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Abstract

We use the carbon and oxygen isotopic compositions of fossil tooth enamel and paleosols to reconstruct the late Cenozoic

history of vegetation and environmental change in the Linxia Basin at the northeastern margin of the Tibetan Plateau. The d13C

values of fossil enamel from a diverse group of herbivores and of paleosol carbonate and organic matter indicate that C4 grasses

were either absent or insignificant in the Linxia Basin prior to ~2–3 Ma and only became a significant component of local

ecosystems in the Quaternary. This is in striking contrast to what was observed in Pakistan, Nepal, Africa and the Americas

where C4 plants expanded rapidly in the late Miocene as indicated by a positive d13C shift in mammalian tooth enamel and

paleosols. The d18O results from the same herbivore species show several significant shifts in climate in the late Cenozoic. Most

notably, a positive d18O shift after ~7 Ma indicates a shift to warmer and/or drier conditions and is comparable in timing and

direction to the d18O shift observed in paleosol carbonates in Pakistan and Nepal. This late Miocene climate change observed in

the Indian sub-continent and in the Linxia Basin, however, seems to be a regional manifestation of a global climate change. The

lack of evidence for C4 plants in the Linxia Basin prior to ~2–3 Ma suggests that the East Asian summer monsoon, which

brings precipitation into northern China during the summer and creates optimal conditions for the growth of C4 grasses, was

probably not strong enough to affect this part of China throughout much of the Neogene. This implies that the Himalayan-

Tibetan Plateau may not have reached the present-day elevation across its vast extent to support a strong East Asian monsoon

system before ~2–3 Ma. Our data also suggest that regional climatic conditions played an important role in controlling the

expansion of C4 plants.
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1. Introduction

Stable carbon and oxygen isotopes in mammalian

tooth enamel and in soil carbonate and organic matter

preserve a proxy record of paleoecology and paleo-

climate in terrestrial ecosystems [1–4]. Specifically,

the carbon isotopes in tooth enamel or in soil carbon-

ate and organic matter record the photosynthetic path-

ways associated with C3, C4 and CAM plants that are

ingested by mammalian herbivores or are growing in

the soil, respectively [e.g.,1–4]. The oxygen isotopes

in tooth enamel reflect the isotopic composition of

local meteoric water, which in turn is related to cli-

mate (e.g., [1–4]). C3 plants use the C3 photosynthet-

ic pathway and include trees, shrubs, forbs and cool

climate grasses. C4 plants use the C4 photosynthetic

pathway and have CO2-concentrating mechanisms

that offer a competitive advantage over C3 plants at

low pCO2 (i.e.,b500 ppm) levels [4]. The photosyn-

thetic efficiency of C3 grasses relative to C4 grasses

varies with both pCO2 and temperature such that C4

grasses are favored under low pCO2 conditions when

accompanied by high temperature [4]. In the modern
Fig. 1. A map showing the Linxia Basin an
world, C4 plants are mostly warm climate grasses and

dominate in warm regions with summer precipitation,

and the transition from C4 to C3 grasses takes places

between 308 and 458 latitude with C3 grasses being

dominant in cooler regions at high latitudes and alti-

tudes [4]. CAM plants (using crassulacean acid me-

tabolism) include many of the succulent plants and are

common in deserts but are rare in other ecosystems.

Isotopic evidence from mammalian tooth enamel

and paleosols from around the world indicates a major

change in the terrestrial environment during the late

Miocene (e.g., [4–6]). Prior to the late Miocene, ter-

restrial ecosystems in low-to mid-latitude and low-

elevation regions were fundamentally different than

they are today. They consisted primarily of C3 plants.

C4 grasses, which are common in low-elevation

(below 3000 m) tropical, subtropical and temperate

ecosystems today [7,8], either did not exist or were a

minor component of the local biomass until ~7–5 Ma

as indicated by a positive d13C shift in mammalian

tooth enamel and paleosols in many places around the

world [4–6,9–17]. It has been hypothesized that the

late Miocene expansion of C4 plants around the world
d other study sites in northern China.
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occurred in response to either declining atmospheric

carbon dioxide levels [4–6,10] and/or strengthening of

the Asian summer monsoon system caused by the
Fig. 2. Sedimentary sequence in the Linxia Basin
rapid uplift of the Himalayan-Tibetan Plateau in the

late Miocene [12,13]. However, other studies suggest

that there was no global expansion of C4 plants in the
(after Fang et al. [27,28]; Deng et al. [29]).
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late Miocene [18–20] and there is no evidence for

major changes in atmospheric CO2 levels during the

Miocene [21–23]. Paleovegetation records in China

are sparse, particularly for the critical period of "glo-

bal" C4 expansion (i.e., late Miocene).

Here we present the results of stable isotopic anal-

yses of mammalian herbivores and soils from a late

Cenozoic sequence in the Linxia Basin in northern

China, spanning an age range from ~25 Ma to the

present. Our isotope data are interpreted in terms of

changes in paleodiet, paleovegetation and paleocli-

mate. The goal of our study is to determine if the

major global changes in vegetation and climate seen

elsewhere also occurred in northern China. Compari-

son of our data from northern China with those from

other parts of the world allows for a better under-

standing of the causes and patterns of the develop-

ment of C4 ecosystems in the late Neogene and can

shed light on the timing history of the uplift of the

Himalayan-Tibetan Plateau.
2. Geographic and geological setting

The Linxia Basin (1038E, 358N) is located just

northeast of the topographic front on the northeastern

margin of the Tibetan Plateau (Fig. 1). The present-

day elevation of the basin is about 1917 m. The

present-day ecosystems in the area are classified as

btemperate steppeQ and have floristic components

that include Compositae, Gramineae, Chenopodia-

ceae, Cyperaceae and Artemisia [24,25]. The Linxia

Basin has well-exposed Late Cenozoic sedimentary

sequences [26–29] that span late Oligocene to Holo-

cene ages (Fig. 2). The chronology of the sedimen-

tary deposits in the basin has recently been

established using a variety of dating techniques,

including magnetostratigraphy and biostratigraphy

[27–29].

The Linxia Basin is bounded by major faults on the

north, west and south, but its lateral extent is not well

defined towards the east [28]. Various lines of evi-

dence suggest that the Linxia Basin began to form at

about 29 Ma, as a result of the collision of India with

Asia that started ~50–70 Ma [27,28,30]. It has been

suggested that the northeast margin of the Tibetan

Plateau grew in a stepwise fashion towards the north-

east through time [28,31] and the deformation front of
the Tibetan Plateau had propagated into the Linxia

Basin by 6 Ma [28]. The deposits in the basin are

primarily composed of fluvial and lacustrine sedi-

ments with Pleistocene eolian loess deposits covering

much of the area. The stratigraphy in the basin has

been divided into ten formations based on lithofacies

and paleontology (Fig. 2). The Linxia Basin contains

a long sedimentary record with abundant and well-

preserved mammalian fossils. The richness and diver-

sity of the fossils in the basin are among the best

Neogene terrestrial fossil records in the world. There-

fore, the Linxia Basin is an ideal place to study

paleovegetation and paleoclimate using stable carbon

and oxygen isotopes in mammalian tooth enamel.
3. Sampling and analytical methods

Stable carbon and oxygen isotopes in mammalian

tooth enamel are resistant to diagenesis [e.g.,9,32] and

are therefore very useful in paleoenvironmental recon-

struction. We selected 126 well-preserved fossil teeth

for carbon and oxygen isotopic analyses from a di-

verse group of mammalian herbivores including Gom-

photherium, Platybelodon, Hipparion, Equus,

Allacerops, Indricotherium, Alicornops, Chilother-

ium, Parelasmotherium, Cervavitus, Palaeotragus,

Gazella, and Leptobos. The ages of the samples

(Fig. 2) were estimated based on the paleomagnetic

time scale and stratigraphic positions [27–29]. In

addition to fossil teeth, we collected pedogenic carbo-

nates and soil organic matter from both modern soils

and buried paleosols (formed in Pleistocene loess

deposits) at various localities for carbon isotopic anal-

yses. All the paleosols and modern soils sampled for

isotopic analyses have typical soil horizonation with a

dark organic rich A horizon and a reddish, leached B

horizon that have been thoroughly bioturbated. Pedo-

genic carbonates in these soils are nodular, typically

1–3 cm in diameter, and are found in a zone located

below the B horizon. Pedogenic carbonate nodules

were collected from a depth of 40–50 cm below the

soil surface. Soil samples for isotopic analysis of

organic matter were collected from the A horizon of

the soil. Most of the paleosols that we sampled were

formed in the late Pleistocene Malan Loess (Fig. 2)

and were assigned an age of late Pleistocene. Two

pebbles with pedogenic coatings were collected from
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paleosols formed in the middle Pleistocene Lishi

Loess and were given an estimated age of mid-Pleis-

tocene. Paleosols in the older sections lack organic-

rich A horizon but are all rich in carbonate as massive

carbonate cementation. Carbonates in these older

paleosols were not analyzed because of their uncertain

origin.

The tooth enamel of our fossil samples is in an

excellent condition and shows little or no sign of

alteration. For each sample, we first cut a piece of

tooth along the growth axis, manually separated the

enamel from dentine and other matrix with a Dremel

tool, and then ground it into fine powder using a

mortar and pestle. The enamel sample prepared in

this way yields an average isotopic signal for the

growth period of the tooth. The sample powder was

then soaked in 5% sodium hypochlorite (NaOCl)

overnight to remove any possible organic contami-

nants, cleaned with distilled water and freeze-dried.

The powder was then treated with 1 M acetic acid

under weak vacuum overnight to remove carbonate,

cleaned with distilled water and freeze-dried. The

resulting powder (containing only hydroxyapatite

crystals) was reacted with 100% H3PO4 under vacu-

um over two nights to produce CO2 from the struc-

tural CO3
2� in the apatite [e.g.,10,32]. The CO2 was

then purified cryogenically and its carbon and oxygen

isotopic ratios were measured on a Finnigan stable

isotope ratio mass spectrometer at the Florida State

University. All soil carbonate samples (total 26) and

some of the tooth enamel samples were analyzed on a

VG Prism in the Stable Isotope Lab at the University

of Florida. Prior to analysis, the soil carbonate sam-

ples were ground into powder and baked under vac-

uum at 425 8C for 1 h to carbonize any organic matter

in the sample [1,33]. Soil samples for organic matter

isotopic measurements were ground into powder, trea-

ted with 10% HCl to remove carbonate, rinsed with

distilled water, and dried. CO2 was produced by com-

bustion of the sample with CuO and silver foil in an

evacuated quartz tube at 875 8C, purified cryogeni-

cally and analyzed on a stable isotope ratio mass

spectrometer [1,33]. The carbon and oxygen isotopic

ratios of the samples are reported in the standard

notation as d13C and d18O (d =[Rsample /

Rstandard�1]�1000, where R =13C /12C or 18O/ 16O)

relative to the international carbonate standard PDB

(Pee Dee Belemnite). The analytical precision (based
on replicate analyses of carbonate standard NBS-19

and our lab standard PDA-CaCO3 processed with

each batch of samples) for both d13C and

d18O(CO3
2�) is better than 0.1x.
4. Results and discussions

4.1. Carbon isotopes, paleodiet and paleoecology

Structural carbonate in tooth enamel hydroxyapa-

tite is enriched in 13C by about 14x relative to diet

[6,10,32,34,35]. Therefore, changes in the d13C

values of tooth enamel bioapatite reflect changes in

the diet that were ultimately driven by changes in the

isotopic composition of the vegetation. Most plants

photosynthesize by either the C3 pathway (C3 plants)

or the C4 pathway (C4 plants). C3 plants (i.e., trees,

most shrubs and cool climate grasses) have d13C
values ranging from �22x to �34x with an average

of �27x [36–38]. Under water-stressed conditions,

C3 plants are enriched in 13C and have d13C values

higher than the average value of �27x. Under closed

canopies, C3 plants have lower d13C values (that can

be as low as �34x) due to the influence of soil

respiration [39–41]. C4 plants (mostly warm climate

grasses) have d13C values of �9 x to �17x, aver-

aging �13x. Therefore, for enamel structural car-

bonate, a d13C value of �8x or less would indicate

a dietary intake of pure C3 plants; whereas a d13C
value of N�3x would indicate a pure C4 diet. Cer-

ling et al. [6] argue that for fossil bioapatite the bcut-
off Q for a pure C3 diet may be even �7x because the

burning of fossil fuels has lowered the d13C of the

atmosphere and plants by 1.5x since the beginning of

the industrial revolution. For pedogenic carbonate

formed at deeper depths (N30 cm) in a soil with

moderate to high respiration rates, its carbon isotopic

composition is enriched by 14–17x relative to co-

existing organic matter due to isotope fractionation

resulting from equilibrium between CaCO3 and CO2

and gaseous diffusion in the system [1,42]. As such, a

d13C value of ~+2x for pedogenic carbonate would

indicate the presence of a pure C4 biomass whereas a

d13C value of �12x is indicative of a pure C3 flora

[1,42].

The carbon isotopic record from analyses of fossil

tooth enamel (Fig. 3 and Table 1) and soils (Table 2)
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Fig. 3. Stable carbon (a) and oxygen (b) isotopic compositions of tooth enamel of herbivores from the Linxia Basin in northern China. d13C

values of Holocene and Pleistocene soil carbonates are also plotted in (a) for comparison.
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from the Linxia Basin can be divided into two distinct

periods:

(1) 25 to ~2.5 Ma: The d13C values of tooth enamel

from this time interval display a narrow range of

variation from �8.4x to �12.4x (Fig. 3a),

with a mean d13C value of �10.0F0.9x (all

means reportedF1 standard deviation). These

d13C values indicate that these various herbi-

vores were feeding predominantly on C3 plants

during the late Paleogene and Neogene. The

highest d13C value of �8.4x is found in the

enamel of a 17 million-year-old rhino (Alicor-

nops), which indicates either a small amount of
C4 plants in its diet or that the animal was

feeding on C3 plants experiencing water stress

[43].

The pure or nearly pure C3 diet of various

herbivores suggests that the ecosystems in the

Linxia Basin consisted primarily of C3 plants

prior to ~2–3 Ma (Fig. 3). The d13C range of

4x in herbivore tooth enamel probably reflects

carbon isotopic variations of plants being con-

sumed. The d13C values of herbivore tooth

enamel from the Linxia Basin for this time

interval correspond to a dietary intake of

�22.4x to �26.4x, with a mean value of
�24.0F0.9x, which falls well within the

d13C range of modern C3 plants. However,

the inferred d13C values of the vegetation in

the Linxia Basin are significantly higher (t-

test, t=23.76, d.f.=245, p b0.001) than the

mean d13C value of �27.4F1.6x (n =125)

for modern C3 plants [43]. Since the d13C of

atmospheric CO2 has decreased by about 1.5x
due to burning of fossil fuels, it is reasonable to

assume a mean value of �25.9F1.6 (n =125)

for pre-industrial C3 plants, which is still sig-

nificantly lower than the mean d13C value of

herbivores’ diets in the Linxia Basin (two-tailed

t-test, t =13.28, d.f.=245, p b0.001). The en-

riched d13C values for herbivores’ diets in the

Linxia Basin (based on the analysis of fossil

enamel) relative to the mean d13C value for

C3 plants suggest that water-stressed conditions

are not a recent phenomenon in the area and

probably have existed in the Linxia Basin since

the late Oligocene. The carbon isotopic compo-

sition of the paleo-atmospheric CO2 for much of

the geologic past cannot be measured directly.

Using d13C of planktonic foraminifera calcite as

a proxy for d13C of atmospheric CO2, Passey et

al. [43] reconstructed a time series for d13C
values associated with C3, water-stressed C3,



Table 1

Stable carbon and oxygen isotopic compositions of fossil enamel apatite from the Linxia Basin

Sample# Sample name Locality d3C

(PDB)

d18O

(PDB)

Estimated age

(Ma)

Dl-01 Rhinocerotidae Dalanggou �8.4 �8.0 17

Dl-02 Rhinocerotidae Dalanggou �9.2 �8.1 17

Dl-03 Rhinocerotidae Dalanggou �10.7 �8.7 17

Dl-04 Gomphotherium Dalanggou �9.2 �7.2 17

Dl-05 Gomphotherium Dalanggou �9.5 �7.3 17

Dl-06 Gomphotherium Dalanggou �9.0 �6.5 17

Dl-07 Gomphotherium Dalanggou �8.7 �7.4 17

Dl-08 Gomphotherium Dalanggou �8.7 �7.4 17

Dl-09 Gomphotherium Dalanggou �9.3 �6.7 17

Dl-10 Gomphotherium Dalanggou �9.2 �6.7 17

Ds-01 Hipparion dermatorhinum Dashanzhuang �10.6 �2.9 6

Ds-02 Hipparion dermatorhinum Dashanzhuang �10.3 �2.6 6

Ds-03 Hipparion dermatorhinum Dashanzhuang �10.0 �5.4 6

Ds-04 Hipparion dermatorhinum Dashanzhuang �9.8 �4.4 6

Ds-05 Hipparion dermatorhinum Dashanzhuang �10.0 �3.6 6

Ds-06 Hipparion dermatorhinum Dashanzhuang �10.1 �4.6 6

Ds-07 Hipparion dermatorhinum Dashanzhuang �9.6 �3.9 6

Ds-08 Hipparion dermatorhinum Dashanzhuang �9.3 �4.5 6

Ds-09 Hipparion dermatorhinum Dashanzhuang �10.2 �3.9 6

Ds-10 Hipparion dermatorhinum Dashanzhuang �9.2 �4.6 6

Ds-11 Rhinocerotidae Dashanzhuang �8.9 �4.9 6

Ds-12 Rhinocerotidae Dashanzhuang �9.4 �4.9 6

Ds-13 Rhinocerotidae Dashanzhuang �9.1 �4.6 6

Ds-14 Rhinocerotidae Dashanzhuang �9.8 �7.3 6

Ds-15 Rhinocerotidae Dashanzhuang �9.9 �7.1 6

E-11 Hipparion sp. Shanzhuang �10.0 �8.4 7

E-11 Hipparion sp. Shanzhuang �10.0 �8.4 7

E-12 Bovidae Shanzhuang �8.8 �9.6 7

E-13 Cervavitus novorassiae Shanzhuang �10.9 �8.1 7

E-14 Cervavitus novorassiae Shanzhuang �10.9 �7.8 7

E-15 Rhinocerotidae Shanzhuang �11.6 �8.8 7

E-16 Rhinocerotidae Shanzhuang �11.4 �11.0 7

E-17 Rhinocerotidae Xinzhuang �11.4 �8.8 9

E-18 Samotherium sp. Xinzhuang �10.0 �7.3 9

E-19 Gazella sp. Xinzhuang �9.7 �7.3 9

E-20 Cervavitus novorassiae Xinzhuang �9.9 �7.6 9

E-21 Hipparion sp. Xinzhuang �9.8 �5.8 9

E-22 Hipparion sp. Xinzhuang �11.5 �9.2 9

E-23 Samotherium sp. Xinzhuang �9.7 �6.2 9

E-24 Samotherium sp. Xinzhuang �9.6 �5.4 9

E-25 Rhinocerotidae Xinzhuang �11.2 �5.8 9

E-26 Hipparion sp. Xinzhuang �9.5 �5.2 9

E-27 Cervavitus novorassiae Xinzhuang �10.0 �6.9 9

E-28 Gazella sp. Xinzhuang �9.1 �6.6 9

Gn-01 Hipparion dongxiangense Guonigou �9.1 �3.4 11

Gn-02 Hipparion dongxiangense Guonigou �8.7 �3.0 11

Gn-03 Hipparion dongxiangense Guonigou �9.3 �4.3 11

Gn-04 Hipparion dongxiangense Guonigou �9.4 �2.3 11

Gn-05 Hipparion dongxiangense Guonigou �10.5 �9.0 11

Gn-06 Hipparion dongxiangense Guonigou �10.0 �3.0 11
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Table 1 (continued)

Sample# Sample name Locality d3C

(PDB)

d18O

(PDB)

Estimated age

(Ma)

Gn-08 Hipparion dongxiangense Guonigou �9.0 �3.4 11

Gn-11 Rhinocerotidae Guonigou �9.8 �4.6 11

Gn-12 Rhinocerotidae Guonigou �10.0 �4.6 11

Gn-13 Rhinocerotidae Guonigou �9.9 �4.7 11

Gn-14 Rhinocerotidae Guonigou �9.8 �4.5 11

Gn-15 Rhinocerotidae Guonigou �9.9 �4.5 11

Hl-01 Hipparion sp. Heilinding �9.7 �5.2 7.5

Hl-02 Hipparion sp. Heilinding �9.5 �6.3 7.5

Hl-03 Hipparion sp. Heilinding �9.3 �3.2 7.5

Hl-04 Hipparion sp. Heilinding �9.4 �5.2 7.5

Hl-05 Hipparion sp. Heilinding �9.5 �4.0 7.5

Hl-06 Hipparion sp. Heilinding �9.2 �6.1 7.5

Hl-07 Hipparion sp. Heilinding �10.2 �6.8 7.5

Hl-10 Hipparion sp. Heilinding �9.9 �5.1 7.5

Ld-01 Equus Longdan �10.5 �7.7 2.5

Ld-02 Equus Longdan �10.6 �8.3 2.5

Ld-03 Equus Longdan �9.9 �7.9 2.5

Ld-04 Equus Longdan �11.9 �3.1 2.5

Ld-05 Equus Longdan �11.9 �3.4 2.5

Ld-06 Gazella blacki Longdan �11.6 �4.4 2.5

Ld-07 Gazella blacki Longdan �10.5 �5.6 2.5

Ld-08 Leptobus amplifrontalis Longdan �10.7 �3.6 2.5

Ld-09 Leptobus amplifrontalis Longdan �10.5 �5.2 2.5

Ld-10 Leptobus amplifrontalis Longdan �9.5 �7.1 2.5

Ld-11 Equus Longdan �8.5 �7.1 2.5

Ld-12 Equus Longdan �8.8 �8.2 2.5

Ld-12 Equus Longdan �9.0 �8.1 2.5

Ld-14 Equus Longdan �9.6 �10.3 2.5

Ld-15 Equus Longdan �9.3 �9.1 2.5

Ld-17 Equus Longdan �9.2 �8.1 2.5

Lg-01 Rhinocerotidae Laogou �11.7 �8.4 13

Lg-02 Rhinocerotidae Laogou �12.4 �9.4 13

Lg-03 Rhinocerotidae Laogou �9.8 �8.1 13

Lg-04 Rhinocerotidae Laogou �10.8 �10.4 13

Lg-05 Rhinocerotidae Laogou �8.9 �8.5 13

Lg-06 Platybelodon grangeri Laogou �10.1 �8.8 13

Lg-07 Platybelodon grangeri Laogou �9.6 �8.7 13

Lg-08 Platybelodon grangeri Laogou �8.9 �7.9 13

Lg-09 Platybelodon grangeri Laogou �9.2 �7.3 13

Lg-10 Platybelodon grangeri Laogou �8.8 �7.0 13

Qj-01 Hipparion dermatorhinum Qiaojia �11.0 �8.4 9.5

Qj-02 Hipparion dermatorhinum Qiaojia �11.6 �9.5 9.5

Qj-03 Hipparion dermatorhinum Qiaojia �9.9 �8.6 9.5

Qj-04 Hipparion dermatorhinum Qiaojia �9.1 �7.2 9.5

Qj-05 Hipparion dermatorhinum Qiaojia �10.5 �7.2 9.5

Qj-06 Hipparion dermatorhinum Qiaojia �10.9 �9.9 9.5

Qj-07 Rhinocerotidae Qiaojia �12.0 �11.8 9.5

Qj-08 Rhinocerotidae Qiaojia �11.4 �9.6 9.5

Qj-09 Rhinocerotidae Qiaojia �11.0 �9.6 9.5

Qj-10 Rhinocerotidae Qiaojia �11.5 �9.0 9.5

S1-01 Gazella Shilidong �12.3 �5.9 4

S1-02 Gazella Shilidong �9.7 �5.6 4

S1-04 Gazella Shilidong �9.8 �3.8 4

(continued on next page)
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Table 1 (continued)

Sample# Sample name Locality d3C

(PDB)

d18O

(PDB)

Estimated age

(Ma)

S1-05 Gazella Shilidong �10.5 �5.4 4

S1-06 Gazella Shilidong �9.6 �8.0 4

S1-07 Cervavitus novorassiae Shilidong �9.0 �2.8 4

S1-08 Cervavitus novorassiae Shilidong �10.8 �0.3 4

S1-09 Palaeotragus microdon Shilidong �10.1 �7.8 4

S1-10 Palaeotragus microdon Shilidong �10.4 �7.7 4

S1-11 Hipparion Shilidong �10.3 �4.3 4

S1-12 Hipparion Shilidong �10.7 �4.3 4

S1-13 Hipparion Shilidong �10.1 �7.4 4

S1-14 Hipparion Shilidong �10.2 �6.3 4

S1-15 Hipparion Shilidong �10.0 �5.7 4

S1-16 Hipparion Shilidong �10.0 �5.8 4

BY-05 Equus hemionus Beiyuan �8.2 �5.8 0.05

Tl-01 Indricotherium Tala �10.3 �12.0 25

Tl-02 Indricotherium Tala �9.3 �10.7 25

Tl-03 Indricotherium Tala �10.2 �11.5 25

Tl-04 Indricotherium Tala �10.4 �11.6 25

Tl-05 Indricotherium Tala �10.1 �11.4 25

Tl-06 Allacerops Tala �9.3 �7.1 25

Tl-07 Allacerops Tala �9.5 �8.2 25

Tl-08 Allacerops Tala �10.1 �9.5 25

Tl-09 Allacerops Tala �9.0 �6.8 25

Tz-02 Equus qingyangensis Taizicun �5.0 �5.6 1
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and C4 plant diets over the past 20 Ma. In

comparison with the time series enamel d13C

values in Passey et al. [43], many of our fossil

enamel d13C values from the Linxia Basin are

greater than the expected values for baverageQ
C3 diets but consistent with water-stressed C3

diets, again suggesting water-stressed condi-

tions have existed in the Linxia Basin through-

out much of the late Cenozoic. The d13C
differences among species indicate a mixed hab-

itat in the latest Paleogene and Neogene that

probably included riparian wooded habitat or

forest (with more negative d13C values) and

more open habitats (with less negative d13C
values) such as woodland/grassland mosaics

and C3 grasslands.

Our stable carbon isotope data indicate that C4

plants were either absent or insignificant in the

Linxia Basin throughout the latest Paleogene

and Neogene. This is in striking contrast to

what was observed in Pakistan, Nepal, Africa

and the Americas where C4 plants expanded

rapidly in the late Miocene, about 7–5 Ma, as

indicated by a positive d13C shift in mammalian
tooth enamel and paleosols [4–6,9–15]. Only

the paleosol results from the Great Plains [20]

and from Tugen Hills, Kenya [19] argue against

a late Miocene C4 expansion, among all the

records from regions where present ecosystems

contain significant amounts of C4 plants. Some

of the paleosol carbonates analyzed in the Great

Plains study [20] are of questionable origin

because the isotopic differences between these

carbonates and their co-existing organic matter

fall outside the range of 14–17x for modern

soils (see Fig. 2c in [20]). Similarly, some of the

carbonates analyzed in the Tugen Hills study are

not clearly of pedogenic origin [19, p. 959].

Therefore it may not be appropriate to interpret

the d13C values of these carbonates in terms of

the proportion of C3 vs. C4 plants using the

Cerling diffusion model [1,42]. Our carbon iso-

tope data from the Linxia Basin do not show a

positive d13C shift in the late Miocene or early

Pliocene. The mean enamel d13C value prior to

7 Ma is �9.9F0.9x and is indistinguishable

from the mean d13C of �10F0.9x for the

period of 7 to 2.5 Ma (see Table 3).



Table 2

Stable carbon isotopic composition of pedogenic carbonate and soil organic matter in the Linxia Basin

Sample# d13C Estimated %C4 Sample type Estimated age

(PDB)

YJS-0-1 �6.1 39 Soil carbonate nodule Modern

YJS-0-2 �6.3 38 Soil carbonate nodule Modern

YJS-1-1 �7.5 30 Soil carbonate nodule Modern

YJS-1-2 �6.4 37 Soil carbonate nodule Modern

YJS-1-3 �6.5 36 Soil carbonate nodule Modern

YJS-17-1 �6.0 40 Soil carbonate nodule Modern

YJS-17-2 �5.4 44 Soil carbonate nodule Modern

YJS-20-1 �7.7 29 Soil carbonate nodule Modern

YJS-20-2 �8.5 24 Soil carbonate nodule Modern

YJS-23-1 �7.0 34 Soil carbonate nodule Modern

YJS-23-2 �6.3 38 Soil carbonate nodule Modern

YJS-26 �8.6 23 Soil carbonate nodule Modern

YJS-8-1 �6.9 34 Soil carbonate nodule Modern

YJS-8-2 �7.9 27 Soil carbonate nodule Modern

YJS-19-1 �8.4 24 Soil carbonate nodule L. Pleistocene

YJS-19-2 �8.0 27 Soil carbonate nodule L. Pleistocene

YJS-2-1 �6.7 35 Soil carbonate nodule L. Pleistocene

YJS-2-2 �7.4 31 Soil carbonate nodule L. Pleistocene

YJS-25-1 �7.8 28 Soil carbonate nodule L. Pleistocene

YJS-25-2 �7.0 34 Soil carbonate nodule L. Pleistocene

YJS-2-3a �8.0 27 Carbonate nodule w/growth layers, outer layer L. Pleistocene

YJS-2-3b �7.1 33 Carbonate nodule w/growth, inner darker layer L. Pleistocene

YJS-2-4a �7.4 31 Carbonate nodule w/growth layers, outer layer L. Pleistocene

YJS-2-4b �6.7 35 Carbonate nodule w/growth, inner darker layer L. Pleistocene

BY-2-1 �6.8 35 Carbonate coating on pebble M. Pleistocene

BY-2-2 �6.3 38 Pedogenic carbonate coating on pebble M. Pleistocene

YJS-16 �22.6 32 Soil organic matter Modern

YJS-18 �25.2 13 Soil organic matter Modern

YJS-21 �23.6 25 Soil organic matter Modern

YJS-22 �22.8 30 Soil organic matter L. Pleistocene

YJS-24 �23.5 25 Soil organic matter L. Pleistocene

Y. Wang, T. Deng / Earth and Planetary Science Letters 236 (2005) 322–338 331
(2) ~2.5 Ma to present: In contrast to the previous

period, horse tooth enamel samples (Equus

hemionus and Equus qingyangensis) collected

from the Lishi Loess (middle Pleistocene) and

Malan Loess (late Pleistocene) have a mean

d13C value of �6.6F2.3x (Fig. 3a), which is

significantly higher ( p b0.001) than the mean

d13C value for the previous period (Table 3) and

indicates a dietary intake of ~40% C4 plants.

The presence of significant amounts of C4

grasses in the horses’ diet indicates that C4

grasses had become a part of the local ecosys-

tems in the Pleistocene. The existence of C4

plants in the area during the Quaternary is also

supported by the d13C data from Pleistocene

paleosols as discussed below.
The present-day climate in the Linxia Basin is

strongly influenced by East Asian monsoon

system originated from the contrast in heat ca-

pacity between the land and the sea [44]. The

mean annual temperature in the basin is 7 8C,
the growing season (May–September) tempera-

tures range between 11 and 30 8C (or 52 and 86

8F), and annual rainfall is about 515 mm with

most of the rain falling in the summer. The

minimum July temperature is 18 8C (or 64

8F). Teeri and Stowe [8] found a very strong

correlation between the minimum July temper-

ature and the species abundance of C4 grasses

in the flora of North America. If this correlation

holds for China, the present-day minimum July

temperature in the Linxia Basin would predict a



Table 3

Two-tailed t-test results for significant isotopic differences between mean isotopic values of different ages

Mean difference df t p Significant

difference at 95%?(x)

d13C (N7Ma) vs. d13C (7–2.5Ma) 0.2 122 1.24 0.22 No

d13C (2.5Ma and older) vs. d13C (post 2.5Ma) 3.4 124 5.27 b0.0001 Yes

Horse-d18O (11Ma) vs. horse-d18O (9.5Ma) 4.4 11 4.27 0.001 Yes

Horse-d18O (9.5Ma) vs. horse-d18O (9Ma) 1.7 7 1.63 0.15 No

Horse-d18O (9Ma) vs. horse-d18O (7.5Ma) 1.5 9 1.54 0.16 No

Horse-d18O (9.5Ma) vs. horse-d18O (7.5Ma) 3.2 12 5.13 0.0002 Yes

Horse-d18O (7.5Ma) vs. horse-d18O (7Ma) 3.2 8 3.66 0.006 Yes

Horse-d18O (7Ma) vs. horse-d18O (6Ma) 4.4 10 7.13 b0.0001 Yes

Horse-d18O (6Ma) vs. horse-d18O (2.5Ma) 3.4 19 4.4 0.00025 Yes

Horse-d18O (2.5Ma) vs. horse-d18O (b2.5Ma) 1.7 10 2.55 0.028 Yes

Rhino-d18O (11Ma) vs. rhino-d18O (9.5Ma) 5.4 7 9.83 b0.0001 Yes

Rhino-d18O (9.5Ma) vs. rhino-d18O (9Ma) 2.7 4 2.04 0.11 No

Rhino-d18O (7Ma) vs. rhino-d18O (6Ma) 4.1 5 3.56 0.016 Yes

Deer-d18O (7Ma) vs. deer-d18O (4Ma) 6.4 2 5.01 0.038 Yes

Bovid-d18O (7Ma) vs. bovid-d18O (4Ma) 3.9 5 3.44 0.018 Yes

Bold highlights the 7 Ma shift.
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C4 species abundance of ~40% or less. The

d13C values of pedogenic carbonates from mod-

ern soils range from �5.4x to �8.6x (Table

2), with a mean d13C value of �6.9F1.0x.

These values indicate mixed C3 and C4 vege-

tation that is unevenly distributed over the land-

scape with C4 plants making up about 13% to

43% of the biomass in the basin in the Holo-

cene. Pedogenic carbonates from buried paleo-

sols formed in Pleistocene loess deposits have

d13C values varying from �6.3x to �8.4x,

which indicate a mixed C3 and C4 vegetation

with approximately 24–35% C4 grasses in the

Pleistocene (Table 2). The carbon isotopic dif-

ferences between paleosol carbonates and coex-

isting organic matter are 15–16x and are well

within the expected range for modern soils [1],

suggesting that the isotopic compositions of

these soil components had not been diageneti-

cally altered. Both our soil and tooth enamel

isotopic data from the Linxia Basin indicate that

C4 grasses have been an important component

of local ecosystems in the Quaternary.
4.2. Oxygen isotopes and climate change

d18O of tooth enamel is related to the d18O of local

meteoric water, which provides drinking water for

most animals and water for plants that are consumed
by herbivores. Because the d18O of meteoric water is

controlled by climatic conditions [45,46], a shift in

d18O of tooth enamel of the same species indicates a

change in some aspects of regional climate

[e.g.,2,3,9,47–51].

In northern Pakistan and Nepal, the change from

C3 to C4 vegetation occurred around 7–8 Ma and

was accompanied by a shift in d18O values of soil

carbonate and tooth enamel [9,13]. In the Linxia

Basin, there was no carbon isotopic shift in mam-

malian tooth enamel in the late Miocene. However,

the d18O values of tooth enamel from horses and

rhinos (which cover a longer time period than other

groups analyzed) show several significant shifts dur-

ing the late Cenozoic (Fig. 4, Table 3). The large

range of d18O values within the horse and rhino

families at a given time interval (Figs. 3 and 4)

may reflect differences in the drinking and dietary

behaviors of different species and seasonal variability

of d18O of local rainfall [3,52]. Therefore, the mean

d18O values are more meaningful than individual

data for understanding regional climatic trends be-

cause they attenuate d18O variability caused by be-

havioral, local and seasonal processes [3].

As shown in Fig. 4a and Table 3, the d18O of tooth

enamel from horses shifted significantly ( p b0.01) to

more negative values after ~11, ~7.5, and ~6 Ma.

These negative oxygen isotopic shifts indicate changes

in climate towards cooler temperatures and/or less arid



-12 -10 -8 -6 -4 -2 0 2

0

2

4

6

8

10

12

Horse C-13
Horse O-18

δ (‰)

A
ge

 (
M

a)

(a)

δ1313C

δ18O

δ18O shift in Pakistan
and Nepal

-14 -12 -10 -8 -6 -4 -2 0

Rhino C-13
Rhino O-18

δ (‰)

A
ge

 (
M

a)

(b)

δ13C δ1818O

δ18O shift in Pakistan
and Nepal

5

10

15

20

25

Fig. 4. The average d13C and d18O values of tooth enamel of horses (a) and rhinos (b) from the Linxia Basin in northern China. The bars

indicate the standard deviation.

Y. Wang, T. Deng / Earth and Planetary Science Letters 236 (2005) 322–338 333
conditions. Similarly, there are significant d18O shifts

towards higher values after ~9.5, ~7, and ~2.5 Ma

(Table 3, Fig. 4a), which indicate shifts to warmer

and/or drier conditions. The enamel d18O values

from rhinos also show parallel shifts where there is

data coverage (Fig. 4b, Table 3). Most notably, the

positive d18O shift after ~7 Ma, which is also seen in

deer and bovid (Table 3 and Fig. 3b), is comparable in

timing and direction to the d18O shift observed in

paleosol carbonates and fossil enamel in Pakistan

and Nepal [9,12,13], indicating a change in climatic

conditions on both sides of the plateau at about the

same time in the late Miocene. Diagenesis does not

seem to have modified the isotopic composition of the

enamel because this 7-Ma d18O shift occurred in all the

species (i.e., horse, rhino, deer and bovid) found for

this particular time interval (Table 3, Fig. 3b). The

significant isotopic difference between the tooth enam-

el and matrix also argues against significant diagenetic

alteration of the isotopic signatures of the tooth enamel

(Fig. 5). Recent oxygen isotope analysis of fluvial and

lacustrine carbonates from the Linxia Basin suggests a

shift to more arid conditions at 12 Ma [53]. Although

the time resolution of our Miocene samples does not

permit direct comparison of our data with the oxygen

isotope data in Dettman et al. [53], our data also show a
large positive shift from ~13 to 11 Ma (Fig. 4b, Table

3), suggesting a shift towards more arid conditions

and/or higher temperatures.

The deep-sea d18O and Mg/Ca records reveal a

general cooling trend for the past 50 Ma with two

main cooling phases over the past 25 Ma [54–58].

These cooling phases are associated with major ice

sheet expansions in the late Middle Miocene and in

the Plio–Pleistocene [54,57,59]. Our tooth-enamel

d18O data do not cover the late Middle Miocene

climatic events in any detail. But the tooth-enamel

d18O data from the Linxia Basin show a general shift

to more negative values from about ~6 to ~2.5 Ma

(Fig. 4a), indicating a shift to cooler temperatures.

This is in broad agreement with the marine d18O

and Mg/Ca records [57,58].

4.3. The timing of C4 expansion in northern China

and the rise of the Tibetan Plateau

Although C4 plants did not spread into the Linxia

Basin during the period of bglobal C4 expansionQ
(i.e., ~ 7–5 Ma) until the Quaternary, previously pub-

lished paleosol carbonate isotopic data from the Loess

Plateau [60] and tooth enamel isotopic data from

several other localities [61,62] in northern China in-
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dicate that C4 grasses had become a significant com-

ponent of local ecosystems in northern China by the

Plio–Pleistocene (Fig. 6). In a recent isotopic study of

paleosol carbonates in a late Cenozoic red-clay and

loess sequence at Lingtai on the Loess Plateau, Ding

and Yang [63] suggested that C4 plants expanded at

~4 Ma on the Loess Plateau, but not driven by climate

change because their data show no changes in the

d18O of paleosol carbonates for the past 7 million

years. Our oxygen isotope data from the Linxia

Basin on the other hand reveal significant shifts in

climate during the late Cenozoic. Although the avail-

able data from China seem to suggest that the blate
Miocene C4 expansionQ did not occur in northern

China, these data are not sufficient to provide conclu-

sive proof that the expansion of C4 grasses in northern

China occurred much later than in the similar latitudes

in other parts of the world. The earliest definitive C4

signal in fossil enamel from China is from Yushe (Fig.

6) which is located further east of the Linxia Basin

(Fig. 1), but unfortunately there are no older samples
currently available from Yushe to determine the tim-

ing of C4 expansion at the site. Was there an east–

west gradient in the expansion of C4 grasses in

northern China associated with temperature and pre-

cipitation gradient caused by the uplift of the Tibetan

plateau [64]? Comparable late Neogene paleovegeta-

tion and paleoclimate records from localities outside

the Linxia Basin are needed to answer this question,

to test the hypotheses concerning the late Miocene

bglobal expansionQ of C4 plants, and to help under-

stand the interplay between the development of C4

ecosystems and natural climate variability.

In the present-day semi-arid grasslands in the Lin-

xia Basin, C4 grasses make up a significant compo-

nent of the biomass, as indicated by our carbon

isotope data from modern soils (Table 2) and a plant

survey by Yin and Li [65]. The lack of C4 plants in

the Linxia Basin prior to ~2–3 Ma indicates that the

climatic conditions in the area were not favorable for

C4 plants until then. The present-day climate in north-

ern China is strongly influenced by Asian monsoons,

which dominate the seasonal wind and precipitation

patterns and the character of land vegetation [66]. In

the summer, the East Asian summer monsoon and the

Indian monsoon carry warm wet air from the Pacific
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and Indian oceans to the interior, resulting in an

increase in precipitation and the creation of favorable

conditions for the growth of C4 grasses. In the winter,

the East Asian winter monsoon brings cold and dry air

from Siberia southward across China. The advance

and retreat of the summer/winter monsoons result in

the strong seasonality of precipitation and tempera-

ture. The lack of C4 plants in the Linxia Basin prior to

~2–3 Ma suggests that the East Asian summer mon-

soon system, currently controlling the climatic condi-

tions in the basin, was not strong enough to affect this

part of northern China during much of the Neogene,

which implies that the elevation of most of the Hima-

layan-Tibetan plateau was below a threshold for the

development or strengthening of the East Asian sum-

mer monsoon. This suggests that significant uplift

occurred more recently, supporting the view that a

major surface uplift event occurred during the Plio-

cene and Quaternary [e.g., 67–69]. Alternatively, the

late C4 expansion in the Linxia Basin could be caused

by an early attainment of a high altitude where cooler

temperatures delayed the expansion of C4 grasses

until the atmospheric pCO2 declined further, which

would support the view that the current elevation/

extent of the Himalayan-Tibetan plateau was reached

by late Miocene [e.g.,70,71] and the hypothesis that

the C4 expansion was driven by declining atmospher-

ic CO2 [6]. However, proxy records of paleo-atmo-

spheric pCO2 suggest that the atmospheric pCO2 has

remained low without major changes since the early

Miocene [21–23]. Therefore, the most plausible ex-

planation is as follows. Although significant surface

uplift of the Himalayan-Tibetan plateau may have

occurred much earlier, the elevation/extent of much

of the high plateau was probably below a threshold to

support a strong East Asian monsoon system until

after ~2.5 Ma. More recent uplift in the Plio–Pleisto-

cene further strengthened the land-sea thermal con-

trast and intensified the Asian summer monsoons,

creating favorable conditions for expansion of C4

grasses into the area. This implies that much of the

current elevation/extent of the plateau was probably

reached after ~2–3 Ma.

In the Linxia Basin, C4 expansion did not occur in

the late Miocene. However, the oxygen isotopic ratios

of tooth enamel shifted dramatically towards higher

values from ~7 to 6 Ma (Fig. 4). This late Miocene

d18O shift indicates a change in climate and is com-
parable in timing and direction to the d18O shift

observed in Pakistan and Nepal. The d18O shift in

Pakistan and Nepal was interpreted as indicative of

rapid uplift of the Himalayan-Tibetan Plateau in the

late Miocene, which strengthened the land–sea ther-

mal contrast, intensified monsoonal circulation and

caused the C4 grass expansion [12–14,64,72]. How-

ever, our carbon isotope data do not support a strong

summer monsoon in the Linxia Basin prior to ~2–3

Ma. This late Miocene climate change seems to be a

global phenomenon as inferred from a variety of data

from many parts of the world including areas outside

the direct influence of the Asian monsoons e.g.,

[9,12,13,15,73–78]. The 7-Ma d18O shift in tooth

enamel and paleosols observed on both sides of the

Himalaya and the Tibetan Plateau is therefore most

likely a regional manifestation of a global climate

change.
5. Conclusions

Carbon and oxygen isotopic analyses of mamma-

lian tooth enamel and soils reveal significant changes

in vegetation and climate over the past 25 Ma in the

Linxia Basin at the northeastern margin of the Tibetan

Plateau. The pure or nearly pure C3 diet for various

herbivores prior to ~2–3 Ma suggests that the land-

scape in the area was dominated by C3 plants, most

likely in a mixed habitat including woodland/grass-

land mosaics, C3 grasslands and forests. On the other

hand, carbon isotope data from tooth enamel and soils

of Pleistocene and Holocene ages indicate that C4

grasses have been an important component of local

ecosystems in the Quaternary. The d18O values of

tooth enamel from the Linxia Basin record several

significant shifts in regional climate during the Neo-

gene. Although the collision of the Indian Plate onto

the Eurasian Plate had caused significant surface uplift

of the Himalayan-Tibetan plateau before the end of

the Miocene, the lack of C4 grasses in the Linxia

Basin prior to ~2–3 Ma suggests that the elevation

of most of the high plateau was probably below a

threshold such that the East Asian summer monsoon

had little influence in this part of China until after ~2.5

Ma. More recent uplift in the Plio–Pleistocene further

strengthened the land–sea thermal contrast and inten-

sified the Asian summer monsoons, creating favorable
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conditions for expansion of C4 grasses into the area.

We suggest that the strengthening of the East Asian

summer monsoon due to the rapid uplift of the Hima-

layan-Tibetan plateau likely triggered the expansion

of C4 grasses into this part of China.
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