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The Cenozoic era is marked by dramatic climatic and ecological changes. The timing of the emergence
and the subsequent expansions of C4 grasses are prominent biological events on Earth. In China, thick
Cenozoic deposits in the Tarim and Junggar Basins, which are located in the Asian interior, provide
important geological archives for studying paleoenvironmental changes. Here we use carbon isotope
compositions of organic matter to reconstruct the history of ecologic evolution during the late Cenozoic
in the Tarim and Junggar Basins. The results show that there is a shift to slightly higher δ13C values at
5.3 Ma indicating a change in terrestrial ecosystems in the Asian interior driven by an increased regional
aridity rather than decreasing atmospheric pCO2 levels. The weakened water vapor transportation related
to the retreat of Paratethys Ocean and the enhanced rain shadow effect of mountain uplift during the
latest Miocene mostly triggered this event.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Cenozoic world climate has prominent stepwise cooling
and drying trends, marked by the initiation of ice sheet in the
Antarctic since the Eocene–Oligocene boundary at 34 Ma (e.g.,
Kennett, 1977; Miller et al., 1991; Zachos et al., 2001) and the
emergence of high latitude sea ice in the northern hemisphere in
the late Cenozoic at about 7–5 Ma (e.g., Jansen and Sjøholm, 1991;
Larsen et al., 1994). Over the same time span, grasslands ex-
panded in terrestrial ecosystems (Jacobs et al., 1999). Although
the emergence of C4 plants on earth may be as early as 32 to
23 Ma (e.g., Fox and Koch, 2003; Osborne and Beerling, 2006;
Urban et al., 2010; Edwards et al., 2010), the significant C4 ex-
pansion occurred much later, mostly from the latest Miocene to
Pliocene or even into the Pleistocene (e.g., Quade et al., 1989;
Cerling et al., 1993, 1997; Dettman et al., 2001; Retallack, 2001;
Bywater-Reyes et al., 2010; Fox et al., 2012a, 2012b).

However, there have been different opinions about the causes
of C4 expansion in the late Neogene. Quade et al. (1989) linked
the dramatic ecologic shift in the latest Miocene in Pakistan to a
marked strengthening of the Asian monsoon system. Cerling et al.
(1997) proposed that a drop in atmospheric CO2 levels drove this
expansion, but the later established CO2 record indicates more or
less steady levels throughout the Neogene (e.g., Pagani et al., 2005).
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Pagani et al. (1999) attributed the C4 plant expansion to enhanced
regional aridity or changes in seasonal precipitation patterns. Other
alternative views include that grasslands were a biological force in
their own right (Retallack, 1998) or the worldwide rapid increase
in C4 ecosystem responded to both climate and tectonics (Kohn
and Fremd, 2008).

Not only the causes for the late Miocene C4 expansions are
controversial, but also the exact timing of this ecological event
is still debated. Quade et al. (1989) reported dramatic ecologi-
cal shift beginning ∼7.4–7.0 Ma in Pakistan. Cerling et al. (1993)
concluded that C4 expansions occurred between 7 and 5 Ma in
Pakistan and North America, and later Cerling et al. (1997) sug-
gested a global scale C4 expansion at 8–6 Ma. Latorre et al. (1997)
suggested that the presence of C4 plants started at 7.3–6.7 Ma in
Argentina. Fox and Koch (2004) indicated that the percentage of
C4 grasses in the Great Plains of the United States increased from
6.4 to 4.0 Ma; later, more records in the central Great Plains indi-
cate C4 expansion from the early late Miocene or Pliocene to the
early Pleistocene (e.g., Martin et al., 2008; Fox et al., 2012a, 2012b).
Additionally, δ13C values of n-alkanes from the Gulf of Mexico
indicate that terrigenous C4 plants steadily increased during the
late Miocene into the Pleistocene (Tipple and Pagani, 2010). The
recent higher-resolution study on the well-known Siwalik Group
of Pakistan revealed a more gradual transition between 8.0 and
4.5 Ma in which C3 and C4 plants occupied different subenviron-
ments of the Siwalik alluvial plain (Behrensmeyer et al., 2007). In
South Africa, C4 grasses became a significant part of the Maka-
pansgat Valley ecosystem at approximately 4–5 Ma (Hopley et al.,
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Fig. 1. Simplified geological map shows the main active faults of central Asia as well as the locations (black stars) of the sections mentioned in the text (modified from
Avouac and Tapponnier, 1993).
2007). In central North China, Ding and Yang (2000) defined a ma-
jor expansion of C4 plants at ca. 4.0 Ma. Wang and Deng (2005)
and Biasatti et al. (2010) presented extensive isotope data and
suggested 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. Significant C4
biomass was also reported in the Gyirong Basin in southern Tibet
at ∼7 Ma (Wang et al., 2006) and in the central Inner Mongolia
from ∼8 to 4 Ma (Zhang et al., 2009). In South China Sea, the δ13C
record of black carbon of marine sediments indicates an increasing
trend since 8.7 Ma (Jia et al., 2003).

The C4 expansion can be studied by using carbon isotopic com-
positions of sediments. Previous studies have demonstrated that
the C3 and C4 photosynthetic pathways fractionate carbon isotopes
to different degrees; C3 and C4 plants have averaged δ13C values
of −27� and −13�, respectively (Cerling et al., 1997). Differ-
ent from the soil carbonate and mammalian fossil tooth enamel
which are significantly enriched in δ13C compared to source car-
bon, organic matter preserves the isotopic distinction with little or
no isotopic fractionation (Cerling et al., 1989).

In China, huge inland basins occupy northwestern China. The
remote distances to oceans (both the Pacific and the Atlantic
oceans) make this region the driest region in the interior of Asia.
To date, there are only limited carbon isotope records available
from this region (e.g., Wang and Deng, 2005; Charreau et al., 2012;
Zhang et al., 2009, 2012). In this paper, we report the results of
stable carbon isotope analyses of organic matter in order to discuss
the timing and driving mechanisms of significant late Cenozoic
ecological changes in the interior of Asia.

2. Geological setting

The Asian interior consists of several east–west trending moun-
tain ranges (e.g., Kunlun Mountains, Tianshan Mountains), form-
ing a series of mountain-basin systems. In this paper, we focus
on studying the past ecological changes in the Tarim and Junggar
Basins (Fig. 1). The Tarim Basin is the largest inland basin in China
and is constrained by three large mountain ranges: the Tianshan
range to the north, the Pamir Mountain to the west, and the Kun-
lun range to the south (Fig. 1). Located in the rain shadow of the
Tibetan Plateau, the climate is extremely dry with annual rainfall
of less than 50 mm in the center of the basin, and it is the driest
region in the interior of Asia. The main part of the basin is occu-
pied by the Taklimakan Desert, which covers an area of 132,000
square miles (342,000 km2) and is the world second largest shift-
ing sand desert on Earth (Zhu et al., 1980).

The Junggar Basin is constrained by the Altay Mountains to the
northeast and the Tianshan Mountains to the south (Fig. 1). This
basin has an area of 380,000 km2 and the center of the basin is
the Gurbantunggut Desert. The annual precipitation ranges from
70 to 250 mm and it is a steppe and semi-desert basin.

Both basins are of structural origins. The Cenozoic uplifts of the
surrounding mountains are related to the continuing convergence
of India and Eurasia since their collision in the Eocene (Molnar and
Tapponnier, 1975). Being coupled with the mountain uplift, both
basins experienced major subsidence during the Cenozoic era. The
Cenozoic sedimentary rocks derived from the surrounding moun-
tain belts accumulated in the foreland basins with a thickness of
up to 10 km (e.g., Li et al., 1996; Jia, 1997). The tectonically de-
formed Cenozoic sediments not only provide useful constraints on
the mountain building in the surrounding orogens but also serve
as an important archive for studying past ecological evolution.

In this study, two sections were chosen for studying paleovege-
tation changes. Among them, the Sanju (37◦11′N, 78◦29′E) section
lies in the southern edge of the Tarim Basin (Fig. 1), while the Tax-
ihe section (44◦06′N, 86◦20′E) is located in the southern margin of
the Junggar Basin (Fig. 1).

The strata of the above sections are all tectonically deformed
by thrusting and folding in the foreland basins (Fig. 2). The studied
deposits at Sanju span an age range from late Miocene to Quater-
nary (Sun and Liu, 2006), with a thickness of 1626 m, and consist
of the late Miocene Pakabulake Formation, the Pliocene Artux For-
mation, and the latest Pliocene to early Pleistocene Xiyu Formation
(Fig. 2a).

The Taxihe section is an overturned anticline, with steep or
overturned strata in the core of the northern limb and a gently
dipping southern limb (Fig. 2b), consisting of the Oligocene An-
jihaihe Formation (E3a), the latest Oligocene Shawan Formation
(E3s), the Miocene Taxihe Formation (N1t), the Pliocene Dushanzi
Formation (N2d), and the early Pleistocene Xiyu (Q1x) Formation
(Fig. 2b). The Taxihe section is 2960 m thick (Sun and Zhang,
2009). Generally, there is an up section trend towards coarser grain
size from the late Oligocene Shawan to the early Pleistocene Xiyu
Formations.
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Fig. 2. Cenozoic strata of the two sections chosen for stable carbon isotope analysis within the Tarim and Junggar Basins, (a) the Sanju section, and (b) the Taxihe section. The
bold dashed lines indicate our sampling routes. E3a: Oligocene Anjihaihe Formation; E3s: Late Oligocene Shawan Formation; N1t: Miocene Taxihe Formation; N2d: Pliocene
Dushanzi Formation; Q1x: Early Pleistocene Xiyu Formation; Q2: Middle Pleistocene; F: Thrust Fault.

Fig. 3. Lithology and sedimentary facies of the Sanju section in the southern Tarim Basin.
3. Sedimentary facies and age assignment

For the Sanju section, the sedimentary record is characterized
by continental deposits (Fig. 3). The late Miocene Pakabulake For-
mation is characterized by alternations of dark grey conglomerates
and brownish to reddish siltstone, implying sedimentary facies of
fluvial channel fan and flood plain. The Pliocene Artux Forma-
tion consists of dark grey conglomerates and light-yellow siltstone,
representing sedimentary facies of alluvial and flood fan with
episodically eolian silt accumulation. The latest Pliocene to early
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Fig. 4. Lithology and sedimentary facies of the Taxihe section in the southern Junggar Basin.
Pleistocene Xiyu Formation is dominated by dark grey conglom-
erates with thin light-yellow siltstone intercalations, representing
sedimentary environment of proluvial fan and occasionally eolian
deposition.

Age assignments of the Sanju section are obtained by corre-
lating the measured magnetic polarity (Sun and Liu, 2006) to the
paleomagnetic time scale of Cande and Kent (1995) from C3An.2n
to C2r.1n, yielding an age range of ca. 6.5 to ∼2.0 Ma (Sun and Liu,
2006).

The sedimentary facies of the Taxihe section are quite diverse
(Fig. 4). The oldest stratum is the Oligocene Anjihaihe Formation,
and it is typical grey lacustrine mudstone. The latest Oligocene
Shawan Formation is dominated by reddish mudstone with occa-
sionally sandstone or fine gravel intercalations representing sedi-
mentary facies of floodplain. The Miocene Taxihe Formation can be
subdivided into three parts: the lower part of grey lacustrine mud-
stone; the middle part of alternations of reddish mudstone and
grey siltstone or sandstone; and the upper part of alternations of
reddish to brownish mudstone and grey siltstone or sandstone. The
Pliocene Dushanzi Formation consists of alternations of dark grey
conglomerates and brownish siltstone, indicating environment of
proluvial fan with episodically fluvial deposition. The uppermost
part is the Xiyu Formation dominated by dark grey pebble to boul-
der conglomerates, being proluvial fan environment.

Age assignments of the Taxihe section are based on biostrati-
graphic age controls and paleomagnetic polarity correlations, sug-
gesting an age range of 26.5 to 2.58 Ma (Sun and Zhang, 2009).
4. Sampling and methods

In this study, a total of 325 bulk sediment samples were col-
lected for organic matter carbon isotope analysis. Among them,
144 and 181 samples were taken from the Sanju and the Taxihe
sections, respectively.

Samples for organic matter carbon stable isotope analysis were
first screened for modern rootlets and then digested for at least
15 h in 1 M HCl to remove inorganic carbonate. The samples were
then washed with distilled water and dried. The dried samples
(∼480 mg) were combusted for over 4 h at 900 ◦C in evacuated
sealed quartz tubes in the presence of 0.5 g Cu, 4.5 g CuO and
0.2 g Ag foil. The CO2 was purified and isolated by cryogenic
distillation for isotopic analysis. The isotopic composition of CO2

was then measured using a Finnigan MAT 253 mass spectrometer.
The analyses are calibrated using the external working standard
Glycine (δ13CVPDB = −33.30�), which is repeatedly calibrated us-
ing the international standard USGS 24 (graphite). The carbon iso-
tope results are expressed in conventional delta (δ) notation as
the per mil (�) deviation from the standard Peedee belemnite
(PDB). For the sequential measurement on the OM samples, the
external working standard materials were inserted between ev-
ery 6 samples to monitor the working conditions of the analyzer.
The precision for analysis of the external standard was better than
±0.1�. Recurrent analyses (n = 9) of sample show that this pro-
cedure yields a precision better than ±0.2�.

In order to evaluate the equality of means of δ13C data, statisti-
cal tests (Levene’s test and t-test) were done using PASW statistics



J. Sun et al. / Earth and Planetary Science Letters 380 (2013) 1–11 5
Fig. 5. Vertical variations of organic matter δ13C of the Sanju section in the southern Tarim Basin. Dash lines represent the average δ13C values. Magnetic polarity age control
is from Sun and Liu (2006).
18 (formerly SPSS statistics). The α = 0.05 criterion was used to
evaluate the statistical significance of the tests.

5. Results

5.1. Variations of δ13C values in the southern margin of the Tarim Basin

The carbon isotopic values of organic matter versus depth at
Sanju are shown in Table A.1 and Fig. 5. The δ13C values of the
organic matter at Sanju range from −25.9� to −22.2� and av-
erage −24.5� ± 0.6�. Examination of the carbon isotope records
indicates that there is a shift to higher δ13C values at ∼5.3 Ma.
The averaged δ13C value of organic matter is −24.85� ± 0.36�
(n = 25) from 6.5 to 5.3 Ma, and it increases to −24.42�± 0.61�
(n = 119) after 5.3 Ma (Fig. 5). The means for δ13C values before
and after 5.3 Ma are distinguishable on the basis of a Levene’s
test and a two-tailed t-test assuming unequal variances (Table 1,
Levene’s test significance statistic is 0.046; t-test significance is
1.3 × 10−5; all p values based on α = 0.05).

5.2. Long-term variations of δ13C values in the southern Junggar Basin

The long-term carbon isotopic values in the Taxihe section are
shown in Table A.2 and Fig. 6. The δ13C values of organic mat-
ter at Taxihe fall between −26.7� and −18.4�, with an average
value −22.6 ± 1.3�. The averaged δ13C value of organic matter is
−22.84� ± 1.21� (n = 131) from 26.5 to 5.3 Ma, and it increases
to −21.85�±1.24� (n = 50) after 5.3 Ma (Fig. 6). This fluctuation
curve shows a shift to slightly higher δ13C values after ∼5.3 Ma.
Although the Levene’s test significance statistic is 0.945, the t-test
significance use the “Equal variances assumed” is less than 0.001
(Table 1), suggesting different means of δ13C values before and af-
ter 5.3 Ma.

It is important to stress that there are lacustrine mudstone
spanning 2960–2800 m and 2500–2275 m, corresponding to age
ranges of 26.5–25.2 Ma and 22.8–20.2 Ma, respectively (Fig. 6).
Because lacustrine organic matter can be isotopically light (e.g.,
Meyers and Horie, 1993; Liu et al., 2013), the δ13C values are
as low as −26.7� in such lacustrine mudstone can be mostly
explained by the different carbon isotope compositions between
lacustrine organic matter and terrestrial samples.

6. Discussions

The long-term variations of δ13C values of the two sections all
show a shift to higher values beginning at about 5.3 Ma. Here,
we present alternative interpretations for the stable carbon isotope
fluctuations.

6.1. Factors influencing the δ13C shift at ∼5.3 Ma in the Asian interior

Modern plants fall into three groups, based on their photo-
synthetic pathways: C3, C4, and CAM. Plants exhibiting C3 pho-
tosynthesis have dominated the history of terrestrial vegetation;
C4 plants became abundant in grasslands only in the late Ceno-
zoic (Cerling et al., 1997; Edwards et al., 2010). CAM plants occupy
only a small percentage of typical ecosystems. These three groups
of plants have different carbon isotope compositions, C3 plants ex-
hibit a large range varying from −37� to −20� (Kohn, 2010),
C4 plants have δ13C values ranging from −16� to −10�, while
the δ13C values of CAM plants typically range from −20� to
−10� (O’Leary, 1988).
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Table 1
Results of the t-test analysis of the organic δ13C data before and after 5.3 Ma.

Sections Hypothesis Levene’s test for
equality of variances

t-test for equality of means

F
Sig. t df Sig. (2-tailed) Mean

difference
Std. error
difference

95% confidence interval
of the difference

Lower Upper

Sanju Equal variances
assumed

4.064 0.046 −3.397 142 0.001 −0.4320 0.1272 −0.6834 −0.1806

Equal variances −4.763 58.68 0.000 −0.4320 0.0907 −0.6136 −0.2505
not assumed

Taxihe Equal variances
assumed

0.005 0.945 4.874 179 0.000 0.9864 0.2024 0.5870 1.3858

Equal variances 4.829 87.07 0.000 0.9864 0.2043 0.5804 1.3924
not assumed

Fig. 6. Variations of organic matter δ13C versus depth of the Taxihe section in the southern Junggar Basin. Dash lines represent the average δ13C values. Magnetic polarity
time scale is from Sun and Zhang (2009).
Although changes in vegetation types can consequently impact
the sedimentary organic carbon isotopic compositions, a variety of
environmental factors also influence the carbon isotopic composi-
tion of organic matter (O’Leary, 1981; Meyers, 1992; Stevenson et
al., 2005). These include the concentration and the δ13C of atmo-
spheric CO2, carbon source, temperature, light intensity, and water
stress.

Carbon isotopic variations are associated with fluctuations in
atmospheric CO2 content. Under conditions of increased CO2,
C3 photosynthesis is more efficient than C4 or CAM photosynthe-
sis (Cerling et al., 1993). The carbon isotope ratio of plant material
also depends on the δ13C of atmospheric CO2, which likely varied
throughout Earth history (Tipple et al., 2010). It is well known that
the δ13C values of atmospheric CO2 and plants have become 1.5�
more negative since the industrial revolution (Tipple et al., 2010),
due to inputs of 13C-depleted CO2 from burning of fossil fuels.

The isotopic composition of the carbon source can also af-
fect the δ13C values. The carbon isotopic compositions of various
aquatic plants are often different from terrestrial plants, and re-
cycling of isotopically light land-derived organic carbon in coastal
marine and lacustrine waters can create an isotopic shift to lighter
values in algal organic matter (Meyers and Horie, 1993).

Photosynthesis under high light and temperature is crucial for
the ecological dominance of C4 plants due to their higher pho-
tosynthetic efficiency (Osmond et al., 1982; Long, 1999). Under
a range of light conditions, from light-limited to light-saturated
(e.g., a dense or open grass canopy), carbon assimilation should
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be greater for C4 grasses compared with C3 grasses at higher tem-
peratures, and vice versa at lower temperatures (Still et al., 2003).

Water stress is one of the most limiting environmental fac-
tors affecting carbon isotopic composition of plants. Drought stress
decreases stomatal conductance, increasing the ratio of external
to internal CO2 partial pressures. As a result, δ13C differences of
1–3� have been noted in laboratory and field experiments involv-
ing a single species grown at various moisture levels (Farquhar and
Richards, 1984; Read et al., 1991, 1992). Moreover, C4 grasses have
higher water use efficiency than that of C3 plants (Raven et al.,
1999; Emmerich, 2007). The widespread expansion of C4 grasses
since the late Miocene was driven primarily by their higher water
use efficiency, which allowed them to exploit high-light, fire-prone
areas in a increasingly seasonal and arid world (Fox and Koch,
2004; Huang et al., 2007).

For the long-term variation δ13C record of the two sections,
which indicates a shift to higher values beginning at about 5.3 Ma,
there are three alternative interpretations: (1) expansion of C4
grasses in the Asian interior, (2) increase of CAM plants, and
(3) changes in C3 species.

Firstly, C4 plants have significantly higher δ13C values than C3
plants (Cerling et al., 1997). Thus, the increase in the mean δ13C
values observed in both sections (Figs. 5 and 6) is probably due to
the expansion of C4 grasses in the Asian interior at ∼5.3 Ma. This
can be supported by the pollen evidence which indicates that both
of the Chenopodiaceae and Gramineae pollen assemblages greatly
increased in the two sections since the latest Miocene (Sun et al.,
2008; Sun and Zhang, 2008).

Secondly, the δ13C values of CAM plants are also generally
higher than those of C3 plants (O’Leary, 1988). In this context, the
slightly increase of the averaged δ13C values of the two sections
beginning at 5.3 Ma may be attributed to the increase of CAM
plants. However, both the modern vegetation investigations in the
arid basins of northwestern China (Su et al., 2011) and the geolog-
ical pollen results demonstrate that CAM plants are very rare (e.g.,
Sun et al., 2008; Zhang and Sun, 2011). Therefore, the relatively
higher δ13C values beginning at 5.3 Ma could not be interpreted
by the expansion of CAM plants.

Finally, the higher δ13C values since the latest Miocene can be
also explained by the changes of C3 biomass. It is well known that
the δ13C values of atmospheric CO2 and plants have become 1.5�
more negative since the industrial revolution (e.g., Tipple et al.,
2010). In other words, C3 plants in the pre-industrial times or geo-
logic past had higher δ13C values than their modern counterparts.
Moreover, compilations of δ13C values of both C3 and C4 plants
exhibit considerable variation in both categories, but particularly
in C3 plants in relation to environmental factors (Diefendorf et al.,
2010; Kohn, 2010). Although the average δ13C value for modern
C3 plants is −27�, it is well known that C3 plants are enriched
in 13C under water-stressed conditions and can have δ13C values
as high as −20� in arid environments (Diefendorf et al., 2010;
Kohn, 2010). In this context, the δ13C values reported for the Sanju
section and the Taxihe section can also be explained by changes in
aridity and/or C3 species composition.

6.2. Regional aridity driving long-term carbon isotope fluctuation and
ecological evolution since the latest Miocene

It is an interesting question why higher δ13C values and thus
ecological evolution occurred in the interior of Asia since the latest
Miocene.

In recent years, the history of aridity in the Tarim Basin has
been studied by many authors (e.g., Fang et al., 2002; Zheng et
al., 2002, 2003, 2010; Sun and Liu, 2006; Sun et al., 2008, 2009a;
Tada et al., 2010; Sun et al., 2011). For the Sanju section, an ear-
lier work mainly using sedimentology method indicates that the
eolian siltstone began to accumulate in the Sanju section at least
since 5.3 Ma, suggesting the dune field in the center of the basin
(the source of the eolian silt) must have been of considerable size
(the embryo of the present Taklimakan Desert) since the Miocene–
Pliocene boundary (Sun and Liu, 2006). A later work in the interior
of the basin identified in situ eolian sand dunes at about 7 Ma
(Sun et al., 2009a). The co-existence in the section of eolian sands
with lacustrine and fluvial deposits mostly implies widespread ex-
tradune environments during this period (Fig. 7a) and limited oc-
currence of dune fields in the basin interiors (Sun et al., 2009a).
However, after 5.3 Ma, a large size dune field existed in the Tarim
Basin (Fig. 7b).

The intensified aridity in the Tarim Basin beginning at 5.3 Ma
can be also demonstrated by multiple climatic proxies within the
basin. In the Sanju section, concentrations of soluble salts (e.g., Cl−,
Na+) increased by up to 103 times since 5.3 Ma. Soluble salt con-
tents have been used widely to reflect past salinity conditions and
climatic changes in many parts of the world (Wasson et al., 1984;
Last, 1990; Schütt, 2000; Dean and Schwalb, 2000; Last and Vance,
2002; Sinha and Raymahashay, 2004) especially in arid regions
where strong evaporation favors soluble salt accumulation. In this
context, the shift to much higher Cl− and Na+ concentrations im-
plies much intensified aridity since 5.3 Ma (Sun et al., 2008). At
the Kuqa section of the northern Tarim Basin, a drought param-
eter based on previous pollen results also indicates a prominent
increase in aridity since 5.3 Ma (Zhang and Sun, 2011). Therefore,
multiple parameters throughout the entire Tarim Basin demon-
strate much intensified regional aridity since 5.3 Ma ago. This δ13C
isotopic shift observed in our studied sections in the Asian interior
is approximately synchronous with a prominent shift in the oxygen
isotopic record from a paleo-lake basin in central Himalayas (Wang
et al., 2012), suggesting a significant change in regional climate in
the latest Miocene.

Although the shift to slightly higher δ13C values since the end
of the Miocene can be explained by either the expansion of C4
grasses or the changes in C3 species, both of them are related to
enhanced regional aridity. The C4 photosynthesis improves pho-
tosynthetic efficiency and minimizes the water loss in hot, dry
environments (Edwards and Walker, 1983). In this context, the
possible expansions of C4 grasses can be explained as a response
to enhanced aridity in the Asian interior since 5.3 Ma rather than
decreased atmospheric pCO2 proposed by Cerling et al. (1997), be-
cause the long-term atmospheric pCO2 variation does not show
major changes since the end of the Oligocene (Pearson and Palmer,
1999; Pagani et al., 2005, 2009). Moreover, even if the carbon iso-
tope shift can be also explained by shifts in C3 species rather than
C4 expansion, the enrichment of 13C in C3 plants mostly happen in
arid environment.

Our evidence demonstrates that the ecological shift in the Asian
interior is a response to increased aridity since the end of the
Miocene, it is interesting to discuss causes of the increased arid-
ity.

Although significant permanent ice sheets first appeared near
the Eocene/Oligocene boundary (∼34 Ma) on Antarctica (Kennett,
1977), the temperature record from the magnesium/calcium ra-
tio (Mg/Ca) in benthic foraminiferal calcite of deep-sea sediments
indicates that the most dramatic decrease of temperature began
ca. 5.3 Ma (Lear et al., 2000, Fig. 8a), and this is mirrored by
the remarkable increase of benthic foraminiferal oxygen isotope
values (Zachos et al., 2001; Fig. 8b), which is mostly related to
global ice volume changes (e.g. Shackleton, 1987). Moreover, al-
though permanent Northern Hemisphere glaciation did not begin
until 2.7 Ma (Haug et al., 2005), the ice-rafted debris (IRD) of
deep-sea sediments in the Atlantic Ocean suggests a significant in-
crease of sea ice since about 7–5 Ma (Jansen and Sjøholm, 1991;
Larsen et al., 1994). Even if such early IRD records were not from
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Fig. 7. Schematic maps show that sparsely distributed sand dunes together with diverse environments (e.g., river, lake, playa) at ∼7 Ma (a), whereas large dune field occurred
in the Tarim Basin since ∼5.3 Ma (b).
land-based ice sheet in the high latitude northern hemisphere,
the ice-rafting history of sea ice reflected the onset of remarkable
climatic cooling in the northern hemisphere at least since the lat-
est Miocene (Fig. 8c). The significantly enlarged polar ice volumes
resulted in the rapid declining of global eustatic sea level since
5.3 Ma (Haq et al., 1987; Fig. 8d).

Additionally, the Asian interior is far from oceans. The pre-
vailing westerlies bring limited water vapors from the Atlantic
Ocean to the studied region (Fig. 9). By the end of the Eocene
(after 34 million years ago), the Paratethys Ocean was separated
from the Neotethys Ocean and experienced stepwise retreat (Rögl,
1999). From the Pliocene epoch onward (after 5 Ma), the former
Paratethys Ocean has been progressively shallower and shrink-
ing, splitting into a couple of inland seas (Popov et al., 2004;
Olteanu and Jipa, 2006). At present, only the Black Sea, Caspian Sea
and Aral Sea remain of what was once a vast inland sea (Fig. 9). In
this context, the Paratethys Ocean experienced rapid retreat since
the end of the Miocene, this would reduce eastward water va-
por transport by westerlies leading to the intensified aridity since
5.3 Ma in the region studied. Moreover, the decrease in sea surface
temperature during this time interval decreased sea water evapo-
ration, this would also reduce moisture transportation to the Asian
interior.
It is important to stress that except the global scale climatic
event, regional effects related to active mountain building should
be also considered. Firstly, significant crustal shortening and tec-
tonic uplifts of high mountains surrounding the two studied basins
occurred ca. 7–5 Ma (e.g. Métivier et al., 1998; Zheng et al., 2000;
Hubert-Ferrari et al., 2007; Sun et al., 2008, 2009b; Sun and Zhang,
2009), therefore, the increasing rain shadow effect of the uplifted
mountains might also result in the enhanced aridity and conse-
quently the stable carbon isotope shift since the latest Miocene.
Secondly, in addition to the effect of global cooling on the global
eustatic sea level change and thus the retreat of the Paratethys
Ocean, the collisions of Indian, African, and Arabian plates with
the Eurasia during the Cenozoic also contributed greatly to the
westward retreat of the Paratethys Ocean (Rögl, 1999; Popov et al.,
2004). Therefore, both climatic and regional tectonic factors have
influenced the aridity in the western inland basins of China since
the latest Miocene.

7. Conclusion

We reconstruct long-term δ13C variations of organic matter dur-
ing the late Cenozoic in the Tarim and Junggar Basins, which are
located in the Asian interior. Both records indicate that stable
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Fig. 8. Correlations among the Mg/Ca derived temperature records (a) (Lear et al., 2000), the composite oxygen isotope curve (b) (Zachos et al., 2001), the ice sheet record in
the northern hemisphere (c), after (Zachos et al., 2001), and the sea level fluctuations (d) (Haq et al., 1987).

Fig. 9. Map shows wind patterns in the Asian interior. The Indian monsoon is blocked by the Tibetan Plateau, while the main moisture source in the studied region is
transported by Westerlies from the Atlantic Ocean. The shrink of the Paratethys Ocean during the late Cenozoic in response to both climatic cooling induced global eustatic
sea level decline and the collision of Indian, Arabian, and African plates with Eurasia would reduce the eastward water vapor transfer to the Asian interior. Black stars indicate
the locations of sections mentioned in the text. The red arrows indicate the moving directions of the Indian, Arabian, and African plates. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
carbon isotopic compositions shifted towards higher values at
5.3 Ma, reflecting a regional-scale ecological change. This ecologi-
cal shift is simultaneous with regional aridity indicated by multiple
climatic proxies. Therefore, we attribute this late Miocene/early
Pliocene vegetation shift marked by either C4 expansion or shifts
in C3 species to the enhanced aridity rather than decreased at-
mospheric pCO2. The dramatic retreat of the Paratethys Ocean,
in response to decreased global eustatic sea level and the tec-
tonic collision of Indian, Arabian, and African plates with Eura-
sia, resulted in the regional aridity in the Asian interior by re-
ducing eastward moisture transportation. The strengthening rain
shadow effects, related to the active uplift of the surrounding
mountains (e.g. Kunlun and Tianshan mountains), might also con-
trolled the regional aridity and ecological shift since the end of
Miocene.
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