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Optimum (MMCO) at 16.5 Ma. Nevertheless, regional tec-
tonics seem to have dominated over global climate as the 
warmer MMCO is expected to have increased weathering 
indices and decreased Na/Al and Na/Ti, rather than the 
observed reverse trends.
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minerals · Qinghai–Tibetan Plateau · Chemical weathering

Introduction

The Qinghai–Tibetan Plateau (QTP) has undergone a com-
plex tectonic and climatic evolution since the collision of 
India with southern Eurasia in the early Cenozoic (Harrison 
et al. 1992; Molnar et al. 1993, 2010; Molnar and Tappon-
nier 1975). Tectonically, the collision resulted in a large-
scale crustal shortening and thickening throughout the 
Qinghai–Tibetan Plateau. Deformation is observed along 
the Himalayan orogenic belt (DeCelles et  al. 2002), nor-
mal and thrust faulting occurred in central Tibet (Blisniuk 
et al. 2001), and large-scale strike-slip and thrust faulting in 
Altyn Tagh, Qilian, Kunlun (Yin et al. 2002; Yue and Liou 
1999), and the Pamir (Cao et al. 2013a, b; Robinson et al. 
2004, 2007; Yin and Harrison 2000). Climatically, the uplift 
of the QTP caused a physical obstruction affecting atmos-
pheric circulation and distribution, which lead to dramatic 
inland aridification (Molnar et  al. 2010). It also caused 
enhanced Asian monsoon activity, despite the cooling 
of Cenozoic global climate and retreat of the Neo-Tethys 
Sea (An et al. 2001; Dupont-Nivet et al. 2008; Guo et al. 
2002, 2008; Ramstein et  al. 1997; Sun and Wang 2005; 
Xiao et al. 2010). The linkages between these tectonic and 
climatic changes have been largely recorded in structur-
ally controlled depressions around the Qinghai–Tibetan 

Abstract  The Tarim Basin in western China has been 
receiving continuous marine to lacustrine deposits during 
the Cenozoic as a foreland basin of the Qinghai–Tibetan 
Plateau (QTP). Clay mineralogy and geochemical proxy 
data from these sedimentary archives can shed light on cli-
mate and tectonic trends. Here we report on an abrupt min-
eralogical and weathering shift at 17  Ma ±  1  Myr in the 
Miocene Qimugan section in the northwestern part of the 
Qinghai–Tibetan Plateau. The rapid shift involves decreas-
ing trends of chemical weathering indices, Rb/Sr and Ba/Sr 
ratios, and of minor and immobile elements with respect to 
upper crust composition as well as increasing trends of Na/
Al and Na/Ti ratios, smectite, chlorite, and calcite contents. 
We ascribe these trends to changing source rocks due to 
uplift of the northern part of the QTP leading to exposures 
of younger intrusive bodies and older gneisses, schists, 
and carbonate-rich rocks. These uplifts potentially caused 
regional aridification reducing chemical weathering. The 
dating is indirect via magnetostratigraphically dated ostra-
cod biostratigraphy and detrital zircon chronology and cur-
rently not good enough to compare the shift accurately in 
time with the onset of the global middle Miocene Climate 
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Plateau, such as the Qaidam, Xining, Linxia, Girong, and 
Zhada basins (Dettman et  al. 2003; Dupont-Nivet et  al. 
2008; Graham et  al. 2005; Hong et  al. 2007, 2010, 2012; 
Rieser et al. 2009). The relationship between uplift of the 
QTP and climate change remains scarcely documented in 
the Tarim Basin.

The mountains around the Tarim Basin have undergone 
multiple phases of uplift based on extensive and coinci-
dent exhumation records in the Pamir, Tianshan, and Kun-
lun (Amidon and Hynek 2010; Sobel and Dumitru 1997; 
Sobel et  al. 2006; Jolivet et  al. 2001, 2003). Amidon and 
Hynek (2010) attributed the first period of tectonic uplift 
to the northward propagation of the deformation related to 
the India-Eurasia collision during middle Eocene, based on 
apatite and zircon (U/Th)-He ages in the Pamir. The sec-
ond period is associated with a renewed phase of tectonics 
and plateau uplift in the Pamir (Amidon and Hynek 2010; 
Lukens et al. 2012) and in the Tianshan during the late Oli-
gocene to middle Miocene (Sobel and Dumitru 1997; Sobel 
et  al. 2006; Li and Peng 2010; Heermance et  al. 2008). 
Meanwhile, the Kunlun strike-slip fault was also active in 
the Miocene at around 15  Ma (Jolivet et  al. 2001, 2003). 
Subsequently, uplift during the middle Miocene to Pliocene 
is documented by apatite and zircon fission track chrono-
logical, sedimentological, and structure geological data 
(Wang et  al. 2003a, b, 2011; Cao et  al. 2013a, b; Heer-
mance et al. 2008).

To investigate a possible link between the phases of 
uplift and paleoclimate, multi-proxy studies were per-
formed in the Tarim Basin. Positive shifts in both carbon 
and oxygen isotopes since ~15  Ma have been interpreted 
to document increased regional aridity (Kent-Corson et al. 
2009). Integrated magnetic susceptibility, color variations, 
total inorganic and organic carbon contents, and grain-sized 
signatures have documented regionally stepwise aridi-
fication at ~7 and ~5.3 Ma, respectively (Sun et al. 2008, 
2015). These interpretations are consistent with evidence 
from geochemical records (CaCO3 and salt ions), which 
suggest drying of the Asian interior since ~5.7 Ma (Zhang 
et al. 2013). However, it is not clear whether these signals 
are the direct result of regional tectonic changes (i.e., uplift 
of the surrounding mountain ranges) or regional climate 
change. The two may very well be linked, especially in the 
Miocene, during which coincident exhumation occurred in 
the Pamir, Tianshan, and Kunlun mountains (Amidon and 
Hynek 2010; Lukens et al. 2012; Jolivet et al. 2001, 2003).

Using clay mineralogical content of the Qimugan sec-
tion in the western Tarim Basin, Wang et al. (2013a) inter-
preted a dramatically climatic cooling in the late Eocene 
to Oligocene. From the same succession, Cao et al. (2014) 
added whole-rock major elemental analysis to address 
paleoclimate and tectonic changes in the Tarim Basin in the 
Miocene. Here, we carefully review the age control on this 

succession based on detailed regional correlations of fos-
sil ostracods and foraminifers across the Tarim Basin as 
well as to adjacent basins, with new magnetostratigraphic 
age data and detrital zircon chronology as age constraints. 
We integrate whole-rock mineralogical, clay mineralogical, 
major elemental data, and add minor elemental and min-
eral morphological data from the Qimugan section in the 
Tarim Basin to enhance the understanding of environmen-
tal change and sedimentary provenance in the northwestern 
part of the QTP since the early Miocene.

Geological setting

The study area is located in the southwestern part of the 
Tarim Basin, which is in the northwestern part of the 
QTP (Fig. 1a). The Tarim Basin expands over an area of 
~500,000 km2 and is surrounded by the Tianshan Moun-
tains to the north, the Pamir Plateau to the west, the West 
Kunlun to the south, and Altyn Tagh Mountains along 
its eastern margin (Fig.  1a; Cao et  al. 2013a, b; Sun 
et al. 2005a). In the Eocene, marine sedimentation took 
place in the Tarim Basin. The long-term effect of India-
Eurasia collision subsequently resulted in regression of 
the Neo-Tethys Sea and activation of the Tianshan and 
Altai Shan, and initiation of major boundary faults, such 
as the Karakorum, the Main Pamir Thrust, the Kashgar-
Yecheng transfer system, and Altyn Tagh Faults (Cao 
et al. 2013a, b; Sobel and Dumitru 1997; Bosboom et al. 
2011, 2013).

The sedimentary facies and lithostratigraphy of the 
Qimugan section in the Tarim Basin have been previously 
documented by Jin et  al. (2003) and Zhang et  al. (2010). 
They reveal a relatively complete Cenozoic sedimentary 
succession including the change from a marine to a con-
tinental depositional setting. In the Qimugan section, the 
continental beds belong to the Keziluoyi, Anjuan, Paka-
bulake, and Atushi Formations. The Keziluoyi Formation 
lies disconformably over the marine Bashibulake Forma-
tion and consists of gypsiferous mudstones and gypsum 
beds in its lower portions, and grayish-red, purplish-gray, 
and brownish-red fine sandstones, calcareous siltstones, 
and calcareous mudstones in its upper portions. The Anjuan 
Formation is characterized by grayish-green mudstones and 
sandstones intercalated with grayish-green to brownish-
red siltstones, with several tens of meters of grayish-green, 
thick-bedded fine sandstones at its base. The Pakabulake 
Formation consists of brownish-red, gray, and polymictic 
mudstones interbedded with grayish-green sandstones. The 
Atushi Formation is composed of gray to brownish-gray 
polymictic conglomerates interbedded with pinkish, fine 
sandstones with interlayers of mudstones, siltstones, and 
gypsiferous mudstones.
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Fig. 1   a Schematic structural map of the Tarim Basin (Cao et  al. 
2013a, b); B-Boguzihe section, Y-Yecheng section, S-Sanju section; 
b detail of the location of the Qimugan section (redrawn from Wang 

et al. 2013a). b The whole section from Paleogene to Neogene, while 
in this study we focus on the Neogene sediments
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Age control

The Keziluoyi, Anjuan, and Pakabulake Formations in the 
Qimugan section are assigned to be Oligocene to lower 
Miocene, middle Miocene, and upper Miocene, respec-
tively (Fig.  2; Wang et  al. 1990; Graham et  al. 2005; Yin 
et  al. 2002). These ages are based on fossils, including 
ostracods and benthic foraminifers. Additional magne-
tostratigraphic dating in the southwestern depression of 
Tarim Basin confirms the chronostratigraphic division of 
these formations. By integrating the fossil assemblages, 
magnetostratigraphic dating, and detrital igneous zircon 
chronology (Cao et  al. 2014), the age uncertainty at the 
boundaries of each two formations should be within 1 Myr. 
The age uncertainties of events are within 0.5 to 1 Myr at 
different stratigraphic levels based on calculated results 

assuming the accumulation rate within each formation is 
invariable.

Keziluoyi and Anjuan formations

The bottom of the Keziluoyi Formation is on a regional 
scale characterized by an unconformity with the underlying 
Keziluoyi Formation (Sun and Jiang 2013; Bosboom et al. 
2013). This unconformity is magnetostratigraphically dated 
in the Oytag and the Aertashi sections at around the bound-
ary between the Eocene and Oligocene with the onset of 
sedimentation estimated consistently at ~33.2 Ma (Fig. 1a; 
Sun and Jiang 2013; Bosboom et al. 2013).

The dominant species of the ostracods and foraminifers 
in Xinjiang province, China, provide an opportunity to cor-
relate the biostratigraphic units among the Tarim Basin, 

Fig. 2   Lithostratigraphic units, biostratigraphies, and chronology 
of Qimugan section. The Epoch and age were estimated from ostra-
cod biostratigraphies (Jiang et al. 1995) in concert with foraminiferal 
biostratigraphies (Hao et al. 1982a, b) with well-dated magnetostrati-
graphic ages (Huang et al. 2006; Ji et al. 2008) in the Kuche Basin, 

the Southwestern depression in the Tarim Basin, and in the Qaidam 
and Xunhua basins (see text for detail). The symbol ‘?’ in the figure 
stands for unknown presence of the fossil species. The ages applied 
here are in accordance with the International Chronostratigraphic 
Chart (ICS 2015)
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Junggar Basin, and Kuche Depression (Jiang et  al. 1995; 
Hao et  al. 1982a, b). The Keziluoyi and Anjuan Forma-
tions can be correlated with the Shawan and Taxihe For-
mations in the Junggar Basin and to the Jidike Formation 
in the Kuche Depression. The dominant ostracod species in 
the lower part of the Keziluoyi Formation are Hemicyprid-
eis intercedens, Hemicyprinotus valvaetumidus, Medio-
cypris ordinate, and Darwinula nadinae, accompanied by 
Cyprideis littoralis at the top of the Keziluoyi Formation 
(Fig. 2; Jiang et al. 1995). The species that only appear in 
the Anjuan Formation are Cyprinotus baturini, Cyclocy-
pris cavernosa, Cypridopsis nitida, Cytherissa lacustris, 
Eucypris concinna, Eucypris kayindikeensis, Leptocythere 
longiformis, Limnocythere dura (Fig. 2; Jiang et al. 1995). 
The species above, both in the Keziluoyi and Anjuan For-
mations, appear in the Shawan and Taxihe Formations in 
the Junggar Basin, as well as in the Jidike Formation in the 
Kuche Basin, respectively (Fig. 2; Jiang et al. 1995). These 
species simultaneously disappear in the Dushanzi and 
Kangcun Formations, which overlie the Taxihe and Jidike 
Formations, respectively. Therefore, the top of the Anjuan 
Formation can be assigned to be late middle Miocene 
(~14 ± 0.5 Ma), as the boundaries between the Dushanzi 
and Taxihe Formations and the Kangcun and Jidike Forma-
tions were magnetostratigraphically dated as 14.5–13.5 Ma 
(Huang et al. 2006; Ji et al. 2008).

The lower and middle portions of Keziluoyi Formation 
can be assigned to be Oligocene to early Miocene in age. 
The specie Hemicyprideis intercedens appeared in the lower 
portions of the Keziluoyi Formation and can be found only 
in the Shawan and Jidike Formations, respectively. This 
could assign the lower portions of the Keziluoyi Forma-
tion to be as young as 22.5 Ma, which is the magnetostrati-
graphically dated youngest age of the Shawan Formation 
(Huang et  al. 2006). The dominant species of the ostra-
cods Hemicyprinotus valvaetumidus, Hemicyprinotus sp.  
as well as Mediocypris sp. in the middle portions of the 
Keziluoyi Formation were reported in the upper Shangy-
oushashan and Xiaganchaigou Formations in the Qaidam 
Basin, with an age spanning from late Oligocene to Mio-
cene (Sun et  al. 1999, 2005b). These species were also 
recorded in Jingou River section in Xinjiang province, with 
a late Oligocene age based on magnetostratigraphic dating 
(Dong et al. 2013). The benthic foraminifera in the lower 
part of the Keziluoyi Formation are abundant in Cibici-
doides ovaliformis, C. amygdaliformis, Pullenia quinque-
loba, Melonis sp., Nonion sp., Cibicides sp. (Hao et  al. 
1982a, b). These benthic foraminifers, especially the Cibi-
cidoides and Cibicides fauna, are widely recorded in the 
Oligocene strata in American basins (Armentrout and Berta 
1977).

The upper portions of the Keziluoyi Formation could 
have been deposited during the late early Miocene. Firstly, 

the specie Mediocypris ordinate can be found in the Tax-
ihe and Jidike Formations, which are dated to be early to 
middle Miocene in age (Huang et al. 2006). Secondly, the 
specie Hemicyprideis intercedens was reported during the 
late Chattian (~28–23 Ma) to Aquitanian (~23–20 Ma) in 
central European basins based on detailed biostratigraphic 
correlations (Gebhardt 2003). The upper Keziluoyi Forma-
tion should thus be younger than ~20 Ma considering that 
the species Mediocypris ordinate and Hemicyprideis inter-
cedens are found in its lower portions.

The benthic foraminiferal assemblage in the Anjuan 
Formation can further constrain the age of the upper part 
of the Keziluoyi Formation. The overlying Anjuan Forma-
tion dominantly contains Ammonia beccarii (Linné), A. 
Limnetes (Todd et Bronnimann), A. honyaensis (Asano), A. 
tepida (Cushman), A. hatatensis (Takayangi), and A. mul-
ticella (S. Y. Zheng) (Hao et al. 1982a, b). The most abun-
dant species, Ammonia beccarii, reported in the east of the 
Tarim Basin, points to a middle Miocene age (Ritts et  al. 
2008). In the Central Paratethys, Ammonia beccarii is also 
reported at the bottom and middle parts of the combined 
Tengelic-2 and Tekeres-1 sections, which span from 16.4 
to 13.0 Ma during the late to middle Miocene (Báldi 2006). 
This indicates the upper part of the Keziluoyi Formation 
could have been deposited between ~20–16 Ma and the top 
of the Anjuan Formation roughly at 14 ±  0.5  Ma, which 
is in line with the result of correlated ostracods among 
the Tarim Basin, Junggar Basin, and Kuche Depression 
(Jiang et al. 1995). A minimal U/Pb age of 18.3 ± 0.5 Ma 
for detrital zircon chronology from a sandstone bed at the 
base of the Anjuan Formation (Cao et al. 2014) could point 
to a 17 ± 1 Ma age for the sampled layer considering that 
the time needed for zircon exhumation and transporta-
tion (Malusà et  al. 2009). With this respect, the boundary 
of the Keziluoyi and Anjuan Formations in the Qimugan 
section could be assigned to be 18 ±  1  Ma based on the 
accumulation rate in the Anjuan Formation, which is in line 
with the biostratigraphic estimates. Therefore, the Kezi-
luoyi and Anjuan Formations can be placed in the Oligo-
cene (33.2 Ma) to early middle Miocene (18 ± 1 Ma) and 
early middle Miocene (18 ± 1 Ma) to late middle Miocene 
(14 ± 0.5 Ma), respectively.

Pakabulake Formation

The ostracods in the Pakabulake Formation can be corre-
lated with those in the Dushanzi and Kangcun formations 
in the Junggar Basin and Kuche Depression, respectively. 
Besides the occurrence of the genus Ilyocypris, species 
such as Candona compressaformis, Candoniella marcida 
that in Tarim Basin only occurred in the Pakabulake For-
mation can also be found in the Dushanzi and Kangcun 
Formations (Jiang et al. 1995), which are dated as 14.5–6.5 
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and 13.5–6.0 Ma, respectively (Huang et al. 2006; Ji et al. 
2008). The ostracod assemblage Ilyocypris-Cyprideis-Can-
dona-Candoniella in the Pakabulake Formation can also 
been found in the Shangyoushashan and Shizigou Forma-
tions in the Qaidam Basin and the Dongxiang, Liushucun, 
and Hewangjia Formations in the Xunhua Basin (Luo et al. 
2010). These formations in the Qaidam and Xunhua basins 
are dated younger than 14–15  Ma (Fang et  al. 2007; Lu 
and Xiong 2009) and ~14.5  Ma (Ji et  al. 2010) based on 
magnetostratigraphy. The top of the Pakabulake Formation 
occurs at ~5.3 Ma (Sun and Liu 2006). Therefore, the Paka-
bulake Formation is interpreted to be in late middle Mio-
cene (~14 ± 0.5 Ma) to late Miocene (~5.3 Ma).

Atushi Formation

The age of the Atushi Formation varies depending on geo-
graphic location. In the Tarim Basin (Fig. 1), magnetostrati-
graphic studies have demonstrated that the Atushi Forma-
tion is >4.6–3.5  Ma in the Yecheng section (Zheng et  al. 
2000, 2010), ~5.3–3.0  Ma in the Sanju section (Sun and 
Liu 2006; Sun et al. 2008), and >5.5–2 Ma in the western 
Boguzihe section (Zhang et  al. 2013). However, there is 
an angular unconformity between the Pakabulake and the 
overlying Atushi Formations in the Sanju section (Sun et al. 
2008), while it is a conformable contact in the Yecheng and 
studied sections (Zheng et al. 2000, 2010). We therefore use 
the age model of the Yecheng section to constrain the mini-
mum age, and the Sanju section to constrain the maximum 
age of the base of the Atushi Formation, because these two 
sections are within 200  km to the Qimugan section used 
in this study (Fig.  1). The ostracod assemblage broadly 
supports this age model. The identified species in Atushi 
Formation are Ilyocypris gibba, I. sincera, Crypridopsis 
regularis, C. vidua, Candoniella aucta, C. kasachstanica, 
Eucypris notabilis, and Condona grum-grijimailoi (Jiang 
et  al. 1995). The species Ilyocypris gibba was recorded in 
the Baccinello–Cinigiano Basin (Tuscany, central Italy) 
since the early Messinian (Ligios et al. 2008). Some of these 
fossils, such as Cypridopsis vidua and Ilyocypris sincera 
(Jiang et  al. 1995), are abundant in the Kuche Depression 
with an age of <~6  Ma (Zhang et  al. 2013; Huang et  al. 
2006). The Atushi Formation is likely latest Miocene or 
early Pliocene (~5.3 Ma) to middle Pliocene (3.5 Ma).

Materials and methods

Sampling and section

The Materials and methods of previous whole-rock min-
eralogical, clay mineralogical, and geochemical data are 

given in Wang et  al. (2013a) and Cao et  al. (2014). For 
parts of the minor elemental data, the same samples of 
the Qimugan section in the Tarim Basin were analyzed, 
and the reported stratigraphic levels follow those of Wang 
et al. (2013a). The base of the discussed part of the section 
therefore occurs at stratigraphic level 1205.1 m and the top 
at 2959.9 m. All 73 samples are composed of fine-grained 
sediments, including 64 mudstones and 9 siltstones.

Minor elements and chemical weathering indices

The detailed descriptions of sample preparation and meas-
urement are given in Cao et al. (2014). Fine-grained rocks 
(mudstone) were selected without sand fractions to limit 
the influence of sediment sorting and diagenesis (Blatt and 
Sutherland 1969; Zhang et al. 2002). The Ba, Ni, Cr, and 
Co are listed in Table 1.

Using published (Cao et  al. 2014) and new data, ele-
mental ratios Na/Al, Na/Ti, and Ba/Sr were calculated 
(Table  1). Besides the chemical weathering indices CIA, 
CIW, and CIW′ provided by Cao et  al. (2014), we also 
evaluated the effect of diagenesis by calculating the pla-
gioclase index of alteration (PIA: formula  1, Table  1), as 
potassium is enriched in sediments during diagenesis (Fedo 
et al. 1995; Harnois 1988).

The elemental abundances are expressed as molar pro-
portions when calculating CIA, PIA, CIW, and CIW′, and 
CaO* represents the Ca associated with silicate minerals 
without carbonate and apatite fractions of the sediment 
(Nesbitt and Young 1982). Following McLennan (1993), 
we use the molar proportion of Na2O instead of the molar 
proportion of CaO from the silicate fraction, because 
both calcite and dolomite are present in the samples. This 
method results in less certain absolute estimates of chemi-
cal weathering, while the trends along the section can still 
be evaluated.

Mineral morphology

Scanning electron microscopy was used to study the mor-
phology of clay minerals, in order to further trace the min-
eralogical change associated with changes in weathering. 
Few grams of sediment was platinum-coated for SEM 
observation of mineral morphology. The analyses were 
carried out at Materials Science and Engineering Test 
Center, Wuhan University of Technology, Wuhan, China, 
using a JSM-5610 scanning electron microscope at 20 kV 
accelerating voltage and a beam current in the range of 
1–3 nA.

(1)

PIA = 100× {(Al2O3 − K2O)/[(Al2O3 − K2O)+ CaO ∗ +Na2O]}
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Table 1   Analyzed and calculated chemical data of sediments at different stratigraphic levels

Sample Thickness Na/Ti Na/Al Ba Ba/Sr PIA Cr Co Ni Cr/UCC Co/UCC Ni/UCC

S3HM-58-1 1205.1 3.73 0.23 335.0 3.64 61.95 64.3 15.8 42.2 0.77 0.93 0.96

S3HM-59-1 1218.8 3.97 0.24 402.0 3.44 60.67 89.6 19.0 50.1 1.08 1.12 1.14

S3HM-60-1 1245.0 2.65 0.15 438.0 3.84 71.09 91.9 22.0 52.9 1.11 1.29 1.20

S3HM-61-1 1293.9 2.77 0.16 397.0 3.89 69.69 79.9 19.3 49.3 0.96 1.14 1.12

S3HM-62-1 1309.1 2.75 0.17 393.0 3.78 69.06 68.4 17.5 45.8 0.82 1.03 1.04

S3HM-62-1 1310.7 3.36 0.21 358.0 3.28 63.90 69.3 16.9 43.3 0.83 0.99 0.98

S3HM-63-1 1327.1 2.78 0.15 460.0 4.11 71.28 84.2 19.8 50.9 1.01 1.16 1.16

S3HM-63-2 1332.5 4.99 0.32 314.0 2.80 54.79 57.2 12.3 30.8 0.69 0.72 0.70

S3HM-64-1 1354.7 4.65 0.30 361.0 2.89 56.58 55.1 12.5 31.0 0.66 0.74 0.70

S3HM-66-1 1432.1 3.36 0.19 439.0 2.76 66.03 86.2 18.8 48.4 1.04 1.11 1.10

S3HM-67-1 1439.3 3.22 0.17 510.0 4.51 68.43 95.4 24.0 58.0 1.15 1.41 1.32

S3HM-68-1 1466.6 2.77 0.16 449.0 3.10 69.72 81.3 18.6 45.4 0.98 1.09 1.03

S3HM-69-1 1467.6 3.82 0.22 422.0 3.46 62.32 67.4 15.1 39.0 0.81 0.89 0.89

S3HM-70-1 1479.9 2.46 0.13 451.0 3.24 73.99 81.7 19.6 47.5 0.98 1.15 1.08

S3HM-71-1 1489.1 8.42 0.49 428.0 3.45 43.00 70.4 19.8 55.3 0.85 1.16 1.26

S3HM-72-1 1509.0 4.37 0.25 423.0 2.82 59.52 69.4 15.2 37.5 0.84 0.89 0.85

S3HM-73-1 1553.9 4.28 0.22 418.0 2.56 61.81 56.2 12.8 33.8 0.68 0.75 0.77

S3HM-74-1 1565.7 4.92 0.34 1063.0 3.17 54.19 37.9 8.9 23.8 0.46 0.52 0.54

S3HM-75-1 1579.4 4.69 0.30 443.0 2.65 55.83 55.5 11.5 28.9 0.67 0.68 0.66

S3HM-76-1 1590.5 3.66 0.22 397.0 1.43 63.52 56.7 13.2 32.3 0.68 0.78 0.73

S3HM-77-1 1610.9 4.91 0.34 1133.0 4.43 54.05 49.4 10.6 26.9 0.60 0.62 0.61

S3HM-78-1 1629.7 4.25 0.27 495.0 2.14 58.52 56.5 12.3 31.8 0.68 0.72 0.72

S3HM-78-2 1630.5 4.08 0.27 375.0 1.09 58.84 50.0 11.1 27.8 0.60 0.65 0.63

S3HM-80-1 1669.2 3.38 0.19 623.0 0.35 65.87 60.9 14.7 35.3 0.73 0.86 0.80

S3HM-81-1 1673.8 3.95 0.23 424.0 1.53 62.42 72.9 17.0 41.7 0.88 1.00 0.95

S3HM-82-1 1717.0 5.21 0.35 468.0 1.71 53.23 54.6 10.6 29.8 0.66 0.62 0.68

S3HM-83-1 1722.9 4.02 0.22 391.0 1.25 63.09 91.5 19.4 48.5 1.10 1.14 1.10

S3HM-84-1 1801.1 5.93 0.38 402.0 0.52 50.39 46.9 9.4 23.3 0.57 0.55 0.53

S3HM-85-1 1816.6 6.78 0.42 178.0 0.10 48.41 22.1 5.6 14.1 0.27 0.33 0.32

S3HM-86-1 1822.4 4.28 0.30 301.0 0.13 55.22 32.5 7.6 22.0 0.39 0.44 0.50

S3HM-87-1 1856.9 7.01 0.45 397.0 1.53 47.91 62.9 14.9 34.3 0.76 0.88 0.78

S3HM-88-1 1868.45 14.21 1.07 396.0 0.22 27.41 35.6 7.5 20.4 0.43 0.44 0.46

S3HM-89-1 1888.9 3.70 0.21 545.0 1.36 64.47 78.8 18.2 42.3 0.95 1.07 0.96

S3HM-90-1 1900.6 5.13 0.37 438.0 1.19 52.09 53.4 9.7 28.6 0.64 0.57 0.65

S3HM-91-1 1954.9 3.18 0.17 418.0 2.30 68.42 95.3 24.6 61.0 1.15 1.45 1.39

S3HM-92-1 1998.0 4.63 0.37 934.0 0.63 51.92 41.4 8.4 22.0 0.50 0.49 0.50

S3HM-93-1 2056.6 4.53 0.30 426.0 0.48 56.37 62.0 13.7 33.3 0.75 0.81 0.76

S3HM-94-1 2067.1 3.33 0.19 443.0 3.38 66.66 94.0 20.7 50.6 1.13 1.22 1.15

S3HM-95-1 2121.8 5.25 0.32 456.0 2.90 56.20 74.0 17.5 39.4 0.89 1.03 0.90

S3HM-96-1 2155.4 3.66 0.21 432.0 2.15 64.18 81.9 18.9 44.4 0.99 1.11 1.01

S3HM-96-2 2157.6 4.47 0.28 950.0 3.63 56.67 71.5 13.5 35.7 0.86 0.79 0.81

S3HM-97-1 2195.6 3.90 0.25 318.0 0.45 61.57 50.4 12.1 29.2 0.61 0.71 0.66

S3HM-98-1 2222.5 6.13 0.35 588.0 0.23 51.78 31.5 7.2 18.1 0.38 0.42 0.41

S3HM-99-1 2231.5 21.35 1.47 480.0 0.20 20.71 30.3 7.5 19.0 0.37 0.44 0.43

S3HM-100-1 2282.3 4.05 0.30 322.0 0.55 56.16 42.0 8.8 22.8 0.51 0.52 0.52

S3HM-101-1 2332.6 3.54 0.21 461.0 2.85 63.69 90.4 18.5 47.5 1.09 1.09 1.08

S3HM-102-1 2345.8 5.93 0.39 260.0 0.29 49.45 28.4 6.2 15.5 0.34 0.36 0.35

S3HM-104-1 2393.6 3.94 0.23 336.0 1.01 61.99 67.9 16.4 35.5 0.82 0.96 0.81
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Statistics

In order to discuss long-term trends, nine-point moving aver-
ages and their standard deviation windows were calculated 
after re-sampling the data series with equal intervals using 
the program AnalySeries 1.1.1 (Paillard et  al. 1996), in 
which a linear function was adopted. To convey the robust-
ness of the trends, standard deviation windows of each nine-
point data were calculated by Microsoft Office Excel 2010.

Results

Geochemical results

The ratios of Ba/Sr, Rb/Sr, Cr/UCC, Co/UCC, and Ni/
UCC exhibit decreasing trends from 33.2 to 14.5 ± 0.5 Ma 

followed by an interval with low values between 14.5 ± 0.5 
and 13 ±  0.5  Ma (Figs.  3, 4). The CIA, PIA, CIW, and 
CIW′ indices show similar decreasing trends from 33.2 Ma 
onwards with minimal values reached between 14 ±  0.5 
and 13 ±  0.5  Ma with that showing a small delay com-
pared to the previously mentioned chemical ratios. The 
trace elements Co, Cr, and Ni are close to UCC values 
between 33.2 and 17 ±  1 Ma and lower than UCC after-
ward. The CIA values range from 48 to 66 between 33.2 
and 13 ± 0.5 Ma, which represent low-to-moderate degrees 
of chemical weathering (Fedo et al. 1995). In contrast, the 
ratios of Na/Al and Na/Ti display increasing trends from 
33.2 to 14 ± 0.5 Ma. Similar, but opposite to the CIA, PIA, 
CIW, CIW′ indices, maximal values in Na/Al and Na/Ti are 
reached between 14 ± 0.5 and 13 ± 0.5 Ma.

Superimposed on these general trends, a pronounced 
shift occurs at ~17 ±  1  Ma among above indices. Mean 

The other elemental ratios, chemical weathering indices, and mineralogical data plotted in Figs. 3 and 4 refer to Cao et al. (2014) and Wang et al. 
(2013a, b), respectively, and are not listed here. Note that the concentrations of Ni, Co, Cr in Upper Crust Composition (UCC) are from McLen-
nan (2001). The data from samples S3HM-71-1 and S3HM-99-1 are not plotted in Figs. 3 and 4 as these results are biased due to high propor-
tions of halite (Wang et al. 2013a)

Table 1   continued

Sample Thickness Na/Ti Na/Al Ba Ba/Sr PIA Cr Co Ni Cr/UCC Co/UCC Ni/UCC

S3HM-105-1 2423.0 3.73 0.21 474.0 2.82 63.64 89.4 23.0 47.0 1.08 1.35 1.07

S3HM-106-1 2456.6 5.74 0.36 342.0 0.59 54.69 47.1 11.0 29.9 0.57 0.65 0.68

S3HM-107-1 2478.7 3.74 0.20 496.0 3.82 65.13 103.2 21.8 55.3 1.24 1.28 1.26

S3HM-108-1 2498.4 3.85 0.21 467.0 3.13 63.60 94.5 14.5 41.0 1.14 0.85 0.93

S3HM-109-1 2529.4 4.74 0.29 301.0 0.40 58.13 49.5 11.5 30.0 0.60 0.68 0.68

S3HM-110-1 2570.9 5.24 0.32 428.0 1.51 54.96 70.5 17.5 40.2 0.85 1.03 0.91

S3HM-111-1 2595.5 4.70 0.30 376.0 0.59 53.96 41.9 11.0 27.3 0.50 0.65 0.62

S3HM-111-2 2596.2 4.70 0.27 301.0 0.73 59.30 65.2 14.3 39.7 0.79 0.84 0.90

S3HM-112-1 2603.0 3.41 0.21 301.0 0.65 64.04 50.5 12.2 30.3 0.61 0.72 0.69

S3HM-113-1 2631.9 4.76 0.29 654.0 2.51 56.96 61.6 12.3 33.6 0.74 0.72 0.76

S3HM-114-1 2647.8 3.60 0.21 340.0 0.78 63.97 50.6 11.5 29.4 0.61 0.68 0.67

S3HM-115-1 2657.8 5.45 0.35 570.0 1.25 52.78 51.5 10.9 28.1 0.62 0.64 0.64

S3HM-115-2 2659.9 4.93 0.30 460.0 0.92 56.47 68.6 14.4 36.6 0.83 0.85 0.83

S3HM-116-1 2665.8 3.03 0.16 393.0 1.16 70.36 63.2 15.1 36.2 0.76 0.89 0.82

S3HM-117-1 2674.3 3.50 0.20 468.0 1.25 67.36 63.8 12.4 34.5 0.77 0.73 0.78

S3HM-117-2 2687.6 3.83 0.25 367.0 0.77 62.14 40.7 16.7 28.4 0.49 0.98 0.65

S3HM-118-1 2698.2 3.22 0.17 393.0 1.41 70.05 78.4 19.2 38.2 0.94 1.13 0.87

S3HM-119-1 2724.3 3.93 0.23 455.0 2.07 64.07 66.3 17.2 33.3 0.80 1.01 0.76

S3HM-120-1 2769.9 2.74 0.16 514.0 2.40 70.14 71.7 16.9 35.9 0.86 0.99 0.82

S3HM-121-1 2794.4 3.57 0.19 572.0 2.76 66.81 80.9 20.0 43.4 0.97 1.18 0.99

S3HM-122-1 2849.5 3.26 0.20 394.0 2.08 66.17 70.6 16.2 37.3 0.85 0.95 0.85

S3HM-123-1 2879.9 3.01 0.19 329.0 1.52 67.16 92.3 19.5 52.2 1.11 1.15 1.19

S3HM-124-1 2883.6 4.18 0.26 388.0 1.72 61.17 58.4 15.4 29.1 0.70 0.91 0.66

S3HM-125-1 2921.2 3.46 0.22 366.0 2.00 63.67 69.7 16.4 39.0 0.84 0.96 0.89

S3HM-126-1 2959.9 6.42 0.43 747.0 2.67 48.69 47.5 12.0 26.2 0.57 0.71 0.60

Min. 2.46 0.13 178.0 0.10 20.71 22.1 5.6 14.1 0.27 0.33 0.32

Max. 21.35 1.47 1133.0 4.51 73.99 103.2 24.6 61.0 1.24 1.45 1.39

Average 4.59 0.29 454.6 1.99 59.60 64.3 14.8 36.3 0.77 0.87 0.82
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values before and after 17 Ma show dramatic decreases in 
the Ba/Sr and Rb/Sr ratios by 0.8 (66 %) and 1.3 (40 %), 
and the Cr/UCC, Co/UCC, and Ni/UCC ratios by 33, 
29, and 33  %. The Na/Al and Na/Ti ratios show gently 

decreasing patterns across the distinct shifts of the CIA, 
PIA, CIW, and CIW′ indices at 17 Ma.

Na/Ti and Na/Al ratios, and CIA, PIA, CIW, and CIW′ 
indices exhibit inverse trends between 13  ±  0.5 and 

Fig. 3   Elemental ratios plotted against stratigraphic position in the 
Qimugan section, Tarim Basin, China. The red line gives nine-point 
moving average of the re-sampled data calculated from the program 
AnalySeries 1.1.1. The uncertainty bars are the standard deviation 
of each adjacent nine points of the re-sampled data. The calcite con-
tents from the same section are also included for comparison (Wang 

et al. 2013a). Note that remarkable shifts are observed among all the 
indices at 17 ±  1 and 6.5 ±  0.5  Ma, respectively. Increased Na/Ti, 
and Na/Al, and decreased Rb/Sr and Ba/Sr, as well as Co/UCC, Cr/
UCC, and Ni/UCC occur at 17 ± 1 Ma, while these indices reverse at 
6.5 ± 0.5 Ma, except that the calcite increases again

Fig. 4   Chemical weathering indices CIA, PIA, CIW and CIW′ and 
the relative proportions of clay minerals plotted against stratigraphic 
position in the Qimugan section, Tarim Basin. The red line gives nine 
point moving average of the re-sampled data calculated from the pro-
gram AnalySeries 1.1.1. The uncertainty bars are the standard devia-
tion of each adjacent nine points of the re-sampled data. Clay miner-

alogy data are from Wang et al. (2013a). Note the distinct decreases 
in chemical weathering indices and increases in chlorite and smectite 
are observed at 17 ± 1 Ma. The chemical weathering indices, chlo-
rite, smectite, and kaolinite contents increase at 6.5 ± 0.5 Ma, while 
the illite content decreases
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3.5 ±  0.5  Ma compared to the older interval (Figs.  3, 4) 
with the ratios decreasing and the indices increasing. Rb/
Sr, Ba/Sr, Cr/UCC, Co/UCC, and Ni/UCC ratios are rela-
tively stable between 13 and 6.5 Ma and slightly increase 
afterward. At 11 Ma, a single low interval occurs in Rb/Sr, 
Ba/Sr, Cr/UCC, Co/UCC, and Ni/UCC ratios. The trace 
elemental, Co, Cr, Ni, abundance remains below the UCC 
(McLennan 2001) in this interval until 6.5 Ma and slightly 
increase afterward. The CIA values range from 49 to 65 
between 13 ± 0.5 and 3.5 ± 0.5 Ma, representing low-to-
moderate degrees of chemical weathering.

A significant shift starts at 6.5 ± 0.5 Ma in the topmost 
part of the Pakabulake Formation and ends in the Atushi 
Formation in all measured proxy indices. Coincident small 
increases occur in the Rb/Sr, Ba/Sr, Cr/UCC, Co/UCC, and 
Ni/UCC ratios. More pronounced at 6.5 Ma are the 22 % 
and 25  % respective decreases in the Na/Al and Na/Ti 
ratios and the 5–8 % increases in the CIA, PIA, CIW, and 
CIW′ weathering indices.

Mineralogical results

The illite content exhibits a decreasing trend from 33.2 to 
17 ± 1 Ma followed by an interval with low values between 

17 ± 1 and 13 ± 0.5 Ma (Figs. 3, 4). In contrast, the con-
tents of calcite, chlorite, and smectite display increasing 
trends from 33.2 to 17 ± 1 Ma. The chlorite and smectite 
contents reach a period of maximal values between 17 ± 1 
and 13  ±  0.5  Ma, while the calcite contents increase 
between 17 ± 1 and 14.5 ± 0.5 Ma and decrease between 
14.5 ± 0 and 13 ± 0.5 Ma.

Similar to the geochemical indices, a pronounced shift 
occurs at ~17 ±  1  Ma among above mineralogical indi-
ces. Mean values before and after 17 Ma show a decrease 
in illite content by 6 % and increases in calcite and chlo-
rite contents by 10 and 5 %, respectively, compared to their 
initial values. A negligible increase in smectite occurs. The 
illite content shows a decreasing trend since 13 ± 0.5 Ma, 
while the smectite and calcite contents show a reverse 
trend. Chlorite and kaolinite are relatively stable between 
13 ± 0.5 and 6.5 ± 0.5 Ma. At 6.5 ± 0.5 Ma, calcite con-
tents increase by 10 %, kaolinite by 5 %, smectite by 4 %, 
and chlorite by 2 %, while illite contents decrease by 11 %. 
A single low interval occurs in calcite and illite at 11 Ma, 
while chlorite and smectite show a short-term high at this 
time.

Clay minerals display different morphologies below 
and above the shift at 17 ± 1 Ma. Below, the clay minerals 

Fig. 5   Scanning electron photographs at different stratigraphic lev-
els. a Sample No. S3-67-1 location 1439.3 m; b Sample No. S3-86-1 
location 1822.4  m; c Sample No. S3-106-1 location 2456.6  m; d 
Sample No. S3-120-1 location 2769.9 m. Note that the clay morphol-
ogy changes from poorly developed lateral thickness, thin plates, and 

embayed edges before 17 ± 1 Ma (a) to thicker plates and rounded 
outlines (b) after 17  ±  1  Ma. The clay minerals display rounded 
aggregates before 6.5  ±  0.5  Ma (c) and thin plates and embayed 
edges after 6.5 ± 0.5 Ma (d). I stands for illite, S for smectite, and K 
for Kaolinite
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present poorly developed lateral thickness, thin plates, 
and embayed edges (Fig.  5a, 1439.3  m). This indicates 
the clay minerals formed under relative intense chemical 
weathering from dissolution and hydrolysis (Hong et  al. 
2007; Wang et  al. 2013a, b). Above, clay minerals occur 
as aggregates filling the interstitial space between detri-
tal particles and show thicker plates and rounded outlines 
(Fig. 5b, 1822.4 m). This suggests the clays formed under 
much weaker chemical weathering (Wang et  al. 2013a, 
b). Clay minerals reveal distinct morphology before and 
after 6.5  ±  0.5  Ma. The clay minerals display rounded 
aggregates before 6.5 ± 0.5 Ma (Fig. 5c, 2456.6 m), sug-
gesting physical weathering dominating the weathering 
process. After 6.5 Ma, the morphology of the clays shows 
similar characteristic as before 17 ±  1  Ma, showing thin 
plates and embayed edges (Fig.  5d, 2769.9  m). This sug-
gests enhanced chemical weathering or enhanced influx of 
chemical weathering products during this period.

Discussion

We discuss, first, interpretation possibilities of the geo-
chemical and clay mineralogical proxies, and second, the 
17, 11, and 6.5 Ma changes observed in the section in the 
western Tarim Basin, China.

Evaluation of environmental and provenance proxies

Chemical weathering indices are affected by climate, 
hydraulic sorting, diagenesis, and changing sediment prov-
enance (Fralick and Kronberg 1997). In our study, sample 
preparation was done such that hydraulic sorting can be 
neglected. Diagenesis is thought to not be dominant. First, 
because the sediment samples exhibit unsolidified texture 
with poor cementing (Fig. 5). Second, because diagenesis 
can yield elevated potassium concentrations in paleosols, 
resulting in higher illite proportions and higher crystallinity 
with depth (Drits et al. 2002; Warr and Rice, 1994) both not 
seen in our samples (Fig. 4; Wang et al. 2013a). Moreover, 
the mature R1 illite-rich mixed layer, which is typically of 
diagenetic origin (Perry and Hower 1970), is not seen in the 
deposits. Third, because the CIA value can be affected by 
potassium enrichment (Fedo et  al. 1995), while CIA here 
covaries with PIA, CIW, and CIW′ indicating potassium 
enrichment lacks or has been limited. And, fourth, because 
fossil shells of Eocene sediments in the nearby Aertashi 
section have shown limited calcite diagenesis (Bougeois 
et al. 2014).

Sediments deposited along the northwestern margin 
of the QTP can be useful indicators for its uplift history, 
especially if the products formed under weak chemical 
and strong physical weathering (Métivier et  al. 1998; Yin 

et al. 2002). These products can better maintain the origi-
nal elemental composition of the source rock and studies 
of sediment provenance can be performed. Some elements, 
such as K, Rb, and Ba, can become depleted after extreme 
chemical weathering (Condie et al. 1995). Here, the values 
of the CIA weathering index indicates low-to-intermediate 
weathering levels through the section, in line with the PIA, 
CIW, and CIW′ indices. This indicates that these sediments 
are texturally, petrographically and chemically immature 
and Ba/Sr and Rb/Sr ratios can likely be used as prove-
nance proxies (Borges et al. 2008). The addition of feldspar 
usually rich in Ba and Rb (Zhang et al. 2002) and reworked 
secondary carbonate usually rich in Sr (Buggle et al. 2011) 
changes these ratios.

Provenance and climate change at ~17 Ma

A dramatic shift occurs in the geochemical trace element, 
mineralogical records, and clay morphologies of the Qimu-
gan section at ~17 Ma ± 1 Myr in the latest early Miocene 
or late Burdigalian (Figs.  3, 4). We interpret this shift to 
be a change in provenance causing increasing amounts of 
sediments rich in carbonates. The simplest way to explain 
the observed findings is exposure and re-deposition of older 
Paleogene sediment in the Qimugan section in combination 
with additional exposure of gneisses and schists along the 
Pamir and West Kunlun ranges during the middle Miocene. 
The Paleogene marine sediments are rich in carbonate and 
with that Sr, and rich in smectite (Wang et al. 2013a) in line 
with the increases in calcite, smectite, and decreases in the 
Rb/Sr and Ba/Sr ratios. Also, the decreasing concentrations 
of immobile elements Co, Cr, and Ni relative to the Upper 
Crustal Composition (UCC) are in line with this interpre-
tation as these are usually low in carbonates (Parekh et al. 
1977; Woolley and Kempe 1989). The increase in chlorite, 
however, cannot be explained by re-deposition of the Pale-
ogene sediments. Chlorite is a useful proxy for physical 
erosion in the source as it is derived from erosion of low- 
and medium-grade metamorphic rocks (Hurlbut and Klein 
1985) and not resistant to hydrolysis (Chamley 1989). 
The simultaneous increases in chlorite and smectite con-
tents seem contradictory as the low resistance to hydroly-
sis causes chlorite to occur in cold and dry environments, 
while smectite forms in temperate environments (Robert 
and Kennett 1997). The simultaneous increase in chlorite 
and smectite can thus best be explained by enhanced physi-
cal erosion of different sources. With the smectite being 
derived from the Paleogene sediments, the chlorite is likely 
derived from the Pamir and West Kunlun ranges.

The shifts in geochemical indices and mineralogical com-
position indicate the change of provenance is the dominant 
factor at the boundary 17 ± 1 Ma. Climate change could be 
a secondary factor affecting the data. The CIA shows low 
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values between 48 and 66 in all samples. The values of CIA 
are much lower between 17 ± 1 and 13 ± 0.5 Ma than before 
17 ± 1 Ma (Fig. 4). This is against the increases in chlorite 
(CIA  =  100) and smectite (CIA  =  70–80) contents, and 
decreases in illite (CIA = 70–80) and feldspar (CIA = 50) 
contents (Wang et al. 2013a). The lower CIA values between 
17 and 13 Ma can therefore not be explained by the observed 
provenance change. Major element analysis shows the 
decrease in CIA is mainly due to a decrease in Al2O3 con-
tent (Cao et al. 2014). Aluminum and titanium are immobile 
during chemical weathering processes, and will be enriched 
in residues compared with parent rocks and sediments (Bug-
gle et al. 2011; Nesbitt and Markovics 1980). The decrease 
in CIA, PIA, CIW, and CIW′ could be best explained by a 
weakened chemical weathering in line with the changes in 
clay morphology showing occurrence as aggregates filling the 
interstitial space between detrital particles and having thicker 
plates and rounded outlines after 17 Ma (Fig. 5b). Weakened 
chemical weathering could also explain the decrease in TiO2 
observed after 17 ± 1 Ma (Cao et al. 2014). The decrease in 
Al and Ti contents results in increases in Na/Al and Na/Ti 
ratios between 17 ± 1 and 13 ± 0.5 Ma (Fig. 3). Besides the 
indices above, the increase in chlorite content also indicates 
a weakened chemical weathering as chlorite is mainly pre-
served under cool and dry climatic conditions (Vanderaveroet 
2000; Winkler et al. 2002). The Ba/Sr and Rb/Sr ratios can 
be affected by a change in provenance, while the dramatic 
decrease in these ratios is likely amplified by an additional 
effect of climate cooling and drying after 17 ± 1 Ma, lead-
ing to less leaching of Sr (Buggle et  al. 2011; Nesbitt and 
Markovics 1980). These observations suggest that the climate 
became cooler and drier after 17 ± 1 Ma, following the active 
tectonics in the middle Miocene (e.g., Amidon and Hynek 
2010; Sobel and Dumitru 1997).

The changes of the climate-controlled proxies Na/Al 
and Na/Ti, and CIA, PIA, CIW, and CIW′ show different 
patterns compared to the proxies controlled by provenance 
Co/UCC, Cr/UCC, Ni/UCC, Rb/Sr, Ba/Sr, calcite, chlorite, 
and smectite. The climate-controlled proxies exhibit grad-
ual trends in contrast to the more dramatic changes in the 
provenance-controlled indices. Moreover, the climate prox-
ies reach peak values at 14 ±  0.5  Ma, slightly later than 
the provenance-controlled indices. Also, the provenance-
controlled indices reach maximal or minimal transient peak 
values at 11 ± 1 Ma, while the climate-controlled indices 
show no or only slight changes at this time. These differ-
ences support climate being the most dominant factor con-
trolling Na/Al, Na/Ti, CIA, PIA, CIW, and CIW′.

Provenance change at ~6.5 Ma

Starting at 6.5 Ma in the top of the Pakabulake Formation, 
another significant shift occurs in the Qimugan section in 

the geochemical and mineralogical records. Taking all 
changes in proxy records together, we again interpret this 
shift to be caused by a change in provenance with addi-
tional impact of climate change. Climate is reported to 
change to more arid conditions in the Tarim Basin after 
late Miocene/Pliocene time (Graham et al. 2005; Sun et al. 
2008; Chang et  al. 2013). The increased chemical weath-
ering of clay minerals must therefore be explained by 
increased flux of chemically weathered minerals as their 
structure may be maintained (Fig.  5c, d). The addition of 
sedimentary sources must, besides being rich in chemi-
cal weathering products, be rich in Co, Cr, and Ni, and in 
calcite and kaolinite, of which the latter two were found in 
the Paleogene sediments of the Qimugan section. This new 
sedimentary source might be combined eolian sediments 
and Paleogene sediments, as, firstly, eolian input is reported 
to initiate in the Tarim Basin during the latest Miocene to 
Pliocene (Sun and Liu 2006; Sun et  al. 2009) and, sec-
ondly, increases in calcite and kaolinite could be related to 
a continued uplift of surrounding mountains exposing and 
reworking the older Paleogene sediment during the latest 
Miocene (Sun et al. 2008; Cao et al. 2013a).

Geochemical and isotopic data show a combined action 
of glacial and eolian activities in this time interval, with 
sediment sources from the western Kunlun Mountains, 
southern and northern flanks of the Tianshan Mountains, 
and soils from the Tibetan Plateau (Chang et al. 2000; Hat-
tori et  al. 2003; Honda and Shimizu 1998). The mineral 
composition of the Tarim Basin eolian sediment consists of 
Mg–Fe chlorite, amphibolite, and epidote, besides quartz, 
feldspar, and calcite (Chang et al. 2000). The sources of the 
eolian sediments in the Tarim Basin are thus likely basic 
and ultrabasic as well as felsic rock types from the sur-
roundings of the Tarim Basin. These rocks transported by 
wind to the Tarim Basin are rich in Co, Cr, and Ni caus-
ing the increases in these elements with respect to UCC 
after 6.5 ±  0.5  Ma (Fig.  3), even though calcite contents 
increase causing lower Co/UCC, Cr/UCC, and Ni/UCC 
ratios (Parekh et al. 1977; Woolley and Kempe 1989). The 
slightly increased chlorite input could be from the eolian 
sources as well.

The eolian input and input from older Paleogene sedi-
ments can also account for the change of geochemi-
cal indices. The Ba/Sr and Rb/Sr ratios increasing after 
6.5 ±  0.5  Ma can be explained by the observed increase 
in K-feldspar (Wang et al. 2013a; Zhang et al. 2002). The 
increases in kaolinite (CIA = 100), chlorite (CIA = 100), 
and smectite (CIA = 70–80) result in the increases in the 
CIA, PIA, CIW, and CIW′ indices. The decreased Na/
Al ratio after 6.5 ±  0.5  Ma could be due to the increase 
in Al2O3 (Cao et  al. 2014), which can be explained by 
the increase in Al-rich clays and K-feldspar as well as the 
decrease in plagioclase (Wang et al. 2013a). The decrease 
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in Na/Ti comes from an increase in TiO2 probably mainly 
from rutile. Despite the fact that we do not detect rutile 
here, the sources of basic and ultrabasic as well as felsic 
rocks could well increase the rutile content, leading to the 
decrease in Na/Ti after 6.5 ± 0.5 Ma.

Implications for Tarim Basin climate and tectonics

We find climate cooling and drying after 17 Ma consistent 
with a negative shift of carbonate δ18O in the Tarim Basin 
(Graham et al. 2005; Kent-Corson et al. 2009) and turnover 
of benthonic fauna (Hao et al. 1982a, b). The fossil genus 
Ammonia dominates in the Anjuan Formation, suggest-
ing enhanced lake salinity (Hao et al. 1982a, b; Malmgren 
1984). Also, Cyprideis littoralis, typical for brackish water, 
appears at the top of the Keziluoyi Formation. This species 
persists all the way through to the Pakabulake Formation, 
indicating lake water salinization (Jiang et  al. 1995). The 
increased lake salinity can be the result of increased evapo-
ration and/or decreased water supply due to climate cooling 
and drying.

The middle Miocene cooling and drying after 17 ± 1 Ma 
documented here postdates the major regional atmospheric 
reorganization in the late Oligocene to early Miocene dur-
ing which the establishment of the modern East Asian 
monsoon is said to occur (Sun and Wang 2005; Guo et al. 
2008). The cooling and drying trends are reversed to the 
observed trends in the northeastern Qinghai–Tibetan Pla-
teau, where climates are warm during 17.1–14.7  Ma in 
the Tianshui Basin (Hui et al. 2011) and 18–14 Ma in the 
Qaidam Basin (Miao et al. 2011; Wang et al. 2013b), which 
are reported to be controlled by the global middle Mio-
cene Climate Optimum (MCO). The global cooling at the 
middle Miocene Climate Transition could certainly have 
enhanced this cooling and drying since ~14 Ma, as the Na/
Al, Na/Ti, CIA, PIA, CIW, and CIW′ proxies reach a peak 
at 14 ±  0.5  Ma. This intensified cooling and drying are 
also observed in the northeastern part of the QTP after 14.7 
and 14 Ma in the Tianshui and Qaidam Basin, respectively 
(Miao et al. 2011; Hui et al. 2011). A different hydrological 
response could have taken place between continental interi-
ors and continental margin sites at times of global warming 
during the MCO. An enhanced monsoon circulation could 
have caused increased rainfall in the Qaidam and Tian-
shui basins, while the Tarim Basin was too far from these 
atmospheric systems, and global warming caused drying. 
To further elaborate on this topic, it is important to more 
accurately date the Qimugan section.

The documented change of provenance at ~17 ± 1 Ma is 
broadly in line with exhumation records in the Pamir, West 
Kunlun, and Tianshan regions during the late Oligocene 
to middle Miocene (Amidon and Hynek 2010; Sobel and 
Dumitru 1997) and a substantial increase in accumulation 

rates at 16–17 Ma in the Kuche Depression (Huang et al. 
2006), suggesting a phase of enhanced plateau uplift. In 
line with a tectonic origin of the observed Miocene shifts, 
detrital zircon age spectra show different age peaks before 
and after 17 Ma in our section (Cao et al. 2014). A sample 
before 17 Ma shows age peaks between 250–324 and 420–
470  Ma, while a sample after 17  Ma shows age peaks at 
20, 107, and 204 Ma. Climate change cannot cause such a 
dramatic shift of zircon age spectra. The ages in the Anjuan 
Formation indicate provenance in Miocene granites, Creta-
ceous granitoids, and Permain–Triassic gneisses and schists 
(Fig. 1a). The Pamir and West Kunlun ranges were appar-
ently significantly activated in the basal parts of the middle 
Miocene Anjuan Formation, leading to a rapid exhumation 
of younger intrusive bodies and older gneisses and schists, 
explaining the 17  Ma increase in chlorite contents. This 
uplift could have diverted moisture-bearing westerlies and 
deepened aridity in the Tarim (Graham et  al. 2005). Tec-
tonic uplift could have caused drier climate trends in the 
west, while global climate caused wetter climates in the 
east.

The marine retreat from the Tarim Basin could not be 
the cause that triggered the cooling and drying here, even 
though Ritts et al. (2008) reported planktonic foraminifera 
from the base of the conglomeratic section to be Miocene 
in the east of the Tarim Basin. Firstly, the foraminifera were 
from conglomerates rather than from marine limestones, 
indicating that the microfossils were likely reworked by 
wind from upwind, more westerly regions. Secondly, most 
studies demonstrate that the last sea retreat from the Tarim 
Basin was at least before the Oligocene (Sun and Jiang 
2013; Bosboom et  al. 2011). In our section, there are no 
marine sediment layers in the Oligocene or Miocene (Bos-
boom et  al. 2011). The Kezi section studied by Bosboom 
et al. 2011, in which they dated the last sea retreat as late 
Eocene, is approximately the same section as studied here. 
Thirdly, an integrated study along the southern Tarim from 
west to east (Hao et al. 1982a, b) did not reveal any marine 
microfossils in the Miocene.

A river channel shift causing the observed change at 
17 ± 1 Ma seems unlikely, as the river would be expected 
to shift back at some point much quicker in time than the 
observed changes at million-year timescale. Besides, the 
above-mentioned reasons to, at least partially, relate the 
17  Ma shift to tectonics, we note that the observed geo-
chemical changes are not going along with the lithological 
changes that occur afterward.

Both tectonic uplift and initiated eolian input are respon-
sible to the provenance change at ~6.5 Ma. Zircon and apa-
tite fission-track chronological data have documented that 
the Kashgar–Yecheng transfer system was reactive during 
the latest Miocene 10–6 Ma (Cao et al. 2013a). This fault 
located near the south of the Qimugan section deforms 
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older Paleogene sediments, which were exposed and 
reworked producing the kaolinite and calcite re-deposition 
after 6.5 Ma. This deformation was observed at the nearby 
Sanju section as the strata angular unconformity at the lat-
est Miocene (Sun et al. 2008). The eolian input is closely 
associated with the formation of Taklimakan Desert. Sun 
et  al. (2009) and Sun and Liu (2006) have addressed this 
issue and pointed out that possibly both higher latitude 
cooling and ongoing regional tectonic uplift during the late 
Cenozoic are responsible for the formation of the Taklima-
kan Desert. This higher latitude cooling might have intensi-
fied the Siberian high pressure causing prevailing near-sur-
face northeasterly winds in the Taklimakan Desert after this 
time. These eolian sediments cannot be blown out because 
of high relief of West Kunlun Mountains, but accumulate 
on the windward slopes of Kunlun Mountains mixed with 
the piedmont molasse deposits (Sun and Liu 2006).

Conclusions

Analysis of mineralogy, clay mineral morphology, major 
and minor elemental ratios, and chemical weathering indi-
ces in the southwestern part of the Tarim Basin shows 
two significant shifts in the earliest middle Miocene, at 
~17  Ma, and in the latest Miocene, at ~6.5  Ma, respec-
tively. The older is characterized by a decrease in Co, Cr, 
and Ni relative to UCC, in the chemical weathering indi-
ces (CIA, PIA, CIW and CIW′), and in Rb/Sr and Ba/Sr 
ratios, by increases in Na/Ti and Na/Al ratios, illite, smec-
tite, and calcite contents, and changes of clay morphology 
from poorly developed lateral thickness, thin plates, and 
embayed edges to a thicker plates and rounded outlines. 
This step is interpreted as a combination of a provenance 
shift and regional climate cooling and drying. The decrease 
in Co/UCC, Cr/UCC, Ni/UCC, Rb/Sr, Ba/Sr, and illite as 
well as the increase in chlorite, smectite, and calcite, indi-
cate that poorly weathered igneous and metamorphic rocks 
are the main sources in the Qimugan area between 17 ± 1 
and 13.5  ±  0.5  Ma with additions of eroded Paleogene 
sediments. The decrease in CIA, PIA, CIW and CIW′ as 
well as increases in Na/Ti and Na/Al, however, suggest the 
climate cooling and drying after 17 ± 1 Ma. We conclude 
that the change of provenance here is a regional response 
of a phase of plateau uplift in line with earlier findings. The 
uplift of the mountains around the Tarim Basin possibly 
diverted moisture-bearing westerlies and triggered the cli-
mate cooling and drying since 17 ± 1 Ma.

A subsequent change occurred in the latest Miocene at 
6.5 ±  0.5  Ma characterized by increases in Co, Cr, and 
Ni (relative to UCC), chemical weathering indices, Rb/Sr 
and Ba/Sr ratios, calcite, kaolinite, chlorite, and smectite 
contents, decreases in Na/Al and Na/Ti ratios, and illite 

content, and changes of clay morphology from rounded 
aggregates to thin plates with embayed edges. The clay 
morphology change showing characteristics of enhanced 
chemical weathering is not in line with the ongoing climate 
drying and cooling in this region. This points to enhanced 
input of chemically weathered material probably related 
to simultaneous onset of eolian dune building in the Tarim 
Basin. The sediment source after 6.5 ±  0.5  Ma is likely 
similar to that of the eolian dunes, which accumulate from 
the sources surrounding the Tarim Basin.
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