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a b s t r a c t
The mid-latitudinal central Asian continent is characterized by large sand deserts and Gobi (stony desert). In this
context, it is of interest to study the timing and forcing mechanisms of aridiﬁcation in the region. Here we present
multiple geochemical climatic proxies from late Cenozoic strata in the Tarim Basin of northwestern China, a region sensitive to climatic change. The results yield long-term climatic records covering a time interval of 13.3 to
2.5 Ma. We ﬁnd that a general trend towards a dry climate was superimposed by two stepwise aridiﬁcation
events, the ﬁrst lesser aridity phase occurred at ~7–5.3 Ma and the second extreme aridity episode was initiated
at ~5.3 Ma. Based on the correlation between climatic change and regional tectonic events, we propose a mechanism to explain the climatic variations. The general long-term drying trend since the mid-Miocene was a response to global climatic cooling, while the stepwise aridiﬁcation since the latest Miocene was controlled
mainly by regional tectonic uplift.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The mid-latitude Asian interior is characterized by several large deserts (e.g., Kara Kum, Kyzyl Kum, Taklimakan, Junggar) between 30°N
and 50°N, constituting the largest mid-latitude arid zone in the Northern Hemisphere. At present, a dry climate prevails in these regions
due to their location far from oceans and/or the rain-shadow effect of
High Asia (Zhu et al., 1980). Considering the vastness of the dry areas,
it is important to understand the history of the aridity and the associated
forcing mechanisms of aridiﬁcation in the region.
Although the onset of aridity in the Asian interior has been studied
in recent decades, there is no consensus regarding its timing
(e.g., Dupont-Nivet et al., 2007; Sun et al., 2010; Xiao et al., 2010; Tang
et al., 2011; Hoorn et al., 2012; Dong et al., 2013). Compared with studies on the Paleogene arid environment in the Tarim Basin (e.g., Bosboom
et al., 2013, 2014), more studies have focused on the enhanced
aridiﬁcation after the Miocene, especially for the formation of the Taklimakan Desert within the Tarim Basin (e.g., Fang et al., 2002; Zheng et al.,
2002, 2003, 2010a,b; Sun and Liu, 2006; Sun et al., 2008, 2009b, 2011;
Tada et al., 2010; Chang et al., 2012; Liu et al., 2014; Wang et al.,
2014). However, the timing of the formation of the Taklimakan desert
is not well constrained; for example, Fang et al. (2002) reported a
formation age of mid-Pleistocene, whereas others suggested the latest
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Miocene (e.g., Sun and Liu, 2006; Sun et al., 2009b; Chang et al., 2012;
Liu et al., 2014).
Similar to the timing of the aridity, there is also debate about the
forcing mechanisms of the aridiﬁcation event. The results of general circulation modeling indicate that the uplift of the Tibetan Plateau, caused
by India–Asia collision, directly drove the stepwise aridiﬁcation of the
Asian interior during the late Cenozoic (Manabe and Terpstra, 1974;
Kutzbach et al., 1989; Ruddiman and Kutzbach, 1989; Manabe and
Broccoli, 1990; Raymo and Ruddiman, 1992; Liu et al., 2003). More recent studies suggest that the retreat of the Paratethys Sea was responsible for the aridiﬁcation in the Asian interior (e.g., Ramstein et al., 1997;
Zhang et al., 2007; Bosboom et al., 2013) or that global factors
(i.e., global cooling) rather than regional factors drove the late Cenozoic
aridiﬁcation (e.g., Lu et al., 2010; Miao et al., 2011, 2012, 2013).
Among the large inland basins in central Asia, the Tarim Basin is
most known for its size (~ 530,000 km2) and active sand dunes. This
basin is constrained by three of Asia's large mountain ranges: the Tian
Shan to the north, the Pamir Mountains to the west, and the Kunlun
range to the south (Fig. 1). Located in the rain-shadow of the Tibetan
Plateau, the climate in the basin is extremely dry with annual rainfall
of less than 50 mm in the center of the basin, making it the driest region
in the interior of Asia. On account of the chronology and relative continuity of late Cenozoic sediments (Sun et al., 2009a), we focused on
studying the paleoclimatic changes recorded in the northern Tarim
Basin.
This paper has two main objectives: (1) to construct multiple highresolution geochemical climatic records during the late Cenozoic; and
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Fig. 1. Digital elevation model of the Tarim Basin and surrounding region, together with the location of the study section.

(2) to explain the history of aridity in the region and to discuss the interplay between tectonics and climate.
2. Geological setting
The study region is the foreland basin of the southern Tian Shan
(Fig. 1), where Cenozoic deposits have been tectonically deformed,
forming a series of anticlines and synclines as a result of Cenozoic
north–south crustal shortening in response to intracontinental deformation related to the India–Eurasia convergence. These anticlines are

associated with the propagation of thrust faults as a consequence of
southward thrusting of the southern Tian Shan (e.g., Windley et al.,
1990; Deng et al., 2000; Fu et al., 2003, 2010; Hubert-Ferrari et al.,
2007). The present study focuses on the Qiulitag anticline, which is an
east–west trending mountainous ridge that extends for 340 km and
has a width of 5–7 km (Fig. 2a).
The Kuchetawu section, forming the focus of this study, is located in
the eastern part of the Qiulitag anticline (41°55.097′N, 83°03.280′E),
exposed by the southward ﬂowing Kuqa River (Fig. 2a). Field investigations indicate that the section is a sub-vertical anticlinal isocline

Fig. 2. The Qiulitag anticline and cross-section sketch at Kuchetawu. a, The Qiulitag anticline in the foreland basin of the southern Tian Shan range; b, exposed Cenozoic strata of the
Kuchetawu section. The bold dashed line shows the sampling route. N1j: middle Miocene Jidike Formation; N1k: late Miocene Kangcun Formation; N2k: Pliocene Kuqa Formation; Q1x:
early Pleistocene Xiyu Formation; TF: Thrust Fault.
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overturned to the north (Fig. 2b). The southern limb is well exposed
with an almost continuous section including the middle Miocene Jidike
Formation, the late Miocene Kangcun Formation, the Pliocene Kuqa
Formation and the Lower Pleistocene Xiyu Formation. Its northern limb
has been eroded and only contains the relict Kangcun Formation
(Fig. 2a, b); hence, our sampling focused on the southern limb. Generally,
there is a trend towards coarser particle size and lighter color when
moving from the core to the limbs of the anticline (Fig. 2b).
3. Sedimentary facies and ages
The sedimentary facies of the Kuchetawu section are diverse (Fig. 3).
The oldest stratum is the middle Miocene Jidike Formation (N1j), which
is dominated by reddish mudstones with occasional intercalations of
gray sandstone or siltstone, with a total thickness of 1170 m. Horizontal
laminations are very common, and the thickness of the laminations is
usually less than 2 cm; such sedimentary features together with the general ﬁne particle size imply a predominantly lacustrine environment.
Although there are occasional very thin (less than 2 cm thick) interbedded gypsum layers, it is not sure if they are primary chemical deposits in
saline lakes or secondary minerals formed after initial deposition of the
sediments due to sedimentary structures (e.g., bedding plane, waterescape structures). The late Miocene Kangcun Formation (N1k) consists
of interbedded gray sandstones and reddish to brownish mudstones
with a total thickness of 1770 m. Generally most sandstone beds are
30 to 100 cm or N100 cm thick, whereas the interbedded mudstones
usually with horizontal bedding; such sedimentary features mostly represent ﬂuvial–lacustrine deposition in a foreland basin. The Pliocene

Kuqa Formation (N2k) can be subdivided into two parts: the lower is
composed of interbedded gray conglomerates and brownish mudstone
or siltstone, while the upper is dominated by gray conglomerates
with thin intercalated brownish siltstone layers. The total thickness of
the Kuqa Formation is 840 m. The conglomerates reach a maximum
thickness of 8–10 m thick, and the largest gravel sizes can be up to
10 cm; such coarse deposits were transported by high-energy ﬂoods
from the nearby Tian Shan orogen. The horizontal beddings of the intercalated ﬁne-grained mudstone or siltstone mostly represent lake environments. Therefore, the sedimentary facies can be interpreted as a
high-energy ﬂuvial or alluvial source interﬁnger with ephemeral lacustrine sediments. The early Pleistocene Xiyu Formation (Q1x) consists
mainly of pebble to boulder conglomerates, implying high-energy alluvial fan deposition in a foreland basin. It has a thickness in excess of
1000 m.
The ages of the Kuchetawu section are based on both biostratigraphic
age control and high-resolution magnetostratigraphy. A fossil tooth of
Hipparion chiai was discovered at a thickness of 3100 m (from top to
bottom) in the section (Fig. 4a), corresponding to the Vallesian Age
of the European Neogene mammal zones (MN) 9/10 (Deng, 2006),
with an age range of 11–9 Ma and centered at about 10 Ma. Based
on the above biostratigraphic age constraints, the measured magnetic
polarity sequence was correlated with the geomagnetic polarity timescale (GPTS) of Cande and Kent (1995), and yielded an age range of
13.3 to 2.6 Ma (Sun et al., 2009a) (Fig. 4a). The relationship between
the thickness of the study section and the age of the sediments (based
on the magnetostratigraphic correlations) was used to yield the age
chronology used in this study (Fig. 4b).

Fig. 3. Lithology and sedimentary facies of the Kuchetawu section in the northern Tarim Basin.
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Fig. 4. (a) Magnetostratigraphy of the Kuchetawu study section (Sun et al., 2009a). Magnetic polarity is compared with the geological time scale of Cande and Kent (1995). (b) Age versus
thickness based on magnetostratigraphic correlation.

4. Materials and methods

5. Results

Although variations in sedimentary facies exist within the section
(Fig. 3), the samples used for the following analysis were all from
the intercalated lacustrine mudstone to ﬁne siltstone beds. Therefore,
the effects of variations in sedimentary facies on the following parameters
are considered negligible.
The color index is a simple numerical expression that reﬂects the
color of sediment. It has been used, to some extent, to infer past climatic
changes (e.g., Yang and Ding, 2003; Spielvogel et al., 2004). The color
index of 668 bulk samples was determined by using a Minolta-CM2002
spectrophotometer according to a method similar to that described by
Yang and Ding (2003). For all samples, colorimeters of L* (lightness), a*
(redness relative to greenness), and b* (yellowness relative to blueness)
were used (Commission Internationale de l'Éclairage, 1978).
Analyses of soluble salts were performed on 161 bulk samples.
Determination of soluble salts was undertaken in two steps: (1) water
extraction at a soil:solution ratio of 1:5; and (2) measurement of the
concentrations of cations (K+, Na+, Ca2+, Mg2+) in the extract using
a PinAAcle 900F Atomic Absorption Spectrometer (uncertainty of less
than 3%).
Analyses of total organic carbon (TOC) were performed on 169
samples using a LECO CS-344 Carbon/Sulfur Carbon Sulfur Determinator.
Crushed samples (about 100 mg and 120 mesh) were heated to 1200 °C
in an induction furnace after removing carbonate by using 5% hydrochloric
acid (HCl).
Citrate-buffered dithionite (CBD)-extractable Fe (Fed), generally
called free iron, was extracted following Mehra and Jackson (1960),
subsequently measured by atomic absorption spectroscopy (AA).
The total iron and K, Na, Ca, and Mg concentrations were determined
by using AxiosmAX–Minerals XRF Spectrometer. Replicate analyses
(n = 10) showed that uncertainties were below 5% for the above
measurements.

5.1. Long-term color variations and implications for climate change
The color results are given in the color-coordination system CIE
(Commission Internationale de l'Éclairage) L*a*b*. The long-term variations in color parameters show the following trends (Fig. 5): (1) a general increasing trend of lightness and a decreasing trend of redness from
13.3 Ma to the end of the Pliocene; and (2) stepwise changes of both L*
and a* occurred at ~7 Ma and ~5.3 Ma, while an increasing trend in b*
only occurred after ~ 5.3 Ma. Data statistics indicate that the mean
values of L* increased stepwise from 62.0 (n = 392) at 13.3–7 Ma to
66.6 (n = 142) and 69.6 (n = 121), after 7 and 5.3 Ma, respectively.
In contrast to the increasing trends of L*, the mean values of redness decreased stepwise from 8.4 (n = 392) at 13.3–7 Ma to 5.0 (n = 142) and
4.2 (n = 121), after 7 and 5.3 Ma, respectively. Such changes in color
index are closely linked to paleoenvironmental changes. The lightness
of sediments or soils is thought to be affected by factors such as moisture content, organic matter concentration, and carbonate content
(e.g., Schulze et al., 1993; Spielvogel et al., 2004). In this study,
only dried samples were used; consequently, the effect of moisture
content can be excluded. Lightness was found to be negatively correlated with organic matter content, while carbonate content may play
a minor role in determining the lightness due to its lightening property
(Spielvogel et al., 2004). Therefore, the stepwise trend of increasing
lightness (Fig. 5a) can be partly attributed to a reduction in organic matter content. Given that organic matter content is inﬂuenced in part by
biomass (Jenny, 1980), this suggests a decline in biomass driven by a
drying climate, from the mid-Miocene to the end of the Pliocene.
Sedimentary facies may also affect color indexes within a section;
however, they are not deemed to be a dominant factor. For instance,
the sedimentary facies characterized by alternations of ephemeral
lakes and ﬂuvial systems lasted from 9.7 to 5.3 Ma, demonstrating a
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Fig. 5. Color index variations in the Kuchetawu section. Red arrows indicate the stepwise increase (lightness) or decrease (redness) trends commencing at ~7 Ma and ~5.3 Ma, respectively.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

long-term stable sedimentary environment and suggesting that the
changes in the color indexes at ~ 7 Ma were not strongly governed by
sedimentary facies.
The redness of sediments is associated with the amount of iron oxide
released under chemical weathering (Walker, 1967), and is thus climate
dependent. The redness curve displays a stepwise decreasing trend
(Fig. 5b), implying a weakening in chemical weathering towards the
end of the Pliocene.
In contrast to the parameters L* and a*, the yellowness of sediments
does not show a prominent trend before 5.3 Ma (Fig. 5c). However,
there is a slight increase thereafter. Yellowness also indicates the presence of iron oxides (Brady and Weil, 2000). Generally low soil temperatures do not favor the maturity of Fe forms; in such cases, poorly
crystalline Fe hydroxides (e.g., goethite) rather than hematite (reddish
color) appear, and this can at least partially account for the slightly
increased trend of the yellowness after 5.3 Ma.

5.2. Variations in soluble salts and the inferred increase in aridity
Soluble salts are associated with authigenic evaporite minerals and
usually occur in arid and semiarid regions. Vertical variations in soluble
salts are an indicator of past salinity conditions and hydrological changes (Sinha and Raymahashay, 2004). Such variations have been extensively used to infer paleoclimatic ﬂuctuations in many parts of the
world (e.g., Wasson et al., 1984; Dean and Schwalb, 2000; Last and
Vance, 2002; Sinha and Raymahashay, 2004). Fig. 6 shows a notable
change in concentrations of soluble cations (Mg2 +, Ca2 +, Na+, and
K+), indicated by generally higher values from ~7 Ma to 5.3 Ma. The increase in these soluble cations can be attributed partly to a drier climate
with less leaching.

Many chemical indexes have been developed to indicate the extent
of chemical weathering. Among them, the chemical index of alteration
(CIA), proposed by Nesbitt and Young (1982), has been widely used
(e.g., Price and Velbel, 2003; Clift et al., 2008). However, the CIA is
most useful for silicate rocks, especially in the context of feldspar
weathering, while other types of minerals are not necessarily reﬂected
in this index. Retallack (1999, 2001) advocated a slightly different
weathering index: the molecular ratio of bases to Al2O3, expressed as
the molecular ratio of (CaO + MgO + K2O + Na2O)/Al2O3. Bases are
easily leached during chemical weathering, whereas Al is resistant to
chemical alteration; consequently, the bases/Al2O3 ratio has been used
to characterize weathering intensity (e.g., Retallack, 1999; Retallack
and Krull, 1999; Bestland, 2000; Sayyed and Hundekari, 2006). The
bases/Al2O3 ratio of the present study section displays a general increasing trend after ~7 Ma, based on the major chemical compositions of the
bulk samples, implying a weakening in chemical weathering since that
time (Fig. 6e).
Finally, the above climatic events are supported by our previously
compiled pollen record, which indicates that the warm-temperate
broadleaf deciduous trees in this section declined after ~7 Ma (Zhang
and Sun, 2011), mostly indicating a cooling climate (Fig. 6f).
5.3. Long-term ﬂuctuations in TOC, Fed, Fet, and Fed/Fet
Patterns of total organic carbon (TOC) storage are critical for understanding climate change, given the importance of TOC for ecosystem
processes (Trumbore et al., 1996). TOC is controlled by the balance of
C inputs from plant production and outputs through decomposition
(Schlesinger, 1977). Regional patterns of TOC are positively correlated
with the mean annual precipitation, and are negatively correlated
with the mean annual temperature (Oades, 1988).
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Fig. 6. Vertical variations in soluble cations at Kuchetawu (a–d) and their correlations with the chemical leaching index (bases/Al2O3) of bulk samples (e, higher values correspond to
weaker chemical weathering), and the warm-temperate broadleaf deciduous species (f, higher percentages correspond to cooler climate).

In the present data, vertical ﬂuctuations in TOC content indicate a
general trend of decreasing TOC content since 13.3 Ma, with a sharper
reduction occurring from ~ 5.3 Ma (Fig. 7a). As the palynological

evidence indicates that the regional temperature of the study area
tended to decrease since 13.3 Ma (Fig. 6f), the declining TOC values
are unlikely to be due to enhanced decomposition, but rather to the

Fig. 7. Variations in the vertical concentrations of total organic carbon, CBD-Fe (Fed), total Fe (Fet), and Fed/Fet. A general decreasing trend is evident from 13.3 Ma, with a sharper decline
occurring from ~5.3 Ma.
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reduction of biomass as a result of a drying climate. In this context, the
TOC variations reveal a drying regional climate, with this drying being
particularly marked from ~5.3 Ma.
The above trends are similarly mirrored in iron parameters (Fig. 7).
Iron is the second most abundant metal in the Earth's crust. The reactions of Fe in weathering processes are dependent largely on pH–Eh,
and on the oxidation state of the Fe compounds involved. The sensitivity
of Fe in sedimentary rocks to chemical alteration, and thus climate
change, has resulted in iron oxides being comprehensively studied in
paleoclimate reconstructions (Ding et al., 2001; Zhang et al., 2009).
Different parameters of Fe, including the citrate–bicarbonate–
dithionite (CBD) extractable iron (Fed), the total iron (Fet), and Fed/
Fet, have been used to study changes in climate. The free iron of Fed consists of pedogenic iron minerals such as ferrihydrite, goethite, and hematite (Dethier et al., 2012); hence, the content of Fed in sediments
mainly reﬂects the degree of chemical weathering. In contrast to Fed,
the total iron measures the entire Fe concentration. In general, oxidizing
and alkaline conditions promote Fe precipitation in sedimentary rocks,
and often lead to the formation of reddish coatings. The dominant reddish to brownish color of the study section indicates oxidizing conditions that are favorable for the precipitation of Fe when it is liberated
from silicate weathering. In this context, the content of Fet within the
section is at least partly controlled by chemical weathering. The ratio
of Fed to Fet is a better chemical weathering index than either parameter
by itself, as the ratio of the parameters can greatly serve to reduce the
effect of changes in provenance on their individual concentrations. In
summary, Fig. 7 reveals three trends: (1) all parameters display a general
decreasing trend from 13.3 Ma to the end of the Pliocene; (2) a sharper
decreasing trend is evident from ~5.3 Ma; and (3) the curves of Fed and
the Fed/Fet are well correlated, demonstrating that they are better
chemical weathering indexes than Fet alone. All three curves related
to Fe indicate weakening chemical alteration from the mid-Miocene,
especially after 5.3 Ma.
6. Discussion
The relationship between tectonic uplift and global climatic cooling
during the Cenozoic has long been a focus of the study (e.g., Ruddiman
and Kutzbach, 1989; Molnar and England, 1990; Raymo and Ruddiman,
1992; Zachos et al., 2001; Hay et al., 2002; Warny et al., 2003;
Garcia-Castellanos, 2007; Retallack, 2007; Kohn and Fremd, 2008;
Garcia-Castellanos and Villaseñor, 2011; Champagnac et al., 2012). To
date, there has been debate concerning whether mountain uplift induces climatic cooling (Raymo and Ruddiman, 1992), or whether the
late Cenozoic uplift is a consequence of climatic change (Molnar and
England, 1990). The Tarim Basin in this study is surrounded by high
Asian mountain systems, meaning its geophysical location is well suited
for studying the forcing mechanisms of paleoclimatic change.
6.1. Regional tectonic history inferred from syntectonic growth strata
during the late Miocene
It is important to understand the uplift history in a tectonically active
region to better interpret climatic changes. In recent years, various techniques have been used to study the timing of tectonic uplift in mountains surrounding the Tarim Basin (e.g., Avouac et al., 1993; Sobel and
Dumitru, 1997; Burchﬁel et al., 1999; Charreau et al., 2006, 2008;
Huang et al., 2006; Sobel et al., 2006; Hubert-Ferrari et al., 2007; Sun
et al., 2008, 2009b; Sun and Zhang, 2009; Cao et al., 2013); however,
the results are varied largely because the studies have addressed different problems with different methodologies at different times, and in
consequence some are controversial. For instance, the traditional method for determining the onset of tectonic uplift is to examine the age of
basal coarse conglomerates and/or the mass accumulation rate of
Cenozoic sediments in a foreland basin (e.g., Métivier and Gaudemer,
1997; Yin et al., 1998; Ji et al., 2008); however, such sedimentary

features are not linked solely to tectonics. For example, climaterelated changes, such as enhanced frost weathering, can also account
for the rapid accumulation of coarse sediments. Moreover, the above
methods are highly dependent on the continuity of strata and the accuracy of age control; however, in the context of folding and thrusting
within foreland basins, hiatuses are likely to exist.
Another commonly used method to determine the timing of onset of
tectonic uplift is low-temperature thermochronology of apatite ﬁssion
tracks (e.g., Hendrix et al., 1994; Sobel and Strecker, 2003; Sobel et al.,
2006; Cao et al., 2013). This technique constrains the timing of the
onset of cooling, which is assumed to be linked to exhumation driven
by crustal shortening. However, results vary across different studies.
For instance, Sobel et al. (2006) reported signiﬁcant exhumation of
the southwest Tian Shan in the late Oligocene–Miocene, whereas Cao
et al. (2013) argued that exhumation of the Eastern Pamir domes
occurred since 6–5 Ma and may have accelerated at ~3–1 Ma.
Recently, rock magnetic characteristics (anisotropy of magnetic susceptibility, AMS) have also been used to infer tectonic uplift (Charreau
et al., 2006; Huang et al., 2006; Tang et al., 2012). However, AMS is affected by many factors including sedimentary compaction, sedimentary
facies, texture of sediments, source materials, and tectonic compression.
Thus, AMS is not solely controlled by tectonics, and care must be taken
when only using AMS data to identify periods of tectonic uplift.
In contrast to the above methods, deposition in active tectonic
settings is always controlled by growing structures. The syntectonic
sedimentation (growth strata) is contemporaneous with tectonic deformation in active fold-and-thrust zones in front of orogenic belts
(e.g., Suppe et al., 1992, 1997; Vergés et al., 2002; Cunningham et al.,
2003). In this context, the chronology of syntectonic sediments, associated with a natural growth fold, can be a valuable tool for understanding
the interplay between sedimentation and tectonic activity (Masaferro
et al., 2002).
In recent years, growth strata in the foreland basins of the Tian Shan
and Kunlun mountains have been well studied (Hubert-Ferrari et al.,
2007; Sun et al., 2008, 2009b; Sun and Zhang, 2009). The results indicate
that growth strata began to form at ~7–5 Ma and lasted until the early
Pleistocene (Fig. 8). Therefore, although the collision of India with Eurasia occurred as early as 55–50 Ma (Molnar and Tapponnier, 1975), the
intracontinental deformation of the Tian Shan range in response to this
collision occurred much later, spanning a time interval from the latest
Miocene to the early Pleistocene.
In addition to the tectonics in the Tian Shan range, there have
been more regional records for this delay in Inner Asia to the early
India–Eurasia collision. In the Gobi Altai orogen, limited Paleogene strata throughout the Gobi Corridor region suggest that from the Late Cretaceous until the mid-late Miocene, the entire region was tectonically
quiescent and eroded down to a low-relief and peneplained landscape
until Late Miocene–Recent reactivation (Cunningham et al., 2003). In
the Qilian Shan and associated ranges on the northeastern margin of
the Tibetan Plateau, early workers held that tectonic uplift was largely
conﬁned to the late Miocene and Pliocene (e.g., Burchﬁel et al., 1989;
Meyer et al., 1998; Tapponnier et al., 2001). Such views were corroborated by considerable later evidence for mountain building throughout
the northeastern Tibetan Plateau during the late Miocene (e.g., Fang
et al., 2005; Zheng et al., 2006, 2010a,b; Lease et al., 2007).
6.2. Forcing mechanism of stepwise aridiﬁcation since the late Miocene
To discuss the forcing mechanism of stepwise aridiﬁcation since the
late Miocene, we correlate the regional climate record of the Tarim
Basin with the global deep sea record and regional tectonic uplift events
(Fig. 9).
The increasing contents of soluble cations in evaporite minerals
(Fig. 9a) indicate a peak at ~7–5.3 Ma. For which, we have two interpretations. Firstly, it has been broadly accepted that thick evaporite successions beneath the ﬂoor of the Mediterranean, led to the Messinian
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Fig. 8. Syntectonic growth strata indicating crustal shortening and mountain uplift from ~7–5 Ma. (a) Digital elevation model showing a simpliﬁed tectonic framework and the locations of
anticlines in the fold-and-thrust foreland basins. The red arrow indicates the direction of northward indentation of the Pamir salient related to the India–Eurasia convergence. ATF: Altyn
Tagh Fault, KLF: Kunlun Fault; TTF: Talas–Fergana Fault; KRF: Karakoram Fault. (b) Tugulu Anticline in the foreland basin of the northern Tian Shan, showing syntectonic growth strata
initiated at ~6 Ma (Sun and Zhang, 2009). (c) Growth strata in the Qiulitag Anticline in the foreland basin of the southern Tian Shan initiated at ~6.5 Ma (modiﬁed from Sun et al.,
2009a). (d) Growth strata in the Sanju Anticline in the foreland basin of the Kunlun range initiated at ~5.3 Ma (Sun et al., 2008). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

Salinity Crisis during the latest Miocene (Hsü et al., 1973) that was
caused by tectonically induced uplift of the Strait of Gibraltar, which isolated the Mediterranean from the Atlantic, in response to the convergence between the Arabian Plate and Eurasia (e.g., Hsü and Bernoulli,

1978; Krijgsman et al., 1999; Garcia-Castellanos and Villaseñor, 2011).
To date, controversies still exist about the timing and duration of this
event. Although some authors suggested an age of 5.96–5.33 Ma
(e.g., Krijgsman et al., 1999), others assigned an age of 6.8–5.3 Ma
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Fig. 9. Regional climate change in the Tarim Basin (a, b) is correlated with global climate records (c, d) and regional tectonic uplift events (e). Soluble cations include Ca2+, Mg2+, Na+, and
K+; sea level data are from Hansen et al. (2013); oxygen isotopic data for 0–5.32 Ma and 5.32–13.3 Ma are from Lisiecki and Raymo (2005) and Zachos et al. (2001), respectively.

(e.g., Butler et al., 1999; Warny et al., 2003). This later time range is consistent with the high peak of soluble cations of Fig. 9a. We note that although the Pamir orogen collides with the South Tian Shan orogen
in response to the convergence between India and Eurasia (Fig. 1),
they were at least 300–400 km apart before the early collision of
India–Eurasia at ~ 55–50 Ma (e.g., Burtman and Molnar, 1993).
Northward displacement of the Pamir arc has happened at least since
the early Eocene (Burtman and Molnar, 1993). The contemporaneity
between the high peak of the soluble cations of evaporite minerals in
the Tarim Basin and the duration of the Messinian Salinity Crisis
suggests that there was a close link between them. The Tarim Basin
lies in the downwind direction of the Mediterranean Sea and there
would exist a narrow gateway between the Tian Shan orogen and
the Pamir salient at 7–5.3 Ma, which was thus favorable for the transportation of evaporite minerals from the dried-up Mediterranean to
the Tarim Basin (Fig. 10a). Secondly, due to the shrinkage of the
Mediterranean Sea, vapor transportation by westerlies was greatly reduced, and this led to aridiﬁcation in the downwind Tarim Basin. The
second case is supported by the weak chemical weathering indicated
by the decline of redness at 7–5.3 Ma (Fig. 5b), as well as by the early existence of limited eolian sand dunes in the interior of the Tarim Basin
(Sun et al., 2009b). However, the extent of this early episode of
aridiﬁcation was much less than that of the later aridiﬁcation event
that was initiated 5.3 Ma, because extensive sand dunes similar
to those in the present desert of the Tarim Basin formed at 5.3 Ma
(Sun and Liu, 2006). This early phase of aridiﬁcation is not mirrored
by global-scale climatic records of the ﬂuctuation of sea-level (Fig. 9c)
and of marine oxygen isotopes (Fig. 9d). In this context, a regional tectonic factor played a signiﬁcant role in the ﬁrst phase of aridiﬁcation
in the Tarim Basin (Fig. 9e).
The chemical weathering index, represented by Fed/Fet, presents another means of assessing the weakening alteration and drying climate
since ~ 5.3 Ma (Fig. 9b). The extent of this second aridiﬁcation event,
which far exceeded the earlier one, is supported by the formation of

large-scale dune ﬁelds (Sun and Liu, 2006), and by the long-core record
in the Tarim Basin (Liu et al., 2014). As discussed above, syntectonic
growth folding lasted from 7 or 5.3 Ma to the end of the early Pleistocene (Fig. 9e), and this was accompanied by the accumulation of higher
energy alluvial and ﬂuvial coarse conglomerates after 5.3 Ma, this implying intense tectonic uplift. After 5.3 Ma, sea water entered the Mediterranean as a result of the erosion or collapse of the Gibraltar isthmus
(Fig. 10b). Although the area of sea was much larger compared with that
during the Messinian Salinity Crisis (Fig. 10b), there was enhanced aridity in the downwind Tarim Basin. This can be explained by the ongoing
northward indentation of the Pamir orogen, which mostly collided with
the Tian Shan orogen at 5.3 Ma (Fig. 10b). This caused uplift of the surrounding mountains, and blocked the transport of water vapor from the
upwind Mediterranean Sea and the Paratethys, leading to the extreme
aridity in the Tarim Basin since 5.3 Ma.
Similar to the ﬁrst aridiﬁcation event at 7–5.3 Ma, this later
aridiﬁcation phase cannot be matched with the global-scale climatic
records of sea-level (Fig. 9c) and marine oxygen isotopes (Fig. 9d).
Therefore, regional tectonics played a dominant role in driving this
second aridiﬁcation event, whereas global cooling that induced
sea-level decline, only played a minor role.
Although the two regional aridiﬁcation events are not mirrored
by the global climatic curves during the latest Miocene, the long-term
trend of a reduction in chemical weathering, as revealed by Fed/Fet,
is generally correlated with a global sea level fall (Fig. 9b), as well as
a long-term cooling trend revealed by high-latitude climate reconstructions from the marine oxygen isotopic record of the past 13.3 Ma
(Fig. 9d). This suggests that the general trend of regional climatic
drying in the Tarim Basin was controlled by ﬁrst-order global
cooling, whereas the two stepwise aridiﬁcation events in the latest
Miocene were predominantly controlled by regional tectonic uplift
as a response of the intracontinental deformation of the India–Eurasia
collision in Inner Asia. In the last case global cooling only played a
minor role.
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Fig. 10. Schematic maps showing the relationship between regional tectonics, wind patterns, and paleoclimate during the latest Miocene. The geographic location of the Paratethys was
referred from Popov et al. (2004). (a) Regimes of sea distribution, extent of the dried-up Mediterranean Sea, and the positions of the Pamir and Tian Shan orogens. Note that there was
probably a narrow gap between them permitting the transport of evaporite minerals from the desiccated Mediterranean to the Tarim Basin from ~7 to 5.3 Ma. The dried-up Mediterranean
Sea also resulted in reduced vapor transport downwind to the Tarim Basin. (b) The northward indentation of the Pamir salient ﬁnally led to the collision with the Tian Shan orogen at
~5.3 Ma, together with the uplift of the surrounding mountains, blocking vapor transport by the westerlies to the Tarim Basin, which caused much enhanced aridiﬁcation. The
red solid arrows indicate the directions of northward plate movements. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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