefore, proxies would have to be used if one wants to reconstruct the δ13
C 

compositions of past atmospheric CO2. One such effort was carried out by Passey et al. (2002, 

2009). Using the δ13
C values of benthic foraminifera calcite, they estimated the δ13

C values of 

atmospheric CO2 for the past 20 million years, and these estimated values were further used to 

reconstruct a time series for enamel-δ13
C values associated with C3, water-stressed C3, and C4 

plant diets (Passey et al., 2002, 2009).  

The percentage of C4 plants in an animal’s diet is calculated from the enamel-δ13
C value by 

linear mixing of the end-member enamel-δ13
C values for pure C3 and C4 diets. Because the δ13

C 

values of plants can vary by several permils (Table 3.3), especially those of C3 plants, due to 

variations in precipitation amount, relative humidity (or aridity), light, height in the forest canopy 

etc., the estimated C4 percentages in diets can vary significantly depending on the end-member 

enamel-δ13
C values used, that is, the uncertainties in the estimated C4 percentages in the diets 

could be large if the actual and the selected end-member δ13
C values differ significantly as 

demonstrated in Tables 3.1 and 3.2. It is worth noting that the maximum end-member enamel-

δ13
C values for pure C3 diets estimated by Passey et al.’s (2002, 2009) method fall between the 
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end-member δ13
C values for pure C3 diets under normal conditions (−13.0‰ for modern 

samples and −12.0‰ for fossils) and those for pure C3 diets under water-stressed conditions 

assuming nearly constant atmospheric δ13
C compositions until the commencement of the 

industrial revolution (−8.0‰ for modern samples and −7.0‰ for fossils). It is also worth noting 

that the estimated Min. %C4 values using Passey et al.’s (2002, 2009) method fall, probably 

coincidentally, between the Lower and Upper Limits of C4% in diets estimated by assuming 

water-stressed conditions and normal conditions, respectively (Tables 3.1 and 3.2), although the 

end-member δ13
C values for pure C4 diets used in Passey et al. (2002, 2009) were variable and 

were not the same as ours. 

Modern mammalian diet and ecology of the Qaidam Basin. We collected two sets of 

modern samples from the Qaidam Basin: one horse jaw from Barunyawula and one goat jaw 

from Gahai. Two horse teeth (upper right M3 and P4) and two goat teeth (M1 and M3) were 

serially sampled and analyzed, in addition to bulk samples from two goat teeth (P2 and P4). The 

bulk δ13
C compositions of these teeth have a range of −10.4 to −11.9‰, and a mean of −11.1 ± 

0.5‰. The serial δ13
C values from the four individual teeth range from −10.0 to −12.1‰. These 

enamel-δ13
C values for modern horse and goat correspond to dietary intakes of −24.0 to −26.1‰, 

which fall well within the δ13
C range of modern C3 plants in the region (Table 3.3). This 

suggests pure or nearly pure C3 diets for modern herbivores, consistent with the current C3 

dominance in the region (Table 3.1).  

If we assume normal conditions, the bulk δ13
C values would suggest ~8 to 19% of C4 

plants in the animals’ diets (Upper Limit of C4% in diet, Table 3.1). If we assume water stressed 

conditions, these values would indicate a pure C3 diet for the horse and goat (Min. % C4 or 

Lower Limit of C4% in diet, Table 3.1). The individual analyses of the serial samples also 

suggest a pure C3 diet for both animals under water-stressed conditions (Min. %C4 or Lower 

Limit of C4% in diet, Table 3.2), and up to ~18 %  and ~22% of C4 plants in the diets of the 

horse and goat, respectively, under normal conditions (Upper Limit of C4% in diet, Table 3.2).  

Are there really any C4 plants in these animals’ diets? 

Although the intra-tooth variations in the δ13
C values are very small (up to ~1.5‰ in the 

horse teeth, and ~1.8‰ in the goat tooth), the inverse relationships between the serial δ13
C and 

δ18
O values of the two horse teeth (Figs. 3.5a and b) and those of one goat tooth (Fig. 3.9a) are 
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quite clear, which suggest an intake of very small amounts of C4 plants by these modern animals 

in the warm growing season and the presence of monsoon effect on the local ecosystems 

(Biasatti et al., 2010). Carbon isotopic analysis of modern plants collected from the basin and 

surrounding areas reveals a C4 bush, Halocnemum strobilaceum (Pall.) M.B., in the Shengou 

area of the Qaidam Basin (Table 3.3). The higher than average δ13
C values (−23.0 to −25.2‰) of 

the C3 plants from the Qaidam Basin reflect the current water-stressed conditions in the area. 

However, the water-stressed conditions were probably not severe enough (especially during the 

C4 plant growth period in the summer) to preclude the presence of C4 plants in the local 

ecosystems of the modern Qaidam Basin (Table 3.3).  

In summary, ecosystems in the Qaidam Basin and surrounding areas are dominated by C3 

plants experiencing water stress, which is reflected in the diets of modern herbivores. In the 

present-day arid Qaidam Basin, the C4% in diet calculated by assuming normal conditions 

overestimate the amount of C4 in the animals’ diets (Upper Limit of C4% in diet in Tables 3.1 

and 3.2); whereas calculations based on the maximum δ13
C value for water-stressed C3 plants 

slightly underestimate the C4 intake in animals’ diets (Min. % C4 or Lower Limit of C4% in 

diet, Tables 3.1 and 3.2). 

Ancient mammalian diets and paleoecology of the Qaidam Basin. The fossils from the 

Qaidam Basin can be grouped into four intervals because the errors in the age estimates could be 

up to about 1 Ma: Huaitoutala (~5 Ma), Shengou and Naoge (~9-9.5 Ma), Quanshuiliang and 

Tuosu Nor (~11-11.2 Ma), and Bayin Mt. (~13.5 Ma). The bulk δ13
C values of these intervals are: 

a range of −7.0 to −10.8‰, and a mean of −8.9 ± 1.5‰ (n = 5) for Huaitoutala; a range between 

−5.7 and −11.8‰, and an average of −9.1 ± 1.4‰ (n = 23) for Shengou and Naoge; a range of 

−7.9 to −11.8‰, and a mean of −10.4 ± 1.2‰ (n = 14) for Quanshuiliang and Tuosu Nor; and 

the lone elephant sample from Bayin Mt. has a δ13
C value of −10.2‰. As with the modern 

samples, the diets of the mammalian fossils can also be discussed in three scenarios:  

(1) If we assume that the Qaidam Basin was as arid as today during the late Miocene and 

early Pliocene, that the δ13
C compositions of atmospheric CO2 were more or less constant in the 

late Cenozoic until the industrial revolution began in 1850 AD, and that −7.0 and +2.0‰ are 

appropriate end-member enamel δ13
C values for pure C3 and C4 diets, respectively, then we can 

estimate the lower limits of C4% in the animals’ diets, although in a somewhat simplistic way. In 
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this scenario, the bulk enamel-δ13
C values (lower than or equal to −7.0‰) of the fossil mammals 

suggest pure C3 diets for these mammals, with the exception of a rhino sample CD0722 from the 

Shengou area, which has a δ13
C value of −5.7‰ and an estimated ~15% C4 plants in its diet 

(Lower Limit of C4% in diet column in Table 3.1). The serial δ13
C data of the fossil mammals 

tell the same story, that is, only CD0722 had C4 plants in its diet (from ~4% to as high as ~32% 

C4 plants, Lower Limit of C4% in diet column in Table 3.2). As it is the lone sample showing 

unambiguous C4 signal, CD0722 could perhaps be best explained as an outlier, i.e., a migrant 

grew up in a place with significant C4 components in the local ecosystems and later migrated to 

the Shengou area.  

(2) If Passey et al.’s (2002, 2009) method is applicable and can better estimate the C4 

percentages in the diets of the fossil mammals under water-stressed conditions from the Qaidam 

Basin, then a few more samples from Huaitoutala (~5 Ma, CD0757 and HTTL-5) and Shengou 

(~9 Ma, Cdm-07, SG-41, and CD0722) consumed more than 5% C4 plants when their teeth were 

forming (Min.% C4 column in Table 3.1, Fig. 3.3a) based on the bulk δ13
C values. In this case, 

the Shengou rhino CD0722 had more than ~22% C4 plants in its diet as estimated from its bulk 

δ13
C composition. The serial δ13

C data reveal that CD0747 Hipparion from Shengou, and 

CD0701 elephant and CD0230 elephant (Gomphothere) from Naoge had at times consumed 

more than 5% C4 plants and that CD0722 rhino from Shengou had ~13 to ~35% of C4 plants in 

its diet (Min.% C4 column in Table 3.2). If these estimates were reliable, then perhaps these 

samples cannot all be simply regarded as outliers (i.e., migrants), and perhaps there were 

significant C4 components in the local ecosystems of the Qaidam Basin during the late Miocene 

and early Pliocene (Fig. 3.3a and b).  

(3) If the Qaidam Basin was warmer and more humid during the late Miocene and early 

Pliocene than the present as suggested by geological evidence (e.g., Wang et al., 1999), then we 

can use −12.0 and +2.0‰ as the end-member enamel δ13
C values for pure C3 and C4 diets under 

normal conditions to estimate the upper limits of C4% in the animals’ diets. In this scenario, all 

the fossil mammals had some C4 plants in their diets, and the highest C4% in the diet is shown 

by the Shengou rhino sample CD0722: ~45% according to estimates obtained from bulk δ13
C 

data (Upper Limit of C4% in diet column in Table 3.1), and ~38 to 56% according to estimates 

from serial δ13
C data (Upper Limit of C4% in diet column in Table 3.2). Therefore, in this 

70 



scenario, it is likely that C4 plants were an important component of the local ecosystems of the 

Qaidam Basin throughout our study intervals in the late Miocene and early Pliocene. 

The presence of elephants, rhinos, and a giraffe in the fossil record is in stark contrast to the 

absence of these animals in the modern day Qaidam Basin. This, along with widespread 

lacustrine deposits, indicates that the environment in the Qaidam Basin during the late Miocene 

and early Pliocene was very different from the modern environment, that is, the Qaidam Basin 

was unlikely to be as arid as today, and the vegetation was likely to be much more abundant to 

support elephants in the past. Therefore, the estimated C4 percentages in the diets of mammalian 

fossils in the late Miocene and early Pliocene should be higher than those estimated by assuming 

arid conditions as discussed in scenarios 1 and 2 above, implying that C4 plants were very likely 

an important component of local ecosystems in the Qaidam Basin. The data also suggest that the 

C4 plants were not consistently utilized in the past because more nutritious and easier to digest 

C3 plants were readily available, which is evidenced by the fact that only a minority of the 

elephant, rhino, and horse fossils had more than 5% Min. C4% in their diets (Table 3.1). 

 

3.5.2 Environments of Late Cenozoic Mammals in the Qaidam Basin 

Mammalian tooth enamel δ18
O values are positively correlated to the δ18

O values of body 

water, which are in turn related to the δ18
O values of local meteoric water (Longinelli, 1984; Luz 

et al., 1984; Ayliffe et al., 1992; Bryant and Froelich, 1995; Koch, 1998; Kohn and Cerling, 2002; 

Wang and Deng, 2005). Because the δ18
O values of local meteoric water are controlled by 

climatic conditions (Dansgaard, 1964; Rozanski et al., 1992), we can use the above relationship 

to reconstruct the δ18
O values of local meteoric water from mammalian tooth enamel δ18

O values, 

and further reconstruct (paleo)climatic conditions. However, as the oxygen isotope fractionation 

between mammalian tooth enamel and body water and that between body water and local 

meteoric water are typically species specific, we need to ideally use the same species (or at least 

animals from the same family, as some species have become extinct) from different intervals to 

discuss changes in climatic conditions. Obviously, a shift in the tooth enamel δ18
O values of the 

same species (or animals from the same family) would indicate a change in certain aspects of the 

local or regional climate (Wang and Deng, 2005; Biasatti et al., 2010). The δ18
O values of 

precipitations are mainly controlled by the amount effect (high δ18
O values in sparse rain) at low 
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latitudes usually under summer monsoon influence, by the temperature effect (expressed as 

seasonal variations in δ18
O values, which decrease with decreasing temperature) at high latitudes 

generally not affected by the summer monsoons, and by both the amount and temperature effects 

to varying degrees depending on the strength of the summer monsoons at mid-latitudes 

(Dansgaard, 1964; Johnson and Ingram, 2004). It was found that long-term changes in δ18
O 

values over mid- and high-latitude regions closely followed those of surface air temperature, 

with average δ18
O-temperature coefficient being ~0.6 ‰/°C (Rozanski et al., 1992).  
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Here we use the tooth enamel δ18
O values (vs. VPDB) of largest fossil taxa including horse, 

rhino, and elephant, which are thought to be obligate drinkers (like their modern counterparts), to 

reconstruct the local meteoric water δ18
O compositions (vs. VSMOW) and further reconstruct 

the paleoclimatic conditions of the Qaidam Basin (e.g., Bryant and Froelich, 1995). 

we can derive a relationship between the δ18
O of structural carbonate in tooth enamel and that of 

local meteoric water: 

First, we need to reconstruct δ18
O values of the local meteoric waters. From the relationship  

between δ18
O of phosphate ion in bioapatite and local meteoric water for obligate drinkers (Eq. 

3.1, Kohn and Cerling, 2002), the relationship between δ18
O of phosphate and structural 

carbonate of bioapatite for modern mammals (Eq. 3.2, Iacumin et al., 1996), and the relationship 

between the VSMOW (Vienna Standard Mean Ocean Water) and VPDB (Vienna Pee-Dee 

Belemnite) scales (Eq. 3.3, Friedman and O'Neil, 1977):  

 (3.1) 

 (3.2) 

 (3.4) 

 (3.3) 

 or 



 

Table 3.4 Reconstructed local meteoric water δ O compositions from both bulk and serial tooth enamel δ O values of large 

mammals from the Qaidam Basi

18 18

n. The equation used is: . 911.244]/0.8(VPDB)Oδ[(VSMOW)Oδ c

18

w

18 −=

Samples 

Min. δ18O 

(VPDB) 

Max. δ18O

(VPDB) 

Mean 

δ18O 

(VPDB) 

1 σ of 

δ18O 

δ18Owater 

(VSMOW)Min

δ18Owater 

(VSMOW)Max

Mean δ18O 

(VSMOW) 

1 σ of 

δ18O 

Bulk Samples 

Modern Horse (2) −7.0 −6.8 −6.9 0.2 −9.3  −9.0  −9.1  0.2  

Huaitoutala Horse (1) −4.4  −4.4  −4.4   −6.3  −6.3  −6.3   

Shengou-Naoge Horse (6) −9.9 −4.5 −7.4 2.0 −12.5  −6.5  −9.7  2.2  

Tuosu Nor-Quanshuiliang Horse (4) −7.5 −4.8 −5.8 1.2 −9.8  −6.8  −7.9  1.4  

Shengou-Naoge Rhino (12) −9.2 −3.5 −6.8 1.6 −11.8  −5.3  −9.1  1.8  

Tuosu Nor-Quanshuiliang Rhino (3) −4.9 0.0 −2.0 2.6 −6.9  −1.4  −3.6  2.9  

Huaitoutala Elephant (2) −7.6 −6.5 −7.0 0.8 −9.9  −8.7  −9.3  0.9  

Shengou-Naoge Elephant (4) −8.0 −4.1 −6.4 1.6 −10.3  −6.0  −8.6  1.8  

Tuosu Nor-Quanshuiliang Elephant (6) −7.0 −1.9 −4.7 1.9 −9.3  −3.5  −6.7  2.1  

Bayin Mt. Elephant (1) −2.9  −2.9  −2.9   −4.6  −4.6  −4.6   

Horse Serial Samples 

BRY-RM3 (0 Ma) −11.5 −1.6 −6.8 3.0 −14.3 −3.2 −9.0 3.4 

BRY-RP4 (0 Ma) −12.8 −1.3 −7.0 3.8 −15.8 −2.9 −9.3 4.3 

SGD-3 (9 Ma) −11.8 −6.6 −9.4 1.5 −14.6 −8.8 −11.9 1.7 

CD0747 (9 Ma) −7.5 −5.5 −6.6 0.7 −9.8 −7.5 −8.8 0.8 

CD0227_2 (9 Ma) −10.0 −9.5 −9.9 0.2 −12.6 −12.1 −12.5 0.2 

CD0780 (11.2 Ma) −7.0 −5.5 −6.0 0.5 −9.2 −7.6 −8.2 0.5 

Rhino Serial Samples 

CD0224 (9 Ma) −6.2 −4.6 −5.3 0.6 −8.3 −6.6 −7.4 0.6 

CD0727 (9 Ma) −6.3 −4.3 −5.3 0.7 −8.5 −6.3 −7.3 0.7 

CD0722 (9 Ma) −8.6 −5.5 −6.6 0.9 −11.0 −7.6 −8.8 1.0 

CD0227 (9 Ma) −9.4 −6.8 −8.2 0.8 −12.0 −9.0 −10.6 0.9 

CD0711 (9 Ma) −8.7 −6.8 −7.8 0.6 −11.2 −9.0 −10.1 0.7 

CD0120 (9.5 Ma) −7.4 −5.7 −6.8 0.6 −9.7 −7.8 −9.0 0.6 

TN-1 (11.0 Ma) −2.8 0.0 −1.1 1.0 −4.5 −1.4 −2.6 1.2 
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Table 3.4 – continued 

Samples 

Min. δ18O 

(VPDB) 

Max. δ18O

(VPDB) 

Mean 

δ18O 

(VPDB) 

1 σ of 

δ18O 

δ18Owater 

(VSMOW)Min

δ18Owater 

(VSMOW)Max

Mean δ18O 

(VSMOW) 

1 σ of 

δ18O 

CD0876 (11.2 Ma) −5.4 −4.6 −4.9 0.3 −7.4 −6.5 −6.9 0.4 

CD07101 (11.2 Ma) −0.9 0.8 0.0 0.7 −2.4 −0.5 −1.4 0.8 

Elephant Serial Samples 

CD0718 (9 Ma) −7.3 −6.4 −6.9 0.3 −9.6 −8.6 −9.2 0.3 

CD0701 (9.5 Ma) −8.4 −7.4 −8.0 0.3 −10.8 −9.7 −10.3 0.3 

CD0230 (9.5 Ma) −7.0 −5.8 −6.5 0.4 −9.3 −7.9 −8.7 0.4 

CD0230_2 (9.5 Ma) −5.1 −3.2 −4.1 0.6 −7.1 −5.0 −6.0 0.6 

CD0827 (11.2 Ma) −7.2 −5.3 −6.1 0.7 −9.4 −7.4 −8.3 0.8 

CD08117 (11.2 Ma) −6.1 −5.1 −5.7 0.4 −8.2 −7.1 −7.8 0.4 

CD0803 (11.2 Ma) −3.1 −0.8 −1.9 0.7 −4.9 −2.3 −3.5 0.7 

CD08122 (11.2 Ma) −9.8 −5.3 −7.0 1.2 −12.4 −7.4 −9.3 1.4 

CD0773 (11.2 Ma) −5.7 −2.4 −4.1 1.2 −7.8 −4.1 −6.0 1.3 

CD0783 (11.2 Ma) −4.3 −2.8 −3.5 0.5 −6.2 −4.5 −5.4 0.5 

 

 



Modern samples. In the modern Qaidam Basin, horses are still present, but rhinos and 

elephants are absent. The calculated bulk δ18
O compositions of the two modern horse teeth are 

−7.0 and −6.8‰, corresponding to reconstructed local meteoric water δ18
O values of −9.3 and 

−9.0‰, respectively (Table 3.4). These values are consistent with our analyses of fresh water 

samples from the area. The serial δ18
O values of these two teeth are as follows: BRY-RM3 has a 

range of −11.5 to −1.6‰, with an average of −6.8 ± 3.0‰; and BRY-RP4 has a range of −12.8 to 

−1.3‰, averaging −7.0 ± 3.8‰ (Table 3.4, Figs. 3.4a and b). The calculated local meteoric water 

δ18
O compositions are: a range of −14.3 to −3.2‰ with a mean of −9.0 ± 3.4‰ for BRY-RM3; 

and a range of −15.8 to −2.9‰, averaging −9.3 ± 4.3‰ for BRY-RP4 (Table 3.4). The almost 

13‰ range of variation in water δ18
O compositions is indeed large, and is likely a result of 

intense evaporation induced by severe aridity and the seasonal variations in precipitation δ18
O 

values, although the latter may be less important because the precipitation is concentrated in the 

summer (Zhao et al., 2010). 

Fossils.  

(1) Horses: The lone horse sample from Huaitoutala (~5 Ma) yields a bulk δ18
O composition 

of −4.4‰, and a reconstructed local water δ18
O value of −6.3‰. The six horse teeth from 

Shengou and Naoge area (~9-9.5 Ma) have a range of bulk δ18
O compositions between −9.9 to 

−4.5‰, averaging −7.4 ± 2.0‰ (Table 3.4). And the reconstructed local water δ18
O compositions 

range from −12.5 to −6.5‰, with a mean of −9.7 ± 2.2‰ (Table 3.4). The three serial samples 

from the Shengou and Naoge area have a combined range in δ18
O of −11.8 to −5.5‰, and an 

average of −8.1 ± 1.8‰, which correspond to reconstructed local water δ18
O compositions of 

−14.6 to −7.5‰, with an average of −10.5 ± 2.0‰ (Table 3.4). Four horse teeth from the Tuosu 

Nor and Quanshuiliang interval yield bulk δ18
O compositions between −7.5 and −4.8‰, and a 

mean of −5.8 ± 1.2‰. The local water δ18
O values calculated are between −9.8 and −6.8‰, with 

an average of −7.9 ± 1.4‰. Serial samples from the single specimen CD0780 from this interval 

yield a δ18
O range falling completely within the range observed in the bulk samples. Note that 

there was a negative shift (~ −1.8‰ in mean water δ18
O calculated from bulk data) from the 

Tuosu Nor and Quanshuiliang interval (~11-11.2 Ma) to the Shengou and Naoge interval (~9-9.5 

Ma) (Fig. 3.4a).  
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(2) Rhinos: We only have rhino samples from two intervals. Twelve rhino teeth from the 

Shengou and Naoge interval (~9-9.5 Ma) have a range of bulk δ18
O compositions between −9.2 

and −3.5‰, with a mean of −6.8 ± 1.6‰. The local water δ18
O values calculated from the bulk 

rhino data have a range of −11.8 to −5.3‰, and a mean of −9.1 ± 1.8‰. Six of the 12 rhino teeth 

were serially sampled, and yield a combined δ18
O range of −9.4 to −4.3‰, and an average of 

−6.8 ± 1.3‰. The reconstructed δ18
O range of local water is −12.0 to −6.3‰, with a mean of 

−9.0 ± 1.4‰, which is very close to that calculated from bulk data. During the Tuosu Nor and 

Quanshuiliang interval (~11-11.2 Ma), the bulk tooth enamel δ18
O values of the rhinos have a 

range of −4.9 to 0.0‰, with an average of −2.0 ± 2.6‰, and the reconstructed local water δ18
O 

compositions are between −6.9 and −1.4‰, with a mean of −3.6 ± 2.9‰. All three bulk data 

were calculated from serial samples, which have a combined δ18
O range of −5.4 to 0.8‰ and a 

mean of −1.6 ± 2.1‰, corresponding to calculated water δ18
O range of −7.5 to −0.5‰ and an 

average of −3.2 ± 2.4‰ (Table 3.4). Note that there was also a negative shift (~ −5.5‰ in mean 

water δ18
O calculated from bulk data) from the Tuosu Nor and Quanshuiliang interval to the 

Shengou and Naoge interval, as observed in the horse samples, although the magnitude of the 

shift was much larger in the rhinos than in the horses (Fig. 3.4a).  

(3) Elephants: We have two bulk elephant samples from the Huaitoutala interval, having 

δ18
O values of −7.6 and −6.5‰, and the corresponding local water δ18

O compositions are −9.9 

and −8.7‰. The four bulk samples from the Shengou and Naoge interval yield a range of δ18
O 

values between −8.0 and −4.1‰, with a mean of −6.4 ± 1.6‰. The reconstructed local water 

δ18
O values have a range of −10.3 to −6.0‰, and a mean of −8.6 ± 1.8‰. These four bulk data 

were all calculated from serial samples, which have a combined range of δ18
O values from −8.4 

to −3.2‰ and an average of −6.6 ± 1.4, corresponding to a calculated meteoric water δ18
O range 

from −10.8 to −5.0‰, and a mean of −8.8 ± 1.5‰. For the Tuosu Nor-Quanshuiliang interval, 

the bulk enamel δ18
O values of six elephant samples range from −7.0 to −1.9‰, averaging −4.7 

± 1.9‰. The calculated local meteoric water δ18
O values during the Tuosu Nor-Quanshuiliang 

interval have a range between −9.3 and −3.5‰, with a mean of −6.7 ± 2.1‰. All six teeth from 

this interval were serially sampled, and they have a combined δ18
O range between −9.8 and 

−0.8‰, and a mean of −4.7 ± 2.0‰, corresponding to a reconstructed δ18
O range of local 
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meteoric water between −12.4 and −2.3‰, and an average of −6.6 ± 2.2‰. The lone sample 

from the Bayin Mt. interval has a δ18
O of −2.9‰, corresponding to a reconstructed meteoric 

water δ18
O composition of −4.6‰. Also note that there was a negative shift (~ −1.9‰ in 

reconstructed mean meteoric δ18
O value) from the Tuosu Nor-Quanshuiliang interval to the 

Shengou-Naoge interval, which is about the same as observed in horses but much smaller than 

that exhibited by rhinos (Fig. 3.4a). 

In summary, the enamel-δ O data (Fig. 3.4a and b) show a negative shift 
18

from ~11.2-11.0 

Ma to ~9.5-9 Ma, although the shift in enamel δ18
O values is much larger in rhinos (~ −4.8‰) 

than in horses (~ −1.6‰) and elephants (~ −1.7‰), possibly due to biases related to the small 

sample size. As horses, rhinos, and elephants are regarded as large obligate drinkers, they can be 

considered as a group to increase the sample size and reduce or even remove possible biases. 

Then, this negative δ18
O shift observed in mammalian tooth enamel of large obligate drinkers, 

which is statistically significant (student t-test, including both bulk and serial data, under the 

condition of unpaired data with unequal variance, same below, MD = 2.46, df = 218, t = 11.0, p 

< 0.0001), most likely indicates a negative shift in the δ18
O of local meteoric water (Fig. 3.4c) 

and is similar to the shift in the enamel δ18
O record from the Linxia Basin (Biasatti et al., 2010). 

This suggests a change in the regional climate to cooler or wetter conditions during that time 

period (Fig. 3.4c), which is consistent with the marine δ18
O record showing a cooling trend in the 

same period as indicated by a positive shift in the δ18
O values of benthic forams (Zachos et al., 

2001). However, only statistically insignificant differences were observed in enamel-δ O values 

of large mammals (and reconstructed water δ O values) between ~9.5-9 Ma and 5 Ma 

18

18
(MD = 

0.83, df = 2, t = 0.87, p = 0.4718) and between 5 Ma and the modern (MD = 0.73, df = 3, t = 

0.69, p = 0.5377). This is probably because the sample size at 5 Ma was too small (only 3 bulk 

samples of obligate drinkers were available). 

 

3.5.3 Seasonal variations in diet and environment 

Serial analyses of mammalian tooth enamel samples from the Qaidam Basin reveal that the 

seasonal variability in diets for both modern and fossil mammals was small, which is suggested 

by the small ranges of δ13
C values of these samples (the maximum being 2.5‰ for CD0722 from 

the Shengou area). The δ18
O ranges, however, are much larger in the modern samples than in the 
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fossils, likely a result of increased seasonality or aridity in the modern Qaidam Basin compared 

to the late Miocene and early Pliocene.  

 

 
Fig. 3.11 Comparison of the δ13

C data of herbivorous mammalian tooth enamel samples from the 

Qaidam Basin (this study), the Linxia Basin (Wang & Deng, 2005; Biasatti et al., 2010), and 

Lantian, Yushe, and Baode (Passey et al., 2009), China. The blue line represents the estimated 

maximum tooth enamel δ13
C values for herbivorous mammals having pure C3 diets from Passey 

et al. (2009). 

 

3.5.4 Comparison with other mammalian tooth enamel δ13
C records from North China and 

its tectonic and climatic implications 

The mammalian tooth enamel δ13
C record from the Qaidam Basin can be compared to those 

from the Linxia Basin (Wang & Deng, 2005; Biasatti et al., 2010), the central Inner Mongolia 

(Zhang et al., 2009), and the Chinese Loess Plateau (including Lantian, Yushe, and Baode, 

Passey et al., 2009) (Fig. 3.11). If the Qaidam Basin were warmer and more humid during the 

late Miocene and early Pliocene and indeed had significant C4 components in the local 
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ecosystems as discussed above, then the apparently earlier first occurrence of C4 plants in the 

Qaidam Basin at ~9 Ma is probably due to the large error in the age estimates (~1 Ma), and the 

actual age may well be ~8 Ma or even younger based on the first C4 expansions in other parts of 

the world such as Pakistan (e.g., Quade et al., 1989; Cerling et al., 1997). Taking this into 

account, and if the 2-3 samples from Lantian plotted to the right of the blue line representing the 

estimated maximum δ13
C for pure C3 diet by Passey et al. (2002, 2009) in Fig. 3.11 at ~8 Ma 

truly indicate the presence of C4 plants in the local ecosystems, then C4 expansions in the 

Qaidam Basin, central Inner Mongolia, Lantian on the Chinese Loess Plateau, and many other 

places around the world were approximately synchronous at ~7-8 Ma, which would provide 

further support for a global factor in causing this late Miocene ecological change (Cerling et al., 

1997; Zhang et al., 2009). 

If the Qaidam Basin was indeed warmer and more humid during the late Miocene and early 

Pliocene than today and had significant C4 components at that time but insignificant C4 biomass 

in the local ecosystems today, in contrast to the Linxia basin where C4 plants occurred after late 

Pliocene and persist until today, then the Qaidam Basin probably would have had a different 

moisture source from the Linxia Basin during the late Miocene and early Pliocene, most likely 

the Indian Ocean and Bay of Bengal, in addition to much larger lakes in the region. This would 

perhaps require the Himalayas (at least parts of it) to be a less formidable barrier than today to 

allow more moisture to reach the Qaidam Basin, to provide sufficient precipitation to support the 

lush C3 vegetation and the lesser but significant C4 components. 

 If the rhino sample CD0722 from Shengou, which displays unambiguous C4 signals and 

distinct monsoon influence, was in fact a migrant, it would have to come from places with 

significant C4 components in the local ecosystems and under monsoon influence. The possible 

places are north China to the east of Qaidam and Linxia Basins or south of the Himalayas. In 

either case, the Qaidam Basin would have to be much more hospitable (e.g., warmer, more 

humid, had much denser vegetation, etc.) than today to attract the rhino and to support such large 

and voracious animals as elephants. This would perhaps also require the Himalayas to be less 

formidable during the late Miocene and early Pliocene. That is, the Himalayas and the Tibetan 

Plateau had not uniformly reached its present height during the late Miocene and early Pliocene. 
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3.6 Conclusions 

The stable carbon and oxygen isotope compositions have been analyzed for 20 bulk samples 

and 355 serial samples from 29 teeth from a diverse group of fossil and modern herbivorous 

mammals from the Qaidam Basin, China, and the mean δ13
C and δ18

O values of the serial 

samples were also calculated to represent the corresponding bulk compositions (Tables 3.1 and 

3.2).  

If we assume that the Qaidam Basin was as arid as today during the late Miocene and early 

Pliocene, and use the conservative “cut-off” δ13
C values for the presence of significant C4 plants 

in the animals’ diets, i.e., −8‰ for modern samples and −7‰ (or even −6.5‰) for fossils 

(Cerling et al., 1997; Wang et al., 2008a), then there were no or little C4 plants present in the 

diets of the animals from the Qaidam Basin at any time since the early late Miocene, except for 

one fossil rhino CD0722 from Shengou. Comparing CD0722 with other samples from the 

Qaidam Basin (this study), the Linxia Basin (Wang and Deng, 2005; Biasatti et al., 2010), and 

the Chinese Loess Plateau (An et al., 2001; Passey et al., 2009), we suggest that CD0722 was 

more likely an outlier, a migrant that primarily lived in other places where C4 plants were 

present in a significant amount but somehow migrated to the Shengou area.  

However, if the Qaidam Basin was indeed warmer and more humid during the late Miocene 

and early Pliocene and had much denser vegetation to support additional large mammals such as 

rhinos and elephants, then there should be significant C4 biomass in the local ecosystems in the 

late Miocene and early Pliocene based on tooth enamel δ13
C values of some fossils. But the C4 

plants were not consistently utilized because C3 plants, which were more nutritious and easier to 

digest than C4 plants, were readily available. If there were indeed significant C4 components in 

the local ecosystems during the late Miocene (Shengou, ~9 Ma) and early Pliocene (Huaitoutala, 

~5 Ma), the climate there would have to be warmer and there would also have to be adequate 

summer precipitation. The global climate in the late Miocene and early Pliocene were indeed 

warmer than today (Zachos et al., 2001), but perhaps the area was also lower, so that the 

minimum growing season temperature was high enough for the growth of C4 plants. As to the 

necessary precipitation, the moisture source would have to be an alternative one from today, e.g., 

the Indian Ocean and Bay of Bengal, since the East Asian summer monsoon was probably not 

strong enough to affect the Linxia Basin prior to ~2-3 Ma (Wang and Deng, 2005; Biasatti et al., 
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2010), let alone the Qaidam Basin, which lies further west of the Linxia Basin. If so, the 

Himalayas would perhaps have to be less formidable as an orographic barrier than today during 

that time to let sufficient moisture pass through. If these animals were migrants, they could have 

come from the South or from North China east of the Qaidam and Linxia Basins. In either case, 

the Qaidam Basin would have to be more hospitable and have readily available food. This would 

perhaps also require the Himalayas to be less formidable than today. The much larger δ18
O 

variations (up to 11.5‰) in modern horse teeth from the Qaidam Basin, and the observed inverse 

relationship between their δ13
C and δ18

O values, suggest that the Qaidam Basin had suffered a 

severe aridification since the early Pliocene, and that the East Asian summer monsoon was 

indeed strengthened after the early Pliocene, in agreement with previous observations (Wang and 

Deng, 2005; Biasatti et al., 2010). This severe aridification was likely caused by a significant 

uplift of the Himalayas (at least portions of it and perhaps also the Tibetan Plateau itself) after 

early Pliocene, blocking most of the moisture from the Indian Ocean and Bay of Bengal. 
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CHAPTER 4 

OXYGEN ISOTOPE COMPOSITIONS OF LATE CENOZOIC 

FISH PHOSPHATE FROM THE QAIDAM BASIN, CHINA 

 

Abstract 

Oxygen isotope compositions of phosphate (δ18
Op) from fish bone samples from the Qaidam 

Basin, China, were determined in order to examine changes in aquatic environments in the 

region over the last 10 million years. The results showed statistically significant enrichment in 

δ18
Op from the Tuxi-Shengou-Naoge interval (late Miocene) to the Yahu interval (early Pliocene) 

and from the Yahu interval to the present day. This is most likely reflecting increases in the δ18
O 

of lake water over time.  

Estimated water temperatures for the modern Qinghai Lake from the bone δ18
Op values of a 

fish and the measured lake water δ18
Ow using the Longinelli and Nuti (1973) equation range 

from 19.3 to 23.1 (± 0.3) °C, close to the highest temperature reported or modeled but higher 

than the reported average temperature of surface water during the summer. This indicates that 

this fish was not living in the saline Qinghai Lake itself exclusively, but spent at least part of its 

life in estuary or in the fresh water of an inflow river(s). Assuming that mammals drank 

exclusively from the lake, temperatures were calculated from the average fish bone δ18
Op values 

and the average δ18
Ow derived from structural carbonate δ18

O of large mammal tooth enamel 

samples. Temperatures were also estimated from δ18
Op of fish bones and δ18

Ow estimated from 

δ18
O of co-ocurring large mammal tooth enamel samples (including using the highest δ18

Ow to 

represent the dry season during which the large mammals presumably had to drink from the 

lake/lakes). The calculated temperatures were all lower than the average temperature of the 

modern Qinghai Lake surface water during the summer, and mostly too low to be reasonable – 

even without considering the observed cooling trend since the late Miocene (which means that 

lake water probably had higher temperature during the late Miocene and early Pliocene), 

indicating that the fish and the large mammals were not in equilibrium with the same water. This 
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is expected as the δ18
O values of enamel from large mammals have been shown to generally 

track the δ18
O values of meteoric water, whereas the δ18

O value of lake water as recorded in fish 

bones often deviates significantly from the δ18
O of meteoric (source) water due to 

environmental/hydrological factors such as evaporation.  

Assuming the relationship between salinity and δ18
Ow observed for the modern Qinghai Lake 

and its surrounding lakes and ponds applied in the past, we calculated the paleosalinities of lake 

waters to be from 0.13-0.26 g/l (4°C) to 0.54-1.03 g/l (20°C) for the Tuxi-Shengou-Naoge 

interval, and from 0.93-2.03 g/l (4°C) to 3.74-8.13 g/l (20°C) for the Yahu interval. The 

estimated salinity for Yahu is most likely too low, as the extraordinarily thickened skeleton that 

left little room for muscles would probably require much higher salinity (as well as Ca 

concentration). 

It remains difficult to quantitatively reconstruct terrestrial paleoenvironments even with 

coexisting fish bone and large mammal tooth enamel samples, mainly due to the fact that 

terrestrial environments are highly variable and that the coexisting fish and large mammals were 

not necessarily in equilibrium with the same water. 

Key Words: oxygen isotopes, fish bones, Qaidam Basin, late Miocene, early Pliocene, 

paleosalinity 

 

4.1 Introduction 

The uplift history of the Tibetan Plateau and the associated paleoenvironmental changes are 

some of the hotly debated issues that have attracted much attention in recent years from 

geologists and climatologists alike (e.g., Molnar, 2005; Wang et al., 2007). Some argued that the 

Himalayan-Tibetan Plateau had achieved its current elevation more than 10 Myr ago and perhaps 

as early as the late Eocene (e.g., Garzione et al., 2000; Rowley and Currie, 2006), while others 

argued for a significant (> ~1 to 2 km) uplift of at least some parts of the region after the middle 

Miocene (at ~8 Ma or even later in the Pliocene) (e.g., An et al., 2001; Wang and Deng, 2005; 

Wang et al., 2005; Wang et al., 2008b). In Chapter 3, stable carbon and oxygen isotope data of 

mammalian tooth enamel samples were used to reconstruct the paleodiet of the mammals (and 

further the C4 plant proportions in the ecosystems) and paleoclimate of the Qaidam Basin. But 

for some places in the Qaidam Basin, such as the Yahu locality, only fish bone samples are 
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available. In such places, fish bone samples bear the only hope of paleoenvironmental 

reconstructions. 

Here we present stable oxygen isotope data of fish bone samples from the late Miocene and 

early Pliocene Qaidam Basin (Naoge, Shengou, Tuxi, and Yahu localities) and the modern 

Qinghai Lake. We attempt to interpret the data in terms of the δ18
Op values of fish bones, as well 

as to reconstruct the paleotemperatures using the average δ18
Op and average δ18

Ow compositions 

derived from δ18
O of structural carbonate in large mammal tooth enamel samples or using the 

fish bone δ18
Op data and the δ18

Ow values derived from δ18
O of coexisting fossil mammalian 

tooth enamel samples at some fossil sites. Using salinity and δ18
Ow relationship observed for the 

modern Qinghai Lake and its surrounding ponds and lakes, we also tried to estimate the 

paleosalinities of lake waters during the Yahu interval (early Pliocene) and the Tuxi-Shengou-

Naoge (late Miocene) interval. We further discuss the feasibility of these data in the 

reconstruction of ancient terrestrial environments. 

 

4.2 Geographic and geological settings 

The Qaidam Basin (latitude: ~36°-39°N, longitude: ~90-98°E) is located on the northeastern 

margin of the Tibetan Plateau in western China. It covers an area of about 1.2 × 10
5
 km

2
 (Gu and 

Di, 1989; Liu et al., 1998; Metivier et al., 1998; Chen et al., 1999; Ritts et al., 1999; Wang et al., 

2007; Fig. 4.1), making it the largest intermontane basin on the Tibetan Plateau. The modern 

Qaidam Basin is a desert with an extremely arid climate: the mean annual precipitation is less 

than ~100 mm (as low as 20-40 mm) while the potential evaporation is greater than ~ 2000 mm 

(up to ~3250 mm). The mean annual temperature is ~4-5°C (Yang et al., 1995; Wang et al., 1999; 

Zhao et al., 2010). 

At an average elevation of about 3 km, the Qaidam Basin is a low-relief region on the 

Tibetan Plateau, and is bounded by the Altyn-Tagh sinistral fault system to the north, the Qilian 

Shan − Nan Shan mountain belt to the northeast, the Kunlun sinistral fault system to the south, 

and the Qimantag − Kunlun Shan mountain belt to the southwest (Chen et al., 1999; Fig. 4.1). 

The sedimentary deposits of the Qaidam Basin are mainly of Mesozoic to Cenozoic age, 

covering an area of 9.6 × 10
4
 km

2
 with a maximum thickness of 16 km and a total volume of 

about 6 × 10
5
 km

3
 (Gu and Di, 1989). 
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Fig. 4.1 Sketch map of the Qaidam Basin, showing the fossil fish bone localities and modern fish bone sample from the Qinghai Lake, 

which lies outside the Qaidam Basin in the insert (adapted from Wang et al., 2007 and Metivier et al., 1998). 

 



 
 

Fig. 4.2 The lithostratigraphic and biostratigraphic framework of the late Cenozoic Qaidam 

Basin (adapted from Wang et al., 2007). We have studied the fish bone samples from the 

Shengou and Yahu Fish Faunas. No fish bone samples from the Eboliang Fish Fauna were 

available for this study, while those from Lulehe Fish Fauna were too old to be of interest and 

thus not included this study. 
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The mainly fluvial-alluvial-lacustrine Cenozoic deposits in the Qaidam Basin have been 

grouped into a seven-formation lithostratigraphic system, from bottom to top: Lulehe 

(Paleocene-Eocene), Lower Ganchaigou (Eocene), Upper Ganchaigou (Oligocene), Lower 

Youshashan (early to middle Miocene), Upper Youshashan (late Miocene), Shizigou (Pliocene), 

and Qigequan (Pliocene-Pleistocene) Formations (Wang et al., 2007; Fig. 4.2). It should be noted 

that the boundaries between the formations are still tentative, which could easily have an error of 

1 Ma (but hopefully not much more than that). Four fish faunas have also been found (Fig. 4.2), 

and we have studied two of them: the Shengou Fish Fauna (late Miocene) and the Yahu Fish 

Fauna (early Pliocene). Lulehe Fish Fauna (late early to early late Oligocene) is much older than 

the interval we are interested in and thus not included in this study, while no fish bone samples 

from the Eboliang Fish Fauna were available for our study. Mammalian fossils were mostly 

found in sandy layers representing fluvial or lake margin environments. Fish bones, on the other 

hand, were from both sandy and fine-grained beds. 

 

4.3 Sampling and analytical methods 

A total of 49 fish bone samples from the Qaidam Basin and Qinghai Lake have been selected, 

prepared, and analyzed for the δ18
O compositions of  ions (δ−3

4PO
18

Op) in these samples. The 

process, which is more complicated and much more tedious than that for analyzing the stable C 

and O isotope compositions of structural carbonate in tooth enamel samples, can be divided into 

four stages: making fine powder, pretreating with NaOCl and NaOH to remove organic and 

humic substances, precipitating Ag3PO4, and analyzing with a TC/EA instrument (Fig. 4.3). This 

process was not the same for all samples, especially for the first six samples (YH-02, YH-03, 

YH-04, YH-14, YH-15, and YH-26), because we were unsure about the effects of various steps 

and were testing the methods. 

1. Making fine powder. The fish bone samples were first cleaned by drilling to remove 

visible contaminants. Then the cleaned pieces of bones were ground into fine powder with a 

mortar and pestle.  
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Fig. 4.3 Flowchart of the procedure of oxygen isotope analysis of biogenic phosphate (adapted 

from Stephan, 2000; Dettman et al., 2001; Vennemann et al., 2002). 

 

88 



2. Pretreating with NaOCl and NaOH to remove organic and humic substances. Except the 

first batch of samples (YH-02, YH-03, YH-04, YH-14, YH-15-1, YH-15-2, YH-26-1, and YH-

26-2), all the samples (in fine powder form) were subjected to two pretreatments described in 

Stephan (2000) with slight modification: (1) ~10 mg of the second batch of samples (YH-02-2, 

YH-03-2, YH-04-2, YH-14-2, YH-15-3, YH-15-4, YH-26-3, and YH-26-4) were weighed into 

15 ml vials, 1 ml of 4-6% NaOCl solution was added into the vials, mixed thoroughly and let 

stand for at least 24 hours to remove organic substances. Then they were rinsed with full vials of 

doubly distilled water (~15 ml) three times to neutrality. Next, 1 ml of 0.1 M NaOH solution was 

added into the vials, mixed well and let stand for at least 48 hours to remove humic substances, 

and then rinsed three times with full vials of doubly distilled water to neutrality. (2) For the 

remaining samples, ~50 mg powders were weighed into 1.5 ml centrifuge vials. Then the vials 

were filled with 4-6% NaOCl solution (~1.5 ml), shaken well to mix the powder into the solution 

thoroughly, and let stand for at least 24 hours to remove organic substances. Next, the samples 

were centrifuged and rinsed five times with doubly distilled water to neutrality, and ~1.5 ml of 

0.1 M NaOH solution were added to the vials, mixed well, and let stand for at least 48 hours to 

remove humic substances. Then the samples were rinsed five times with doubly distilled water to 

neutrality. All the samples were freeze-dried for a minimum of three days using a Labconco 

Freeze Dry System / Freezone
®

 4.5 freeze-dryer. It was confirmed that the elimination of organic 

matter present in the apatite during isolation of phosphate could be best achieved by pretreatment 

of finely powdered biogenic phosphate with NaOCl followed by NaOH (Vennemann et al., 

2002). 

3. Precipitating Ag3PO4. This step largely follows the procedure described in the appendix of 

Dettman et al. (2001) that produced the best results for them in their comparative study of 

different fast-precipitation methods subsequent to analysis of their Pakistan samples. Slightly 

less than 10 mg of sample powders were weighed into 15 ml vials, and 1000 μl of 2M HF acid 

were added into each vial. The vials were put into an ultrasonic bath overnight to thoroughly 

dissolve the samples and simultaneously precipitate CaF2. The vials were then centrifuged at 

6000 RPM for 10 minutes, and the solutions were decanted into 15-ml vials, brought to near 

neutral pH with 800 μl of 20% NH4OH (except for YH-15-2 and YH-26-2, where only 600 μl 

NH4OH were added), and then 1000 μl of 2M AgNO3 were added, resulting in rapid 

precipitation and flocculation of bright yellow Ag3PO4 crystals. The sample vials were shaken 
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well using a Type 37600 Mixer to mix the solution and precipitation thoroughly, placed into a 

drawer to avoid light, and let stand overnight (hoping that perhaps the precipitation could be 

more complete or reach a steady/equilibrium state). The vials were then centrifuged at 6000 

RPM for 10 minutes and the solutions were pipetted off and discarded. The remaining 

precipitates were rinsed with ~5 ml of doubly distilled water each time for three times. It was 

observed that the precipitates were often covered with a thin layer of dark gray or black stuff, 

perhaps because the solutions were slightly basic (Dettman et al., 2001). Finally the samples 

were freeze-dried for a minimum of three days. 

4. Analyzing with a TC/EA instrument. About 200-400 μg (sometimes more, especially at 

the beginning) of freeze-dried Ag3PO4 precipitates were weighed into a 3 × 5 mm Ag capsule, 

and the capsule was then folded and pressed tightly into a small cube. Four to five replicates of 

each sample were prepared and analyzed in each batch. The Ag3PO4 prepared from NBS120a, 

KH2PO4, and Karen L through the same precipitation process as the samples were used as 

standards. Two sets of NBS120a (each has 4-5 replicates) and one or two sets of KH2PO4 and/or 

Karen L (for a total of four sets of standards) were analyzed at the beginning and end of each 

batch of samples. The samples were analyzed by a High Temperature Conversion Elemental 

Analyzer (TC/EA) connected to a Finnigan Delta Plus XP stable isotope mass spectrometer 

(IRMS) at the Stable Isotope Geochemistry Lab of the Florida State University (FSU). 

The analytical results are reported in the standard delta notation as: 

δ18
Op = [(Rsample/Rstandard) – 1] × 1000 (in ‰) 

where R = 
18

O/
16

O. The reference scale used is VSMOW (Vienna Standard Mean Ocean Water). 

Based on repeated analyses of the phosphate standard NBS120a and our lab standards KH2PO4 

and Karen L, the analytical precision for δ18
Op is better than ±0.3‰ (except SG-33 and SG-46 

that have an error of ±0.4‰). 
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Table 4.1 The oxygen isotopic compositions of fish bone phosphate (δ O
18

p). 

Lab 

Number 

Official 

Number Latitude Longitude 

Elevation 

(m) 

δ18Op 

(VSMOW) 

1 σ in 

δ18Op

Estimated 

Age 

(Ma)* 

QHL-H QHL3302 N36º 35' 18.9" E100º 29' 12.9" 3192 23.4 0.1 0.00 

QHL-V QHL3302 N36º 35' 18.9" E100º 29' 12.9" 3192 23.3 0.1 0.00 

YH-04 CD0651 N37º 45' 20.2" E93º 38' 32.1" 2827 22.3 0.0 3.86 

YH-04-2 CD0651 N37º 45' 20.2" E93º 38' 32.1" 2827 22.0 0.2 3.86 

YH-09 FISHPT06 N37º 45' 11.0" E93º 38' 34.8" 2832 20.2 0.3 4.02 

YH-20 CD0642 N37º 45' 08.6" E93º 38' 34.5" 2836 21.1 0.2 4.18 

YH-05 FISHPT05* N37º 45' 08.6" E93º 38' 34.5" 2836 21.0 0.1 4.18 

YH-07 CD0505 N37º 45' 07.1" E93º 38' 25.8" 2850 20.7 0.2 4.33 

YH-03 CD0650 N37º 45' 07.7" E93º 38' 20.8" 2846 22.2 0.2 4.39 

YH-03-2 CD0650 N37º 45' 07.7" E93º 38' 20.8" 2846 22.3 0.3 4.39 

YH-26-1 CD0506 N37º 45' 04.0" E93º 38' 17.7" 2864 21.3 0.2 4.57 

YH-26-2 CD0506 N37º 45' 04.0" E93º 38' 17.7" 2864 21.4 0.2 4.57 

YH-26-3 CD0506 N37º 45' 04.0" E93º 38' 17.7" 2864 21.5 0.1 4.57 

YH-26-4 CD0506 N37º 45' 04.0" E93º 38' 17.7" 2864 21.2 0.2 4.57 

YH-06 CD0649 N37º 44' 41.6" E93º 38' 38.6" 2861 22.1 0.2 4.57 

YH-24 CD0507 N37º 45' 00.7" E93º 38' 18.6" 2877 22.7 0.2 4.60 

YH-18 FISHPT07 N37º 44' 49.9" E93º 38' 29.1" 2868 22.2 0.1 4.61 

YH-11 FISHPT10 N37º 44' 42.1" E93º 38' 38.4" 2861 21.9 0.3 4.62 

YH-10 FISHPT09 N37º 44' 47.3" E93º 38' 32.0" 2865 21.3 0.1 4.63 

YH-15-1 (FISHPT09) N37º 44' 47.3" E93º 38' 32.0" 2865 19.8 0.2 4.63 

YH-15-2 (FISHPT09) N37º 44' 47.3" E93º 38' 32.0" 2865 20.0 0.3 4.63 

YH-15-3 (FISHPT09) N37º 44' 47.3" E93º 38' 32.0" 2865 19.5 0.1 4.63 

YH-15-4 (FISHPT09) N37º 44' 47.3" E93º 38' 32.0" 2865 19.4 0.2 4.63 

YH-14 FISHPT08 N37º 44' 49.7" E93º 38' 28.9" 2872 22.9 0.1 4.63 

YH-14-2 FISHPT08 N37º 44' 49.7" E93º 38' 28.9" 2872 23.0 0.2 4.63 

YH-02 CD0647 N37º 44' 49.7" E93º 38' 28.5" 2874 22.8 0.1 4.64 

YH-02-2 CD0647 N37º 44' 49.7" E93º 38' 28.5" 2874 22.7 0.3 4.64 

YH-17 FISHPT13 N37º 45' 00.4" E93º 38' 13.2" 2875 22.3 0.1 4.64 

YH-16 CD0648 N37º 44' 48.5" E93º 38' 28.9" 2870 22.0 0.1 4.64 

YH-13 FISHPT12 N37º 44' 51.4" E93º 38' 18.1" 2870 21.5 0.3 4.70 

YH-08 CD0640 N37º 44' 47.7" E93º 38' 17.5" 2899 22.3 0.1 4.76 

YH-12 FISHPT11 N37º 44' 47.4" E93º 38' 17.2" 2896 20.2 0.1 4.77 

TX-05  N36º 55' 39.2" E97º 05' 16.6" 2945 14.8 0.2 8.45 

TX-03  N36º 55' 39.6" E97º 05' 17.3" 2904 17.9 0.2 8.50 

TX-01   N36º 55' 39.6" E97º 05' 17.3" 2902 15.3 0.3 8.55 

SG-57 CD0715 N36º 56' 36.3" E97º 13' 53.7" 3032 15.8 0.1 8.70 
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Table 4.1 – continued 

Lab 

Number 

Official 

Number Latitude Longitude 

Elevation 

(m) 

δ18Op 

(VSMOW)

1 σ in 

δ18Op

Estimated 

Age (Ma)* 

SG-62 CD0737 N36º 56' 35.6" E97º 13' 59.7" 3039 15.5 0.1 8.73 

SG-61 CD0736 N36º 56' 39.0" E97º 13' 56.0" 3039 15.9 0.1 8.76 

SG-56 CD0714 N36º 56' 38.8" E97º 13' 57.6" 3038 15.6 0.1 8.79 

SG-58 CD0716 N36º 56' 42.4" E97º 14' 00.0" 3028 15.1 0.3 8.83 

SG-55 CD0711 N36º 56' 43.9" E97º 13' 58.5" 3031 17.4 0.1 8.86 

SG-54 CD0710 N36º 56' 44.4" E97º 13' 58.9" 3039 16.3 0.2 8.89 

SG-53 CD0709 N36º 56' 44.2" E97º 14' 01.4" 3035 17.4 0.1 8.92 

SG-59 CD0717 N36º 56' 45.6" E97º 13' 53.9" 3030 15.6 0.1 8.95 

SG-60 CD0718 N36º 56' 45.4" E97º 13' 55.4" 3028 16.1 0.2 8.98 

SG-52 CD0708 N36º 56' 44.9" E97º 14' 01.3" 3034 17.7 0.1 9.02 

SG-51 CD0707 N36º 56' 45.5" E97º 14' 01.5" 3033 17.4 0.1 9.05 

SG-46 YW-SG-7 N36º 56' 56.3" E97º 13' 51.9" 2975 15.5 0.4 9.08 

SG-33 YW-SG-4 N36º 56' 56.7" E97º 13' 54.7" 2964 15.7 0.4 9.11 

SG-13 YW-SG N36º 56' 54.2" E97º 14' 05.6" 2977 15.9 0.1 9.14 

SG-20 YW-SG N36º 56' 54.2" E97º 14' 05.6" 2966 16.1 0.0 9.17 

SG-16 YW-SG N36º 56' 54.2" E97º 14' 05.6" 2956 17.2 0.3 9.21 

SG-50 CD0706 N36º 56' 55.1" E97º 14' 05.3" 3014 16.0 0.1 9.24 

SG-32 YW-SG-3 N36º 56' 55.6" E97º 14' 05.1" 2967 15.9 0.2 9.27 

SG-23 CD0227A N36º 56' 53.6" E97º 14' 13.1" 2999 14.6 0.2 9.30 

NG-2F YW-NG-

2F 

N36º 58' 54.4" E97º 18' 51.7" 3045 15.9 0.2 9.47 

SG-63 CD0211 N36º 59' 09.7" E97º 19' 00.9" 3063 16.8 0.3 9.49 

NG-5 YW-NG-5 N36º 58' 50.8" E97º 19' 13.1" 3035 16.4 0.1 9.51 

NG-6 YW-NG-6 N36º 58' 50.8" E97º 19' 13.1" 3029 16.5 0.2 9.53 

* Sample ages are estimated as follows: Samples from Yahu were tied to the section in Fig. 2 of 

Chang et al. (2008), the top and bottom of the section were assigned ages of 3.5 and 5.0 Ma, 

respectively, and the sample ages were interpolated according to their positions in the section 

and assuming a constant sedimentation rate; samples from Tuxi were arbitrarily assigned ages 

from 8.45 to 8.55 Ma; samples from Shengou were arbitrarily assigned ages from 8.70 to 9.30 

Ma with equal interval between samples; and the samples from Naoge were assigned ages from 

9.47 to 9.53 Ma with equal interval between samples. 
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4.4 Results and discussions 

4.4.1 Fish bone phosphate oxygen isotope analyses results (δ18
Op) 

The oxygen isotopic compositions of fish bone phosphate (δ18
Op) of 49 fossil and modern 

samples are reported in Table 4.1 and illustrated in Figure 4.4. Sample ages were somewhat 

problematic, especially for the samples from Yahu, where neither mammalian fossils nor 

paleomagnetic analysis were available to provide further constraints. Therefore, the ages were 

estimated, somewhat arbitrarily, as follows: (1) the samples from Yahu were tied to the section 

in Fig. 2 of Chang et al. (2008), the top and bottom of the section were assigned ages of 3.5 and 

5.0 Ma (Wang et al., 2007; Fig. 4.2), respectively, and the sample ages were then interpolated 

according to their positions in the section and assuming a constant sedimentation rate; (2) the 

samples from Shengou have ages around 9 Ma (Wang et al., 2007; and personal communications 

with Xiaoming Wang), and were assigned ages from 8.70 to 9.30 Ma according to their relative 

sequence of occurrence in the section with equal intervals between samples; (3) the samples from 

Tuxi are stratigraphically higher (and thus younger) than the Shengou samples and were assigned 

ages from 8.45 to 8.55 Ma (i.e., ~8.5 Ma); and (4) the samples from Naoge are stratigraphically 

lower (and thus older) than the Shengou samples and were assigned ages from 9.47 to 9.53 Ma 

(i.e., ~9.5 Ma) with equal intervals between samples. 

 

Table 4.2 Results of student t tests for unpaired data with unequal variance on the fish bone δ O 

data grouped into three intervals: modern, Yahu, and Tuxi-Naoge-Shengo

18

u. 

 

Mean 

Difference 

(‰) df t p 

Significant 

difference at 

95% 

Modern δ18O vs. Yahu δ18O (~ 3.5-5 Ma) 1.82 29 9.27 < 0.0001 Yes 

Yahu δ18O (~ 3.5-5 Ma) vs. Tuxi-Shengou-

Naoge δ18O (~ 8.5-9.5 Ma) 

5.37 54 21.11 < 0.0001 Yes 
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Fig. 4.4 The oxygen isotopic compositions of fish bone phosphate (δ18
Op) of 49 fossil and 

modern samples from the Qaidam Basin, China (a). The Yahu interval (early Pliocene) is shown 

in more detail in (b), and the Tuxi-Shengou-Naoge interval (late Miocene) is shown in more 

detail in (c). 
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As the sample ages were not well constrained, it is perhaps not warranted to discuss the fine 

isotopic excursions within individual sections. However, it is obvious that the samples can be 

grouped into three intervals: the Tuxi-Shengou-Naoge interval (~8.5-9.5 Ma); the Yahu interval 

(~3.5-5 Ma), and the present day. Student t tests show that there are significant positive shifts in 

fish bone δ18
O values from the Tuxi-Shengou-Naoge interval to the Yahu interval (MD = 5.37, 

df = 54, t = 21.11, p < 0.0001) and from the Yahu interval to the modern day (MD = 1.82, df = 

29, t = 9.27, p < 0.0001; Table 4.2).  

 

4.4.2 Paleotemperature reconstruction 

Rationale for paleotemperature reconstruction using δ18
Op of fish phosphate. The mean 

annual temperature (MAT, or t) and the mean δ18
O values of meteoric water (or precipitation, 

δ18
Ow) are two important variables in paleoenvironmental and paleoclimatological studies.  

The relationship between t, δ18
Ow, and δ18

Op has been established by Longinelli and Nuti 

(1973) for shells of marine organisms as follows: 

t (°C) = 111.4 – 4.3(δ18
Op − δ18

Ow) (r
2
 = 0.94) (4.1) 

where t is the average growth temperature of the shells of marine organisms, δ18
Op is the 

18
O/

16
O 

ratio in the phosphate ion, and δ18
Ow is “the δ value of carbon dioxide equilibrated isotopically at 

25.2°C with the environmental water measured against the same mass spectrometer standard gas 

as used for the carbon dioxide obtained by conversion of the oxygen, extracted by BiPO4 

fluorination.” Friedman and O’Neil (1977) noted that δ18
Ow was incorrectly defined in 

Longinelli and Nuti (1973), and that the CO2-H2O fractionation factor should be 1.0412 instead 

of 1.0407 used previously (i.e., the δ18
Ow value calculated previously was ~0.5‰ more positive 

than the actual value due to the fractionation factor used), and they recalculated equation 4.1 in 

their Figure 3 as: 

t (°C) = 111.4 – 4.3(δ18
Op − δ18

Ow +0.5) (r
2
 = 0.94) (4.2) 

where t is the same as in Equation 4.1, and δ18
Op and δ18

Ow are the δ18
O of phosphate and water, 

respectively.   

Kolodny et al. (1983) derived a similar equation: 

t (°C) = 113.3 – 4.38(δ18
Op − δ18

Ow) (r
2
 = 0.96) (4.3) 
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where t, δ18
Op, and δ18

Ow refer to the same variables as in Equation 4.2. However, they did not 

advocate a change in the accepted Longinelli and Nuti’s (1973) equation, because the intercept 

and slope are not sufficiently different. The Longinelli and Nuti’s (1973) equation, and 

sometimes the Kolodny et al. (1983) equation, has been applied in other occasions, e.g., 

coexisting fish and cetacean bones (Barrick et al., 1993). As the revision of the fractionation 

factor between CO2 and H2O from 1.0407 to 1.0412 at 25°C and the correction of δ18
Ow by 

subtracting 0.5‰ seemed to have rarely been picked up in later literature, we will continue to use 

the Longinelli and Nuti (1973) equation (i.e., Eq. 4.1) but with a correction of their δ18
Ow 

definition to the δ18
O of water. 

In equations 4.1, 4.2, and 4.3, δ18
Op can be directly measured by mass spectrometer on the 

samples prepared from modern or fossil fish bones, but t and δ18
Ow are usually unknown because 

t is generally not recorded by instruments and typically no water coexists with the fossils. To 

reconstruct paleotemperatures, one will need to estimate δ18
Ow. It has been shown that 

mammalian tooth enamel δ18
O values are positively correlated to the δ18

O values of body water, 

which are in turn related to the δ18
O values of local meteoric water (Longinelli, 1984; Luz et al., 

1984; Ayliffe et al., 1992; Bryant and Froelich, 1995; Koch, 1998; Kohn and Cerling, 2002; 

Wang and Deng, 2005; Wang et al., 2008a). So for the modern environment, we can measure 

water samples to get their oxygen isotopic compositions (δ18
Ow) or we can estimate these values 

from tooth enamel δ18
O values of large mammals (obligate drinkers, such as horses, rhinos, or 

elephants) using equation 3.4 in Chapter 3: 

911.244]/0.8(VPDB)Oδ[(VSMOW)Oδ c

18

w

18 −=  or 

1.396(VPDB)Oδ122.1(VSMOW)Oδ c

18

w

18 −=  (3.4) 

For the ancient environments, we can only estimate water isotopic compositions from tooth 

enamel δ18
O values of large mammals using equation 3.4. 

The oxygen in phosphate is a system which records temperatures with great sensitivity while 

bone (and teeth) building organisms are alive, and the record is nearly perfectly preserved after 

death (Kolodny et al., 1983). Therefore, the δ18
Op values of unaltered fossil bones from 

mammals (or the δ18
O of tooth enamel of large mammals) and those from coexisting ectothermic 

animals (e.g., fish bones) may be used to reconstruct the δ18
O of local meteoric waters during the 

life-times of the mammals and the environmental temperature, and these data can be further used 
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in paleohydrological and paleoclimatological studies (Longinelli, 1984; D'Angela and Longinelli, 

1990). 

Here we explore the possibilities of paleotemperature reconstructions from the average fish 

bone δ18
Op data with average δ18

Ow compositions and from oxygen isotopic compositions of co-

occurring fish bone and large mammal tooth enamel samples. 

 

Table 4.3 Paleotemperature reconstruction using average δ O  and δ O  dat
18

p
18

w a. 

Fish Bone Large Mammal  

Interval 

Mean  

δ18Op (‰, 

VSMOW) 

1σ of  
δ18Op

Mean  

δ18Ow (‰, 

VSMOW) 

1σ of  
δ18Ow

Estimated 

Mean 

Temperature 

(°C) 

1 σ in 

Estimated 

Temperature 

(°C) 

Modern Qinghai Lake 

(0 Ma) 

23.38 0.06 −9.12* 3.74* −28.3 16.3 

Yahu (~3.5-5 Ma) 21.52 1.04 −8.30** 1.82** −16.8 12.3 

Tuxi-Shengou-Naoge 

(~8.5-9.5 Ma) 

16.16 0.87 −9.23*** 1.71*** 2.2 11.1 

*:  Estimated from modern horse tooth enamel data 
**:  Estimated from Huaitoutala large mammal tooth enamel data, because no mammalian tooth enamel 

samples were available from the Yahu locality 
***:  Estimated from Shengou-Naoge large mammal tooth enamel data 

 

Paleotemperature reconstruction using average oxygen isotopic compositions. If the fish 

were living in the same water as that ingested by the large mammals, then we can perhaps 

estimate the average water temperature (and further, the average atmospheric temperature, which 

is closely related) from the average δ18
Op values of fish bone samples and the average δ18

Ow 

estimated from the δ18
O values of large mammal tooth enamel samples. We assume that the 

previous condition was met, and use the average δ18
Op and δ18

Ow data and equation 4.1 to 

calculate the mean water temperature (Table 4.3). The results, −28.3 ± 16.3°C for modern, −16.8 

± 12.3°C for Yahu, and 2.2 ± 11.1°C for Tuxi-Shengou-Naoge interval, are obviously too low to 

be reasonable, which suggests that our assumption that the fish and large mammals were using 

the same water was false. Therefore, we cannot use the average δ18
Op of fish bones and the 

δ18
Ow of water estimated from enamel-δ18

O values to estimate the average environmental water 

temperatures (and further, the average atmospheric temperature). This is expected because the 

δ18
Op of fish living in a lake would reflect the δ18

Ow of lake water which is often enriched 
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significantly in 
18

O relative to the δ18
Ow of meteoric water due to evaporation (e.g., Gonfiantini, 

1986; Wang et al., 2008a). 

 

Paleotemperature reconstruction using possibly related δ18
Op and δ18

Ow. If the average 

compositions of δ18
Op and δ18

Ow data cannot yield reasonable results, then perhaps paired δ18
Op 

and δ18
Ow data, i.e., data from samples equilibrating with the same water body, can yield useful 

information. However, even if the fish bone and mammalian tooth enamel samples occurred 

together, these samples have only the possibility, not certainty, to be in equilibrium with the 

same water body when they were formed. Here we use fish bone δ18
Op data and possibly related 

δ18
Ow data (modern Qinghai Lake water δ18

Ow data and δ18
Ow data reconstructed from the δ18

O 

values of coexisting tooth enamel samples of large mammals at the Shengou interval) to estimate 

the temperature of the modern Qinghai Lake water and to reconstruct the paleotemperature 

during the Shengou interval (Table 4.4). 

(1) Modern Qinghai Lake. The modern Qinghai Lake water has δ18
O values of 2.64-2.85‰ 

(Henderson et al., 2003; Xu et al., 2006) or 1.95‰ (Xu et al., 2006 and the reference therein). If 

the Qinghai Lake fish bone samples (two bone samples from one fish: one head bone and one 

vertebra) we had were in equilibrium with this water composition, then the estimated water 

temperature at which the fish bone formed would be ~22.2 to 23.1°C or ~19.3°C. This 

temperature range is higher than the average surface water temperature (~12-15°C) of the 

Qinghai Lake during the summer (Williams, 1991; Yan et al., 2002; Ji et al., 2005; Colman et al., 

2007; Liu et al., 2008 and the reference therein), which seems to be approximately the optimum 

growth temperature for some fish (e.g., Person-Le Ruyet et al., 2006; Handeland et al., 2008). 

Our reconstructed water temperature is close to the highest temperature of the Qinghai Lake 

surface water reported on the web (http://my.opera.com/babyface000/blog/2010/12/25/qinghai-

lake?cid=53057002) or estimated by model simulation (Qin and Huang, 1998). A possible 

explanation is that the fish (collected from the beach) that we analyzed did not live exclusively in 

the Qinghai Lake itself, but spent part of its life in estuary near the inlets of rivers or in the 

river(s) flowing into the Qinghai Lake. Because the inflow river water has more negative δ18
O 

value (e.g., Heima River inlet: δ18
O = −4.4‰; Sulin River: δ18

O = −9.2‰) than the Qinghai 
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Lake water, the average water δ18
O value of the estuary should be lower than that of the Qinghai 

Lake water (by >1‰), and using Eq. 4.1 would yield more reasonable temperature estimates. 

If we use a temperature range of 4-20°C and the δ18
Op of modern Qinghai Lake fish bone 

samples, we can calculate the δ18
Ow of water in which the fish was living. The calculation yields 

a range from −1.6 to 2.1‰, which is between the δ18
O values of inflow river water and that of 

the Qinghai Lake water. This confirms our previous explanation that the fish was not living in 

the Qinghai Lake itself exclusively, but rather spent at least some time in the estuary or the 

inflow river(s). 

(2) Shengou. We have three fish bone samples that coexisted with large mammal tooth 

enamel samples. We first attempted to reconstruct the paleotemperature of water by assuming 

that the fish and the mammals were using the same lake water (Table 4.4). The reconstructed 

temperatures, from ~ −6.9 ± 3.4°C to 10.0 ± 0.8°C, are either unreasonably low (e.g., when 

temperature is below 0°C, water freezes and fish dies) or lower than the modern Qinghai Lake 

surface water temperature during the summer. 

Next, we assume that the large mammals used lake water as their main source of drinking 

water during the dry season while they could easily find and use other water sources (e.g., 

puddles, streams, etc.) during the wet season, and use the highest δ18
Ow values estimated from 

their tooth enamel δ18
O to calculate the lake water temperature, assuming also that the fish and 

the mammals were using the same lake water during the dry season. The estimated temperatures 

using the highest δ18
Ow values with their corresponding δ18

Op values are: 10.0°C (CD0227 

Rhino), −3.3°C (CD0227_2 Horse), −2.1°C (CD0711 Rhino), and 4.9°C (CD0718 Elephant), 

still lower or much lower than the summertime surface water temperature of the modern Qinghai 

Lake. 

Considering the cooling trend since the late Miocene as indicated by marine δ18
O records 

(e.g., Zachos et al., 2001) and the optimum growth temperature for some modern fish (e.g., 

Person-Le Ruyet et al., 2006; Handeland et al., 2008), it is very unlikely that the coexisting fish 

and the large mammals were utilizing the same water, even during the dry season, because the 

calculated temperatures were too low. It is expected that the fish and the large mammals would 

use different water sources, as previous studies have shown that the δ18
O values of large 

mammals that are obligate drinkers generally track the δ18
O of local meteoric water. What is 

99 



100 

unexpected is that the large mammals were not drinking the supposed “lake” water that the fish 

lived in during the dry season. This perhaps means that the large mammals had access to fresher 

water (which is lighter in 
18

O) than the water that the fish lived in even during the dry season, i.e., 

the dry season during that time were really not that dry. Of course, it could be that all the teeth 

sampled happened to be too short to include the dry season signal, but this possibility is low 

because the sampling lengths of the two rhino samples CD0227 (≥ 23 mm) and CD0711 (≥ 33 

mm) should have been long enough to include at least part of the dry season. Therefore, a much 

more likely scenario is that the fish were mostly living in lakes whose water oxygen isotopic 

composition had been enriched by a few per mils relative to meteoric water, while the large 

mammals were using mostly fresh water in various sources such as puddles and streams/rivers. If 

this is valid, then stream/river water was likely readily available and/or the lake water was not 

suitable for drinking for the large mammals in the Shengou area during the late Miocene. Our 

data from modern horse indicate that it was not drinking from the mostly saline lakes, but rather 

it only drank fresh water that had δ18
O values lighter than the lake water but about the same as 

the precipitated water (our unpublished δ18
O data of water from the area). 
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Table 4.4 Paleotemperature reconstruction using fish bone δ O  and δ O  data estimated from coexisting large mammal tooth 

enamel samples or analysis of modern wate

18
p

18
w

r. 

Fish Bone Sample Large Mammal Tooth Enamel Sample 

Sample # 

Mean  

δ18Op (‰, 

VSMOW) 

1σ of  
δ18Op Sample # 

Mean  

δ18Ow (‰, 

VSMOW) 

1σ of  
δ18Ow

Estimated 

Mean 

Temperature 

(°C) 

1 σ in 

Estimated 

Temperature 

(°C) 

(Water Sample)* 2.64 to 2.85*  22.2 to 23.1 0.3 
QHL-H and QHL-V 23.38 0.06 

(Water Sample)** 1.95**  19.3 0.3 

CD0227 Rhino −10.62 0.87 3.1 4.6 

Cdm-07 (CD0227) 

Hipparion 
−9.02  10.0 0.8 SG-23 (CD0227A) 14.56 0.20 

CD0227_2 Horse −12.45 0.19 −4.8 1.7 

SG-55 (CD0711) 17.38 0.08 CD0711 Rhino −10.13 0.71 −6.9 3.4 

SG-60 (CD0718) 16.13 0.22 CD0718 Elephant −9.18 0.30 2.6 2.2 
*:  Data from Henderson et al. (2003), also cited in Xu et al. (2006). 
**:  Cited in Xu et al. (2006). Originally from LZBCAS (Lanzhou Branch of Chinese Academy of Sciences), 1994. Evolution of recent 

environment in Qinghai Lake and its prediction. West Center of Resource and Environment, Chinese Academy of Sciences. Science Press, 

Beijing (in Chinese). 

 



4.4.3 Paleosalinity reconstruction 

When studying the Qinghai Lake, its nearby ponds and satellite lakes, Liu et al. (2009) found 

that the lake water salinities and δ18
Ow values were highly correlated. Their data are listed in 

Table 4.5 and further illustrated in Figure 4.5. Also shown in Figure 4.5 are the linear (black), 

logarithmic (green), quadratic (red), and cubic (blue) regression lines and the corresponding 

equations and correlation coefficients. Logarithmic regression seems to work the best, because it 

yields reasonably high correlation coefficient (although not the highest) and physically makes the 

most sense: 

y = 2.6787 ln(x) – 4.3078 (r
2
 = 0.8349) (4.4) 

in which, y = δ18
Ow value of lake water, and x = salinity (in: g/l). Rearranging Eq. 4.4, we can 

get an equation for calculating lake water salinity from its δ18
Ow: 

x = e
(y + 4.3078)/2.6787

  (4.5) 

If we assumed that fish bones were formed in equilibrium with lake water between 4 and 

20°C, roughly corresponding to the modern Qinghai Lake water temperature range that the fish 

live in, and the above equation 4.5 is applicable in the ancient times, then we can estimate the 

lake water δ18
Ow compositions using the available average fish bone δ18

Op values (Table 4.3). 

The results are: (1) At 4°C, −7.95 to −9.69‰ for the δ18
Ow of Tuxi-Shengou-Naoge interval, and 

−2.42 to −4.50‰ for the δ18
Ow of Yahu, and the corresponding salinities are: 0.26 to 0.13 g/l and 

2.03 to 0.93 g/l, respectively; and (2) At 20°C, −4.23 to −5.97‰ for the δ18
Ow of Tuxi-Shengou-

Naoge interval, and 1.30 to −0.78‰ for the δ18
Ow of Yahu, and the corresponding salinities are: 

1.03 to 0.54 g/l and 8.13 to 3.74 g/l, respectively. If this is valid, then it may have the following 

implications: (1) During the Tuxi-Shengou-Naoge interval, the lake water was nearly fresh, but 

the large mammals were not drinking exclusively this lake water, which indicates that other 

sources of fresh water were readily available; (2) During the Yahu interval, the lake water was 

brackish, and the Qaidam Basin had become more arid than the previous interval. However, this 

estimated salinity for the Yahu interval was probably much too low, because the Yahu fish bone 

samples showed extraordinary thickening which left little room for muscles (Chang et al., 2008) 

while the Qinghai Lake samples showed no such thickening with salinity about two to four times 

that of the estimated salinity of Yahu water.  
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Table 4.5 Salinities and δ O  values of water from the Qinghai Lake itself, ponds around it, and 

satellite lakes of i

18
w

t (data from Liu et al., 2009). 

Samples from Sample # Salinity (g/l) δ18
Ow (‰ VSMOW) 

1 16.0 3.46 

2 16.0 3.62 

3 16.2 3.55 

4 16.5 3.63 

5 16.1 3.44 

6 16.1 3.54 

7 15.9 3.50 

8 16.2 3.45 

9 15.6 3.56 

10 15.6 3.30 

11 16.0 3.53 

12 15.6 3.57 

13 15.9 3.32 

14 16.3 3.48 

15 16.1 3.45 

16 15.8 3.51 

17 16.3 3.52 

18 16.0 3.31 

19 13.6 3.21 

20 14.4 3.17 

21 10.2 2.49 

22 8.9 −0.57 

Qinghai Lake 

23 14.7 3.71 

27 0.6 −5.36 

28 7.1 −3.24 

29 1.8 −3.52 

30 0.3 −8.23 

Ponds around the 

Qinghai Lake 

31 0.9 −1.52 

33 26.9 5.57 

34 36.3 2.72 

36 10.2 1.70 

Satellite Lakes of the 

Qinghai Lake 

37 5.9 −2.23 
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Fig. 4.5 Salinity-δ18
Ow relationship for the modern Qinghai Lake and its surrounding ponds and 

lakes (data from Liu et al., 2009). Linear (black), logarithmic (green), quadratic (red), and cubic 

(blue) regressions were performed on the data and the equations were listed in the figure. The 

logarithmic regression equation is selected to reconstruct paleosalinities because it physically 

makes sense, although its correlation coefficient is not the highest. 

 

4.5 Conclusions 

Fish bone phosphate oxygen isotope compositions (δ18
Op) of the modern Qinghai Lake, 

Yahu (early Pliocene), and the Tuxi-Shengou-Naoge interval (late Miocene) have been used to 

reconstruct the paleoenvironments of the Qaidam Basin, together with measured modern Qinghai 

Lake δ18
Ow and δ18

Ow values reconstructed from the δ18
O of structural carbonate in large 

mammal tooth enamel samples. 

Fish phosphate δ18
Op compositions showed statistically significant enrichment from the 

Tuxi-Shengou-Naoge interval (late Miocene) to the Yahu interval (early Pliocene, ~5.4‰ 

104 



enrichment) and from the Yahu interval to the present day (~1.8‰ enrichment), most likely 

reflecting increases in the δ18
O of lake water.  

The Qinghai Lake water temperature was estimated to range from 19.3 to 23.1° using fish 

bone δ18
Op, measured lake water δ18

Ow, and the Longinelli and Nuti (1973) equation. The 

estimated temperature range is close to the highest temperature reported or modeled but higher 

than the reported average temperature of surface water during the summer. This indicates that the 

fish analyzed was not living exclusively in the saline Qinghai Lake itself, but spent at least part 

of its life in the fresh water of an inflow river(s). Assuming that mammals drank exclusively 

from the lake, temperatures were calculated from the average fish bone δ18
Op values and the 

average δ18
Ow derived from structural carbonate δ18

O of large mammal tooth enamel samples. 

Temperatures were also estimated from δ18
Op of fish bones and δ18

Ow estimated from δ18
O of 

coexisting large mammal tooth enamel (including using the highest δ18
Ow to represent the dry 

season during which the large mammals presumably had to drink from the lake). These 

temperatures, from a maximum of ~10°C to as low as −6.9°C, were all lower than the average 

surface water temperature of the modern Qinghai Lake during the summer, and some were 

apparently too low to be reasonable. This indicates that the fish and the large mammals were not 

in equilibrium with the same water, i.e., the fish was mostly living in lakes while the large 

mammals were using mostly other sources of fresh water such as rain puddles and streams/rivers, 

and that perhaps the climate was also cooling which led to larger fractionation factors and higher 

δ18
Op values. Thus, temperature estimates using coexisting fish bone and large mammal tooth 

enamel samples from our fossil sites are not valid.  

Using the observed relationship between salinity and δ18
Ow for the modern Qinghai Lake and 

its surrounding lakes and ponds, the paleo-lake water salinities were estimated to be 0.13 to 0.26 

g/l (4°C) and 0.54 to 1.03 g/l (20°C) for the Tuxi-Shengou-Naoge interval and 0.93 to 2.03 g/l (4 

°C) and 3.74 to 8.13 g/l (20°C) for the Yahu interval. The estimated salinity for Yahu is probably 

too low, as the extraordinarily thickened skeleton that left little room for muscle growth would 

probably required much higher salinity (as well as Ca concentration). 

Quantitative reconstruction of terrestrial paleoenvironment remains difficult even with 

coexisting fish bone and large mammal tooth enamel samples. Much of the difficulty arises from 

the high variability of terrestrial environments and the uncertainty of whether coexisting fish and 

large mammals were necessarily in equilibrium with the same water. 
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CHAPTER 5 

CONCLUSIONS 

 

Stable carbon and oxygen isotope analyses (including δ13
C and δ18

O of structural carbonate 

in mammalian tooth enamel and δ18
Op of fish bone samples) have been carried out on  tooth 

enamel samples from a diverse group of mammals including horses, elephants, rhinos, deer, and 

giraffes from the central Inner Mongolia area (late Oligocene to modern) and Qaidam Basin (late 

Miocene to modern), and fish bone samples from the Qaidam Basin (late Miocene to modern). 

The purpose was to reconstruct paleodiets of the mammals, paleoecology and paleoenvironments, 

so as to further our understanding of two important yet contentious issues: the late Miocene and 

Pliocene C4 expansion, and the late Cenozoic uplift history of the Tibetan Plateau. Our results 

show that: 

(1) In the central Inner Mongolia area, significant changes in vegetation and climate have 

occurred since the late Oligocene (~26 Ma). Prior to ~8 Ma, the diets of various herbivores were 

composed of pure or nearly pure C3 plants, suggesting the local ecosystems were dominated by 

C3 plants. From ~7.5 to ~3.9 Ma, there were significant C4 plants in the diets of a variety of 

herbivorous mammals (up to ~76% of C4 plants), implying that C4 plants were a significant 

component of the local ecosystems. However, the modern day ecosystem in the central Inner 

Mongolia area is dominated by C3 grasses. 

(2) In the Qaidam Basin, if it was as arid as today during the late Miocene and early Pliocene, 

then the mammalian tooth enamel δ13
C data indicate that there were no or little C4 plants present 

in the diets of the animals at any time since the early late Miocene, except for one fossil rhino 

CD0722 from Shengou. This lone rhino, when compared with other data, was more likely an 

outlier, that is, a migrant that grew up in other places where C4 plants were present in a 

significant amount but later migrated into the Shengou area. It is more likely, however, that the 

Qaidam Basin was warmer and more humid during the late Miocene and early Pliocene, as 

suggested by geological evidence (e.g., Wang et al., 1999). If this is the case, then the Qaidam 

Basin should have much denser vegetation to support such large mammals as rhinos and 

elephants, and there should be significant C4 biomass in the local ecosystems during the late 
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Miocene and early Pliocene based on tooth enamel δ13
C values of some fossils, although the C4 

plants seemed to have not been consistently utilized because C3 plants, which were more 

nutritious and easier to digest than C4 plants, were readily available. Today, the sparse 

vegetation in the Qaidam Basin is dominated by C3 plants. The δ18
O values of the mammalian 

tooth enamel samples did not show monotonous increase with time. However, the range of 

variation in δ18
O seems to have increased considerably since the early Pliocene, indicating 

increased aridification in the Qaidam Basin. A significant negative shift was found in the mean 

δ18
O values of large mammals and the reconstructed δ18

O compositions of local meteoric water 

from the Tuosu Nor-Quanshuiliang interval (~11-11.2 Ma) to the Shengou-Naoge interval (~9-

9.5 Ma). This shift is consistent with the marine δ18
O record showing a cooling trend in the same 

period as suggested by a positive excursion in the δ18
O values of benthic forams (Zachos et al., 

2001). 

(3) Also in the Qaidam Basin, the oxygen isotope compositions of phosphate (δ18
Op) from 

fish bone samples showed statistically significant enrichment from the Tuxi-Shengou-Naoge 

interval (late Miocene) to the Yahu interval (early Pliocene) and from the Yahu interval to the 

present day, most likely reflecting increases in the δ18
O of lake water over time. Using fish bone 

δ18
Op, the measured lake water δ18

Ow, and the Longinelli and Nuti (1973) equation, a 

temperature range of 19.3 to 23.1 (± 0.3) °C was estimated for the modern Qinghai Lake surface 

water. This range is about 4 to 11°C higher than the reported average temperature of surface 

water during the summer (~12-15°C), indicating that the Qinghai Lake fish was not living in the 

saline Qinghai Lake itself exclusively, but rather spent at least part of its life in the estuary or in 

the fresh water of an inflow river(s). Temperatures estimated from average δ18
Op values and 

average δ18
Ow values derived from large mammal tooth enamel δ18

O were much too low to be 

reasonable. And temperatures calculated from fish bone δ18
Op and δ18

Ow estimated from δ18
O 

data of coexisting large mammal tooth enamel samples from Shengou (including using the 

highest δ18
Ow to represent the dry season during which the large mammals presumably had to 

drink from the lake/lakes) were either too low to be reasonable or lower than the average 

temperature of the modern Qinghai Lake surface water during the summer. Considering the 

observed cooling trend since the late Miocene, which means that lake water probably had higher 

temperatures during the late Miocene and early Pliocene, these temperature estimates were 
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probably not valid or do not reflect summer temperatures, and the fish and the large mammals 

were not in equilibrium with the same water. This is expected as the δ18
O values of tooth enamel 

from large mammals have been shown to generally track the δ18
O values of meteoric water, 

whereas the δ18
O value of lake water as recorded in fish bones often deviates significantly from 

the δ18
O of meteoric (source) water due to environmental/hydrological factors such as 

evaporation. Paleosalinity reconstructions, based on the observed relationship between salinity 

and δ18
Ow observed for the modern Qinghai Lake and its surrounding lakes and ponds and the 

assumption that this relationship was applicable in the distant past, yield results of a range from 

0.13-0.26 g/l (4°C) to 0.54-1.03 g/l (20°C) for the Tuxi-Shengou-Naoge interval, and a range 

from 0.93-2.03 g/l (4°C) to 3.74-8.13 g/l (20°C) for the Yahu interval. The estimated salinity 

range for Yahu is probably too low, because the extraordinarily thickened skeleton that left little 

room for muscle growth would probably require much higher salinity (as well as Ca 

concentration). 

In summary, the hypothesis, proposed by Cerling et al. (1997), that the late Miocene C4 

expansion was driven by a global factor seems to be supported by our data, in conjunction with 

data from other localities in North China and around the world. It is very likely that the central 

Inner Mongolia and the Qaidam Basin were warmer, more humid, and had significant C4 

components in the local ecosystems during the late Miocene and early Pliocene, but they had 

different moisture sources: the former from the western Pacific Ocean, while the latter from the 

Indian Ocean and Bay of Bengal. Further significant uplift of the Tibetan Plateau (or at least 

portions of it) after the early Pliocene drew some moisture away from the central Inner Mongolia 

area, diverting it to the Chinese Loess Plateau (CLP) and later the Linxia Basin. The uplift also 

blocked most of the moisture from the Indian Ocean and Bay of Bengal as well as that from the 

western Pacific Ocean from reaching the Qaidam Basin, resulting in the retreat or significant 

reduction of C4 grasses in the local ecosystems of the central Inner Mongolia area and the 

Qaidam Basin after early Pliocene, and the further expansion of C4 plants in the CLP and later 

Linxia Basin. 
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