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a b s t r a c t
The building of Tian Shan is often simpliﬁed to a Cenozoic reactivation of a Paleozoic fold belt. During the past
decades extensive case studies have arrived at the conclusion that Tian Shan experienced diachronous uplift
during the Cenozoic, however, understanding of the speciﬁc location and duration of the mountain building is
still hindered by complex tectonic history of the orogenic belt. Considering the geochemical differences of various
tectonic units within the mountains, we studied the chemical composition variability for the carbonate-free ﬁnegrained samples collected from the longest terrestrial outcrop in the Kuche depression, southern Tian Shan, at a
high resolution in order to better constrain the orogenic process. Our data show signiﬁcant increases in mobile
elements during the interval of 23–17 Ma, departing substantially from the stable long-term weathering trends
and limited sedimentary sorting effects. We interpret the trend as provenance changes, which provide crucial
evidence to support that the South Tian Shan experienced signiﬁcant surface uplift during the early Miocene.
This argument is supported by other studies conducted on both local and regional scales. Mineralogical analyses
for the study section have shown that, since the early Neogene, a marked increase of detrital limeclasts derived
from the South Tian Shan is accompanied by the decreases of the abundance of garnets derived from
an ultrahigh-pressure metamorphic fold belt in the central Tian Shan. Moreover, low-temperature
thermochronological results revealed that the central Tian Shan merely experienced pre-Neogene cooling,
contrasting to the southern piedmont of the mountain where Neogene cooling dominated. Taken all together,
we conclude that the uplift of the South Tian Shan initiated at ~23 Ma and the paleoelevation may exceed the
height of the central Tian Shan at ~17 Ma.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
With peaks higher than 7000 m, the Tian Shan Mountains dominate
Central Eurasian landscape over an E–W distance of 2500 km. The
tectonic history of the mountains may be tracked to Paleozoic, when
the region was deformed into a fold belt (Windley et al., 1990; Xiao
et al., 2015). The mountains are sandwiched by the Junggar and the
Tarim basins throughout the Meso- and Cenozoic eras (Hendrix et al.,
1992; Windley et al., 1990) and shed thick clastic sediments on its
ﬂanks. The present Tian Shan is predominately a product of tectonic
rejuvenation in response to the India–Asia collision during the Cenozoic
(Avouac et al., 1993; Molnar and Tapponnier, 1975; Yin et al., 1998).
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Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029,
China. Tel.: +86 10 8299 8301; fax: +86 10 6201 0846.
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Although the tectonic process that formed the Tian Shan has
been extensively studied, the precise timing and duration of the building of the present Tian Shan are still open to debate. By applying modern
shortening rate across the Tian Shan, a middle Miocene (Abdrakhmatov
et al., 1996; Artyushkov and Hofmann, 1998), which roughly agrees
with those ages derived from mass balance calculation between the
Tian Shan and its adjacent basins (Métivier and Gaudemer, 1997).
These arguments, however, are undermined by poor chronological
constraints, the assumption that shortening rate did not change for
~ 15 Ma, and the basin ﬁll were precisely dated. Low temperature
thermochronology studies suggest that the onset of exhumation varies
from the late Oligocene (Dumitru et al., 2001; Heermance et al., 2007;
Hendrix et al., 1994; Macaulay et al., 2014) to the middle to late Miocene
(Bullen et al., 2001, 2003; Sobel et al., 2006) at different parts of the
mountains.
Within improved chronostratigraphic framework based on highresolution magnetostratigraphy, the onset of growth strata, the timing
of initiation of coarse clastic sedimentation, and the increase in
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sedimentation rates in sedimentary basins can represent the minimum
ages of the onset of the deformation in the Tian Shan. Results from
various locations within the Tian Shan generally show that deformation
occurred during four time intervals: early Miocene (25–20 Ma,
e.g., Heermance et al., 2008; Huang et al., 2006; Tang et al., 2012;
Wack et al., 2014; Yang et al., 2015; Yin et al., 1998), middle Miocene
(17–15 Ma, e.g. Charreau et al., 2009a; Heermance et al., 2007, 2008;
Huang et al., 2006; Tang et al., 2012), early late Miocene (11–10 Ma,
e.g. Bullen et al., 2001; Charreau et al., 2005; Charreau et al., 2006;
Charreau et al., 2009b; Wack et al., 2014), and latest Miocene (7–
5 Ma; e.g. Jing et al., 2011; Li et al., 2010; Sun et al., 2009; Sun and
Zhang, 2009). Taking into account the heterogeneous mountain building and complex tectonic history of the orogenic belt, such observations
have poor constraints on the speciﬁc location and duration of the
deformed region.
The Kezilenuer section in the Kuche depression is the longest known
ﬂuviolacustrine sequence within the southern Tian Shan (Huang et al.,
2006; Li et al., 2006b). The section spans from the late Paleogene
throughout the Miocene. We here assess previous magnetostratigraphic
correlations by using a statistical method and present chemical compositions of bulk ﬁned-grained rock samples collected from the section. By

combining these data with previously published low-resolution data of
detrital mode and mineral composition, we aim at constraining the
exhumation histories and determining the location and duration of
the mountain building of the southern Tian Shan.
2. Geological setting
The Tian Shan orogenic belt consists of microcontinental blocks
containing Precambrian basements and Meso-Cenozoic depositional
covers. In the southwestern Chinese Tian Shan, the Tarim plate and the
Central Tian Shan plate were assembled during the early Carboniferous,
resulting in widespread ultrahigh-pressure eclogite and blueschists
along the Southern Central Tian Shan Suture (SCTS, Han et al., 2011,
Fig. 1a). To the south of the suture deformed Paleozoic carbonate
shelf is well exposed, on the Harke Mountain, which is the summit of
the present South Tian Shan. The Paleozoic sedimentary rocks mainly
consist of Silurian to Carboniferous limestone, marble, ﬂysche, chert
and clastic sedimentary rocks (Fig. 1b & c).
The Kuche depression is a foreland basin resulting from southward
thrusting of the South Tian Shan (Yin et al., 1998). It extends 300–
400 km west to east with a width of 40–70 km, occupying ca.

Fig. 1. (a) Topographic map of the Tian Shan with main faults that divide the mountain into North, Central and South Tian Shan. SCTS represents the Southern Central Tian Shan Suture and
the blue stars indicate the sites of UHP metamorphic rocks (Han et al., 2011); (b) simpliﬁed geological map of the study area, showing the location of the study section. Note the transection
A–A′; (c) transection A–A′ in (b). (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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2.8 × 104 km2. The Kuche depression accumulated about 10 km of
sediments shed from the Tian Shan throughout the Mesozoic and
Cenozoic, of which 5–6 km are assigned to the Cenozoic. Between the
late Cretaceous and the early Cenozoic the western part of the
depression was intermittently inﬂuenced by a series of shallow marine
transgressions (Hao et al., 2000).
The Cenozoic strata overlie the Cretaceous strata unconformably
and, in ascending order, comprise the Kumugeliemu Group, and the
Suweiyi, Jidike, Kangcun, Kuche and Xiyu formations without signiﬁcant
hiatus between them. The Kumugeliemu Group contains two distinct
sedimentary facies (Li, 1984). In the western part of the basin the
group mainly consists of intercalated sandstone and shale deposits in
lagoon environments and evaporites deposited in close lake environments, while in the eastern part of the basin the group contains
silicilastic sedimentary rocks deposited in ﬂuvial and lacustrine environments, and the grain size becomes ﬁner southward. The formations
overlying the Kumugeliemu Group are widely distributed in the linear
folds of the Kuche depression and comprise interbedded conglomerate,
sandstone and siltstone, and the frequency of conglomerate increases
upward.
3. Chronology revisited
Based on poorly preserved marine fossil assemblages from the
western Kuche depression, the age of lower Kumugeliemu Group was
assigned to be the late Paleogene and the early Eocene (Su et al.,
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2003; Zhu et al., 2012). Because of the spatial variations of sedimentary
facies (Li, 1984; Zhou et al., 2001) and the diachroneity of marine
regression (e.g. Bosboom et al., 2014; Sun and Jiang, 2013), it is unreliable to correlate the group in the eastern part of the basin directly to
that of the western part of the depression.
As one of the type sections for the Cenozoic sedimentary rocks in the
Kuche depression, the Kezilenuer section (83°17.5′E, 42°02.4′E)
exposes thick, continuous deposits ranging from the Kumugeliemu
Group to the Xiyu Formation (Li et al., 2006b). Due to the absence of
characteristic fossils used for age control and the ashed beds used for
isotopic dating, magnetostratigraphy might be the most powerful
approach to date the section. Huang and colleagues conducted detailed
magnetostratigraphic analyses for the section and established a highresolution magnetic polarity sequence based on 969 samples (Huang
et al., 2006). Basically based on the observed distinctive and wellestablished magnetozones, they suggested that the Kezilenuer section
was deposited from magnetostratigraphic Chron C11n.1n to C3r of the
geomagnetic polarity time scale (GPTS), i.e. between 29.183 and
6.033 Ma following the latest GPTS (Ogg, 2012). This section is the longest terrestrial section in the southern Tian Shan, playing a crucial role
for understanding regional tectonic deformation during the Cenozoic.
Zhang et al. (2014) adopted Huang's original correlation for the
upper part of the section and stretched the lower part to ca. 40 Ma,
yielding a basal age ~ 10 Ma older than the original argument. With
the reinterpreted chronology they suggest that the South Tian Shan
experienced accelerated shortening since the late Eocene.

Fig. 2. Magnetostratigraphy for the Kezilenuer section showing different correlations to the GPTS (Ogg, 2012), proposed by Huang et al. (2006), Zhang et al. (2014), and the dynamic time
warping algorithm (Lallier et al., 2013). The enlarged inset indicates the differences between the correlations by Huang et al. (2006) and by the algorithm presented in the study (Qupydon
Result0).
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Admittedly, without robust constraints from radiometric ages and
diagnostic fossils, visually magnetostratigraphic correlation is somewhat a subjective practice. Nevertheless, statistical tests can improve
the quality and reduce the uncertainty of a correlation. Here we correlate the observed polarity sequence with the GPTS (Ogg, 2012) based
on the dynamic time warping algorithm (Lallier et al., 2013). With an
assumption of locally stationary sedimentation rates, the algorithm
induces the correlation cost, which is designed to measure the local
variations of the accumulation rate within the predicted chronological
framework, and ﬁnds the minimum correlation cost. We calculated
the correlation costs for 5000 potential correlations using the program
Qupydon within the C-sequence of the GPTS. As a result, 50 minimum
cost outputs unanimously correlate the sequence to the magnetostratigraphic Chron C10r to C3An.1n, and the differences among them
are trivial. The 50 correlations and their costs can be found in the
Supplementary materials.
We here adopt the least cost correlation (Rank 0) recommended by
the algorithm and compare it with the framework proposed by Huang
et al. (2006) and Zhang et al. (2014) through an age-thickness plot
(Fig. 2). The statistically least cost correlation (i.e. the best correlation)
bears a striking similarity to the original chronology proposed by
Huang et al. (2006) with negligible differnce around 25 Ma. In contrast,
the re-interpreted chronology for the lower part of the section (Zhang
et al., 2014) is deviated from these solutions. According to their reinterpretation, the observed magnetic polarity sequence has more than 50%
chrons missed or unidentiﬁed, which is unacceptable for reliable
magnetostratigraphic correlation. Furthermore, the reinterpretation
predicts a sedimentation rate of ~ 5 cm/ka for the lower part of the
section, which is extraordinarily low relative to any previous data
from the surroundings (e.g. Charreau et al., 2006; Sun et al., 2009;
Tang et al., 2011; Lu et al., 2014).
Our statistical assessment validates the original magnetostratigraphic
chronology determined by Huang et al. (2006).

4. Chemical composition analysis
4.1. Material and methods
In this study we analyzed the chemical composition of 190 bulk samples collected from the Kezilenuer section, yielding an average sampling
interval of ~ 12.5 m (55–180 ka). Most samples came from mudstone
and siltstone in the ﬂuviolacustrine deposits and no samples were
taken from conglomeratic units.
These samples were ﬁnely ground in an agate mortar and treated
with 1 M acetic acid to remove carbonate. The acid-insoluble residue
was rinsed four times with deionized water and evaporated to dryness
in an oven at 105 °C. About 0.5 g of carbonate-free sample was heated to
1000 °C in a mufﬂe furnace to determine the loss on ignition (LOI), and
then mixed with 6 g of Li2B4O7 and fused to a glass bead in a platinum
crucible. The prepared beads were measured on a Shimadzu XRF-1500
for abundances of major elements in the Institute of Geology and
Geophysics, CAS. The reproducibility of element measurements, tested
by replicate analyses of the IGGE reference sample GSS-5, is better
than 5% for all major oxides. The reproducibility of P2O5 and MnO is 10%.
Weight percentages of the oxides of major elements produced
by XRF were recalculated to molar ratios for evaluating chemical
weathering condition. Moreover, we employed a linear least squares
regression to estimate the long-term geochemical trend of the study
section and conducted t-test to evaluate the signiﬁcance of the linear
trend.
4.2. Results
Weight percentages of major oxides from the Kezilenuer section are
presented in Fig. 3. The carbonate-free samples consist mainly of SiO2,
Al2O3, Fe2O3, K2O, and MgO, with low concentrations of Na2O, TiO2,
CaO, and MnO. The abundances of major elements generally display

Fig. 3. Abundance of major oxides for carbonate-free samples collected from the study section as a function of age.
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smaller variation in the upper section compared to the lower section.
For example, Al2O3 abundance has standard deviations of 2.18 and
1.38 prior to and after 15 Ma, respectively.
The overall trends of the relative concentrations of SiO2 and Na2O
are similar. They exhibit statistically signiﬁcant but poorly deﬁned
decreases upward (n = 190, p b 0.001) until ~7 Ma, and slight increases
upward after ~7 Ma. The relative concentrations of Al2O3 and CaO show
stepwise increases. The relative concentration of Al2O3 increases at
~ 15 Ma and the relative concentration of CaO increases at ~ 23 and
~ 7 Ma. The rest of Fe2O3, K2O, TiO2, and MnO, show relatively stable
concentrations throughout the sequence.
5. Discussion
Factors inﬂuencing bulk geochemistry of clastic sediments
chieﬂy include: (1) weathering intensity, (2) sedimentary sorting, and
(3) provenance (Nesbitt, 2003). Major elements greatly differ in their
susceptibilities to fractionation during weathering and transport,
allowing us to deduce the information of alteration and sorting history
from sedimentary geochemistry.

5

5.1. Testing element immobility
Major element composition of ﬁne-grained sediments, reﬂecting
their primary mineralogy, is sensitive to the modiﬁcations during transportation and weathering. According to their abundances in the
dissolved load of rivers worldwide, elements are primarily ranked by
their mobility (Gaillardet et al., 2003). Among the major elements,
magnesium (Mg), sodium (Na), and calcium (Ca) fall into the highly
mobile group, potassium (K) and manganese (Mn) to moderately mobile group, on the other hand, iron (Fe), titanium (Ti), and aluminum
(Al) pertain to the immobile group.
As mobile elements are lost from, or gained by, the rock, immobile
elements will increase or decrease in abundances (Argast and
Donnelly, 1987; Gresens, 1967). Element immobility can thus be further
tested using bivariate plots. If both Al2O3 and TiO2 were immobile,
the concentrations of their oxides should form a line extending to the
origin when they are plotted against each other (Christidis, 1998;
MacLean, 1990). Furthermore, immobile-SiO2 element plots should
show linear arrangements of data points, intercepting at 100% SiO2 for
the immobile elements concentrated in clay fractions or 0% SiO2 for

Fig. 4. Harker diagrams for 190 analyzed samples from the study section. Note that the immobile component plotted on the ordinate.

6

Z. Tang et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 446 (2016) 1–10

those concentrated in sand fractions (Fralick and Kronberg, 1997). In
the study section (Fig. 4), we observe that the abundances of Al2O3
and TiO2 fall on a line intercepting at 100% SiO2, suggesting that the
elements are immobile and concentrated into ﬁne-grained fraction.
The scattered distributions of TiO2 abundances and the relatively low
determination coefﬁcients (r2) of ﬁt lines for TiO2–SiO2 and TiO2–
Al2O3 suggest that the behavior of Ti might be slightly different from
Al. Therefore we regard Al as the only immobile element for further
discussion.
On the plots of mobile-immobile pairs, the intercept of a regression
line through the data on the ordinate will be positive if an element is
enriched relative to an immobile component (Land et al., 1997). Plots of
Mg, K and Fe against immobile Al show linear correlations with positive
intercepts (Fig. 4). The patterns suggest that these elements have been
enriched relative to Al, probably due to the lost of mobile Na and Ca.
5.2. Weathering history of the Kezilenuer section
Chemical weathering results in the removal of mobile elements and
thus increases the sediment maturity, and the ultimate weathering
products are generally quartz, clay, and oxides of aluminum. Quartz is
the only chemically and physically durable constituent to be accumulated
in great volume, allowing that its content is widely used as a maturity
index (Pettijohn, 1954).
In contrast, feldspar group contains abundant mobile elements;
consequently the dominant process during chemical weathering is the
degradation of feldspars (Pettijohn, 1954). The ratio of immobile alumina to mobile alkalis, equals to Al2O3/(Al2O3 + CaO + Na2O + K2O),
namely CIA, is a good measure of the degree of weathering (Nesbitt
and Young, 1982).
Most recently, Meunier et al. (2013) deﬁned M+–4Si–R2+ system,
where M+ sums the numbers of monocationic millimoles of alkaline
and alkaline earth elements (M+ = Na+ + K+ + 2Ca2+), R2 + sums
the numbers of divalent metallic elements (R2 + = Mg2 + + Fe2 + +
Mn2 +), while 4Si represents the number of Si4 + divided by four.
Using the novel M+–4Si–R2+ ternary plot, they successfully incorporated SiO2 content and metallic components into the weathering intensity
scale (WIS), and deﬁned a full weathering intensity scale to measure the
difference between the compositions of unweathered and weathered
samples. To a given sample, a WIS parameter, Δ4Si%, ranges from zero
for the compositions of fresh rocks to 100 for the ultimate altered
rocks (kaolinites).
Here we use the three approaches mentioned above to portray
the weathering history of the study section (Fig. 5). The SiO2 content,
ranging from 57.4% to 87.5% with an average of 68.5 ± 4.4% (1 s.d.),
shows a statistically weak but signiﬁcant decreasing trend (n = 190,
r = 0.24, p = 0.001). Relative to the upper continental crust, the WIS
displays a decreasing trend similar to the SiO2 content. These trends
might suggest a long-term weakening of weathering of the Kezilenuer
section during the late Oligocene and the Miocene.
Meanwhile, the CIA values from ﬁne-grained rocks of the study
section vary from 57.3 to 74.1, with an average of 66.8 ± 2.9. These
low values are close to those of Pleistocene loess from western Pamir
(Yang et al., 2006) and are higher than those of the detrital sediments
in the present Taklamakan desert (Zhu and Yang, 2009). Different
from other approaches, the CIA values are relatively stable before
~9 Ma, and decrease after ~9 Ma, probably indicating that the feldspars
may have experienced comparable alteration during the interval from
30 to 9 Ma.
Bivariate plots of the oxides Al2O3, K2O, CaO, Na2O vs. CIA from the
Kezilenuer section (Fig. 6) show that CIA negatively correlated with
Na2O and CaO, and positively correlated with Al2O3 and K2O. These patterns further verify that the loss of Na2O and CaO mainly contributes to
the degree of chemical weathering of the sediments, i.e. the sediments
are still in the early stage of the continental chemical weathering
process and only plagioclase is being altered.

Fig. 5. Weathering indices as a function of age. CIA = Al2O3/(Al2O3 + CaO + Na2O + K2O),
where CaO represents the amount in silicate only (Nesbitt and Young, 1982). Δ4Si% is a
full weathering intensity scale to measure the difference between the compositions of
unweathered and weathered samples, 0 for fresh rocks and 100 for kaolinites (Meunier
et al., 2013).

5.3. Sedimentary sorting
Many studies have investigated the role of sedimentary sorting
and resulting grain size effects in obscuring the original signals of rock
composition (Garzanti et al., 2009; Xiong et al., 2010; Yang et al.,
2006). To minimize the potential impacts of grain size, we adopt the
sampling strategy that all samples are collected from ﬁne-grained
beds on the site scale.
The principal effect of sedimentary sorting is a winnowing of
phyllosilicate minerals from coarse-grained minerals (Argast and
Donnelly, 1987; Taylor and McLennan, 1985). Consequently quartz
and feldspar are preferentially concentrated into the coarse fraction,
and phyllosilicate minerals into the ﬁner-grained fractions. The ratios
of oxides, such as SiO2/Al2O3 and Na2O/K2O, hosted in the former and
latter mineral groups are expected to increase from mudstone to
sandstone, reﬂecting the decreasing proportions of phyllosilicates in
sandstone (Ohta, 2004). Fig. 7 shows a bivariate plot of the element
ratios sensitive to the sorting processes. Relative to the hypothetical
differentiable sedimentary components (Argast and Donnelly, 1987),
more than 90% of samples fall into a narrow interval and do not present
a marked gradient. This pattern suggests that the sedimentary sorting is
not an important determinant factor in controlling the geochemical
composition of the study section, although the data distribute along a
straight array and are somewhat proportional to the SiO2 content.

5.4. Changes in provenance
5.4.1. Compositional variability of the section
As discussed above, aluminum is the most immobile element. We
here use the abundance of alumina relative to the other major metallic
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Fig. 6. Bivariate plots showing CIA and the abundance of oxides (wt.%).

cations to depict the variation of the bulk rock chemistry, following the
index of compositional variability (ICV) deﬁned by Cox et al. (1995):
ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO + TiO2)/Al2O3.
Generally clay and nonclay silicate minerals have markedly different
values for the ICV value. Clay minerals are enriched in aluminum;
therefore they have a low ICV, commonly ranging from 0.03 to 0.78. In
contrast, nonclay silicates contain a lower proportion of aluminum
and the ICV tends to be higher.
Most ICV values from the study section exceed the range of values
for common clay minerals and feldspars (0.54–0.87), except of several
samples spanning 17–15 Ma (Fig. 8). The overall trend suggests that
these samples contain abundant non-clay silicate minerals with high
ICV values, roughly consistent with the weak weathering stage
suggested by the weathering indices.
Different from the relatively stable CIA and WIS (Fig. 5), the ICV
sequence can be grouped into three distinct stages, which are punctuated
by two marked transitions. At ~23 Ma the ICV exhibits a rapid increase to
the level well exceeding 1, and remains stable until ~ 17 Ma where it
gradually goes back to 0.94 then stays relatively constant until the top
of the section. Taking into account the weak inﬂuences of weathering

and sorting processes, the observed ICV sequence would be dependent
upon the changes in provenance.
Because the sum of the element components always maintains itself
at 100%, the ﬂuctuations in silica content may mask any subtle trends of
other elements. To eliminate the effects of silica, we asterisked the
oxides as their relative abundances out of the total analysis excluding
SiO2 (Fig. 8). Comparing to the raw data (Fig. 3), marked increases in
the average abundance and in the variability are observed for the metallic elements through time, allowing better evaluations of the potential
trends of the metallic elements.
The variations of oxides (Fig. 8) seem closely associated with
the mobility of element. The highly mobile elements, such as Na, Ca,
and Mg (Gaillardet et al., 2003), have larger variations than those of
moderately mobile K and Mn, and that of most immobile Ti. Moreover,
each oxide has smaller variation for samples from the upper part of the
study section than those from the lower part, recalling that some essential changes occurred.
The increase in the ICV at ~23 Ma probably arises from the enhancement of MgO* and CaO* at the expense of Al2O3*, and the decrease in the
ICV at ~ 17 Ma mainly arises from the decrease in Fe2O3* and the
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Fig. 7. Bivariate plot of element ratios sensitive to sedimentary sorting effects (Ohta, 2004)
with symbol size proportional to SiO2 content. Dashed lines are calculated contours for
15%, 25% and 50% illite compositions of the idealized differentiable sedimentary
components (Argast and Donnelly, 1987).

increase in Al2O3*, as the other elements including MgO* and CaO*
exhibit little changes. Relative to the immobile Al2O3*, the fundamental
events in the geochemical sequence mainly involve the enhanced
inputs of MgO and CaO at ~ 23 Ma and the reduced input of Fe2O3 at
~17 Ma from source rocks.
5.4.2. Constraints on the uplift of South Tian Shan
These changes in provenance may be generally attributed to reorganization of the sedimentary system by basement uplift, which provides
an inﬂux of nonclay silicate material. In the context of regional geology
(Fig. 1), the material enriched Fe mainly comes for the igneous rocks
along the late Paleozoic suture, and the source rocks enriched Mg and
Ca would be the Harke Mountain, which contains the lower Paleozoic

marble to the south of the suture. Considering that the Harke Mountain
is the summit of the present South Tian Shan Mountains, a plausible
scenario is that the uplift of the Harke Mountain initiated at ~ 23 Ma
and the marble was exhumed and eroded, shedding the material
enriched in Mg and Ca to the piedmonts where the study section was
located. At ~17 Ma, the height of the uplifting Harke Mountain is sufﬁcient to shelter Fe-enriched material from the suture to the Kuche Basin.
These speculations are supported by the detrital modes and heavymineral spectra of the sandstones from the study section. The contents
of unstable lithic fragments, especially limeclasts, underwent a marked
increase in Neogene (Li et al., 2006a). Further investigations into the
geochemical composition of detrital garnets reveal that garnets in
Cretaceous and Paleogene sandstones may well come from the low
temperature and high pressure metamorphic rocks from the Southern
Tian Shan Suture, while those in Neogene sandstone mainly come
from meta-sedimentary rocks in the South Tian Shan (Li et al., 2007).
Both lines of evidence from sandstone point to a large-scale uplift and
consequent erosion in the South Tian Shan during the Neogene. Furthermore, on the scale of the Kuche Basin, unstable detrital heavy minerals,
such as hornblende and pyroxene, increased since the Miocene,
suggesting intensive tectonic uplift of the South Tian Shan during the
Miocene (Li et al., 2004).
During the past twenty years extensive amount of low-temperature
thermochronological studies has well acknowledged the building of the
Tian Shan as a diachronous process in space, and the signiﬁcant uplift
occurred during the Neogene (Bullen et al., 2001, 2003; Chen et al.,
2008; Du and Wang, 2007; Dumitru et al., 2001; Hendrix et al., 1994;
Lü et al., 2013; Sobel et al., 2006; Sobel and Dumitru, 1997; Zhang
et al., 2009). Apatite ﬁssion track analysis revealed that the central
Tian Shan experienced a series of Paleogene and earlier cooling events,
with only a few younger events that are widely recognized in the Tian
Shan piedmonts (Du and Wang, 2007; Dumitru et al., 2001; Guo et al.,
2006). For example, 25–20 Ma cooling event is widely recognized in

Fig. 8. Element abundance as a weight percentage of total analysis minus SiO2 and the index of compositional variability (ICV) against age. ICV, as deﬁned by Cox et al. (1995), equals to
(Fe2O3 + K2O + Na2O + CaO + MgO + MnO + TiO2)/Al2O3. Note that the circle size of ICV is proportional to SiO2 content.
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the piedmont of Kuche depression on the southern Tian Shan but
not the intramontane Bayanbulak Basin to the north of the Kuche
Basin, strongly implying that the uplifted region is mainly limited
in the South Tian Shan Mountain (Du and Wang, 2007). These
thermochronological observations supply a powerful support to our
interpretations.
In addition, it is worth noticing that some elements show abrupt
changes within the uppermost of the section. The relative concentrations of CaO and Na2O show increase at ~ 7 Ma while Fe2O3 and MgO
decrease in their abundances. Such increases of mobile elements are
bound to decrease of the degree of weathering, as the CIA demonstrates
(Fig. 5). Since these changes are accompanied by the acceleration of the
sedimentation rate (Fig. 2), we attribute the weakening of weathering
to the rapid accumulation of deposits, which somewhat refrains the
leaching of mobile elements.
6. Conclusions
Within good chronostratigraphic framework, geochemical analyses
of terrestrial sequences may track tectonic processes and climatic
changes. We present a long-term and high-resolution primary element
record in the Kuche depression, inner Eurasia, in order to understand
the timing and magnitude of the tectonic uplift of the Tian Shan.
The Oligo-Miocene geochemical sequence from the Kuche depression is characterized by two irreversible shifts: increases of the concentrations of CaO and MgO at 23 Ma and decrease of the concentration of
Fe2O3 at 17 Ma. These data further reveal a weak and stable weathering
history and limited sorting effect, and thus we attribute the two ﬂuctuations to provenance change dominantly. The early Miocene uplift of
the South Tian Shan enhances non-clay silicate mineral inﬂux to the
Kuche depression since ~ 23 Ma and ﬁnally shelters the material from
the iron-riched Central Tian Shan since ~17 Ma. This argument independently gainssupport from mineralogical variability on the study section
and thermochronological results on the regional scale. Our study reveals
the feasibility of conventional geochemical method on provenance
change and tectonic uplift in such complex tectonic-sedimentary
setting like the Tian Shan.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2016.01.020.
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