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Abstract The Pamir plateau forms a prominent tectonic salient that marks the western end of the Himalayan
orogen containing several terranes that were accreted to Eurasia from the Late Paleozoic to Cenozoic. A detailed
knowledge of the tectonic evolution of the Pamir salient during the Cenozoic is important for our understanding of
the intracontinental deformation in the western Himalaya. Although the tectonic evolution of the Pamir salient
has long been studied, the timing of collision between the Indian Plate and the Kohistan-Ladakh arc is still a matter
of debate. We present new U-Pb ages and Hf isotopes of detrital zircons, magnetic fabrics, and stable isotopes
from the foreland basin on the northeastern margin of the Pamir that indicate a change in sediment provenance
started at about 47 Ma. Sediments in the southwest Tarim Basin were partially derived from the uplifted and
eroded Karakoram and Kohistan terranes created by the collision between the Indian Plate and the Kohistan-Ladakh
arc at circa 47 Ma, as a result of northward thrusting and propagation of the Indian Plate under Eurasia.

1. Introduction
The prominent Pamir salient is located at the western end of the Himalayan-Tibetan orogen [Molnar and
Tapponnier, 1975; Waldhör et al., 2001; Robinson et al., 2004; Schwab et al., 2004] (Figure 1). Increasing evidence
suggests that roughly half of India’s convergence with Eurasia was absorbed by indentation and underthrusting
in the Pamir, amounting to at least 400 km of shortening [Burtman and Molnar, 1993; Burtman, 2000, 2013]. The
boundaries of the Pamir syntaxis are marked by major strike-slip faults: the Chaman left-lateral fault on the
western boundary and the Karakoram right-lateral fault and the Kashgar-Yecheng transfer system (including
the Aertashi, Yarkand, and Kumtag right-lateral faults) [Cowgill, 2010; Cao et al., 2013a, 2013b] on the eastern
boundary (Figure 1). A variety of ideas have been put forward to understand how this arc-shaped orogenic belt
evolved: crustal thickening [Molnar and Tapponnier, 1975; Ducea et al., 2003; Fu et al., 2010], steep northward dip
of the Indian slab beneath the Pamir [Burtman and Molnar, 1993; Koulakov and Sobolev, 2006; Negredo et al.,
2007], radial thrusting [Strecker et al., 1995], radial thrusting in the west and right-slip transfer faulting in the east
[Cowgill, 2010], oroclinal bending of the entire Pamir-western Himalaya [Yin et al., 2001], northward propagation
of the right-slip Karakoram fault [Ratschbacher et al., 1994; Strecker et al., 1995; Murphy et al., 2000], and tectonic
clockwise rotation [Bosboom et al., 2014b].
The tectonic evolution of the Pamir salient involved the accretion and collision of along-strike tectonic terranes,
especially the collision of the Indian Plate with the Kohistan-Ladakh terrane (along the Indus suture), and
with the southern edge of the Asian plate (along the Shyok suture, Figure 1). These collisions evolved during
several successive stages. The contact between India and Asia along the Indus-Zangbo suture zone
(see Figure 1 for location) is indicated by continental subduction and ultrahigh-pressure metamorphism at
~55 Ma [e.g., De Sigoyer et al., 2000, 2004; Guillot et al., 2003, 2007, 2008] or 53 Ma [Leech et al., 2005].
Recently, Thanh et al. [2011, 2012] reported an ophiolite in Ladakh in the Shyok suture zone with ages of
97–74 Ma, and they considered that subsequent collision between the Ladakh arc and the Karakoram block
occurred at this time. The Cretaceous age of the Shyok suture has also been interpreted by other authors
[e.g., Gaetani et al., 1993; Gaetani, 1997; Heuberger et al., 2007; Zanchi and Gaetani, 2011]. Another indirect
method for determining tectonic collision is the stratigraphic record: the change from marine to continental
sedimentary facies in Ladakh marks the approach of the Asian continent and the progressive closure of the
Tethys Ocean at ~51 Ma [Garzanti et al., 1987; Green et al., 2008]. This sedimentary change was obviously not a
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Figure 1. Digital elevation model (DEM) map of the Pamir showing major suture zones, tectonic terranes, and the location
of the Oytag section (white star). Tectonic terranes and major Cenozoic structures mainly after Burtman and Molnar [1993],
Yin et al. [2002], Robinson et al. [2004], and Cowgill [2010].

climatic effect because it predated the remarkable global eustatic sea level drop at 34 Ma in the Cenozoic
[Zachos et al., 2001]. Also, the youngest ages of subduction-related granite magmatism in the KohistanLadakh arc may be used to date the minimum age of collision [St-Onge et al., 2010; White et al., 2011; Sen
and Collins, 2013]; the ending of subduction-related igneous intrusions in Ladakh at 47 Ma supports the idea
that the India-Asia continental collision was in the early Eocene. In addition, sedimentological data on provenance change, river channel patterns, and the end of marine sedimentation provide important information
about the tectonic development of the Pamir salient. For example, although the present Tarim and Tajik
basins are now isolated and separated by the Pamir salient (Figure 1), at 50 Ma they were connected and
occupied by an epicontinental sea that extended from Europe to the western Tarim Basin before the collision
of the Indian Plate with the Pamir [Blakey, 2011] (Figure 2). The tectonic evolution of the Pamir salient in the

Figure 2. Paleogeographic reconstruction of eastern Tethys and Asia at circa 50 Ma modiﬁed after Blakey [2011]. Note that
the Tajik and Tarim seas were connected.
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Cenozoic must therefore have played an important role in controlling the changes in source material, and
the shift from marine to continental sedimentation in the Tarim and Tajik Basins [Thomas et al., 1994; Ritts
et al., 2008; Bershaw et al., 2012; Bosboom et al., 2011, 2014a, 2014c; Sun and Jiang, 2013; Wang et al., 2014;
Carrapa et al., 2015].
Apatite ﬁssion track and detrital zircon ages can be useful to deﬁne the timing of northward tectonic propagation of the Pamir, initiated in either the late Oligocene-early Miocene [Yin et al., 2002; Sobel et al., 2013] or
early Miocene [Sobel and Dumitru, 1997; Bershaw et al., 2012]. Recently, Cao et al. [2014] suggested that
signiﬁcant dextral strike slip on the Kashgar-Yecheng transfer system, located in the eastern Pamir salient, likely
began in the Oligocene-early Miocene based on a synthesis of sedimentology and zircon U-Pb geochronology.
Based on magnetostratigraphic polarity, Yang et al. [2015] suggest that the activation of a major strike-slip
system along the eastern Pamir and the far-ﬁeld effects of the India-Asia collision propagated to the Tian
Shan in the early Miocene. Syntectonic stratigraphy evidence implies that the northeastern Pamir underwent
a second pulse of tectonic activity that started in the late Miocene or early Pliocene at ~5–6 Ma [Thompson
et al., 2015]. This is consistent with the thermochronologic data which suggest that the northward velocity
of Tarim has increased substantially since the late Miocene [Sobel et al., 2011] as well as the suggested ﬁnal
collision between the Pamir and the Tian Shan orogen at the end of Miocene [Sun et al., 2015].
In this study, in order to trace the provenance changes of Cenozoic sediments, we present new detrital zircon
data and Hf isotopes from the Oytag section on the northeastern ﬂank of the Pamir in the Tarim Basin
(Figure 1); together with the anisotropy of magnetic susceptibility (AMS) analysis of oriented specimens,
and the oxygen (O) and neodymium (Nd) isotopic compositions of bulk samples, these data provide us with
new insights into the early stages of tectonic evolution at the western end of the India-Asia collision zone.

2. Geological Setting
The Pamir salient consists of ﬁve tectonic domains that accreted onto Eurasia with collisional ages that young
southward [Burtman and Molnar, 1993; Matte et al., 1996; Schwab et al., 2004, Figure 1]. The northern Pamir
represents a late Paleozoic suture zone between the Central Pamir and the rest of Asia, whereas the
Rushan-Pshart zone separating the Southern and Central Pamir is a Mesozoic suture [Burtman and Molnar,
1993; Angiolini et al., 2013; Robinson, 2015]. Recently, Angiolini et al. [2015] suggested that the ocean separating SE Pamir from Central Pamir began to close in the Triassic and the South Pamir belt was later deformed
during the Mesozoic. The Shyok suture has mostly been inferred to have a Cretaceous age before the collision
of the Indian Plate with the Kohistan-Ladakh arc [Petterson and Windley, 1985; Windley, 1988; Clift et al., 2000;
Thanh et al., 2012], although other studies suggested that the ﬁnal collision between the Kohistan-Ladakh
and Asia was at circa 50 Ma [Khan et al., 2009] or the ﬁnal collision between the assembled India/Arc and
Eurasia occurred at 41 Ma along the Shyok suture zone [Bouilhol et al., 2013]. The Indus collisional suture
between the Indian Plate and the Kohistan-Ladakh arc was at ~50 Ma [e.g., Beck et al., 1995; Garzanti et al.,
1987; Green et al., 2008].
To the northeast of the Pamir salient, the southwestern Tarim Basin developed as a collisional successor basin
[Graham et al., 1993; Johnson and Ritts, 2012] of the Pamir-West Kunlun orogen (Figure 3), characterized by
thin-skinned deformation and basement-involved underthrusting [Negredo et al., 2007]. The Cenozoic strata
deposited within this foreland basin were derived from the adjacent eroded mountain belts, which thin
progressively northeastward from the Pamir-West Kunlun orogen toward the Tarim Basin [Yin et al., 2002].
These sediments offer an opportunity to study the tectonic deformation history and provenance change
related to the evolving northeastern margin of the Pamir.
At Oytag, on the Pamir mountain front, Paleozoic to Cenozoic strata are cut and exposed by the northeasterly
ﬂowing Gez River (Figure 3). In this study, we focused on the Paleogene strata, which are structurally overturned, characterized by a monoclinal geometry, and generally dip to the south (Figure 4). The sedimentology and stratigraphy of this section are well known [Sobel and Dumitru, 1997; Sobel, 1999; Bershaw et al.,
2012; Sun and Jiang, 2013]. Sobel and Dumitru [1997] took nine samples from the Oytag section (which they
named as Wuyitake) from Middle Jurassic to Paleogene strata. Based on detrital apatite ﬁssion track analyses,
they suggested that the youngest age of 20 Ma represented the time of cooling associated with the transpressional Kumtag fault and the Main Pamir Thrust. Later Sobel [1999] focused on basin analysis by synthesizing
the stratigraphy, facies, and paleocurrent data of Mesozoic strata at Oytag. Bershaw et al. [2012] carried out
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Figure 3. Geological map of the study area modiﬁed after Schwab et al. [2004], Robinson et al. [2007], Cowgill [2010], Bershaw
et al. [2012], Li et al. [2012], Cao et al. [2013a, 2013b], and Thompson et al. [2015].

studies of stratigraphy, detrital zircon provenance, and stable isotopic analysis of Jurassic to Miocene strata at
Oytag. However, as predicted by Cao et al. [2014], due to the lack of magnetostratigraphic age control, some
of the assigned Cretaceous ages of Bershaw et al. [2012] are likely Paleogene, which changes the timing of a
provenance shift in the conclusions drawn by Bershaw et al. [2012]. Sun and Jiang [2013] undertook a highresolution magnetostratigraphic study, plus two detrital zircon ages (youngest age limit for the maximal
depositional age) and biostratigraphic age estimates, which together yielded a Paleogene time scale of the
Oytag section, from which they discussed the seawater retreat history at this site.
The 3680 m thick deposits at Oytag are divided into three units: Paleocene, Eocene, and Oligocene, based on
the previous magnetostratigraphic age control [Sun and Jiang, 2003] (Figure 4). Paleocene red beds that have
a thickness of 1060 m consist of laminated sandstones and siltstones in the lower part and alternating
siltstones and conglomerates in the upper part. The sedimentary facies of the Paleocene strata suggests early
ﬂuvial-lacustrine deposition and later high-energy ﬂuvial to fan deposition.
The Eocene deposits that have a thickness of 1870 m contain two small tight folds within the upper part
(Figure 4). Importantly, there is an angular unconformity between the Eocene and overlying Oligocene strata;
below the beds dip toward 330° at an angle of 35°, above the unconformity beds dip toward 275° at 55°
(Figure 4). We emphasize that although there is an angular unconformity, the measured paleomagnetic
polarity indicated a relatively long negative magnetic polarity just after the unconformity, which correlates
well with the paleomagnetic chron of C12r of GTS 2004 (Figure 5a), suggesting that the hiatus in time was
insigniﬁcant. The Eocene deposits can be further subdivided into two subunits. Lower marine-terrestrial
strata indicate ﬁve marine transgression and regression cycles; upper red terrestrial strata are dominated
by laminated to massive mudstones with several interbedded conglomerates, indicative of lacustrine, and
occasionally braided, ﬂuvial environments.

Figure 4. Cross section of the Oytag section showing the Paleocene to Oligocene strata; note that they are tectonically
overturned. Magnetostratigraphy samples were taken along the section, and refer to the following ﬁgure for details.
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Figure 5. Chronology of the Oytag section. (a) Magnetic polarity is compared with the geological time scale of GTS2004
after Sun and Jiang [2013], and the positions and clastic compositions of the sandstone samples for petrographic analysis
are shown (q: quartz; f: feldspar; lp: pelitic rock fragments; lc: carbonate rock fragments; lv: volcanic rock fragments; and lm:
metamorphic rock fragments). (b) Age versus thickness based on magnetostratigraphic correlation. VGP: virtual geomagnetic
pole; GTS: geologic time scale.

The Oligocene strata have a thickness of 750 m. Field investigations indicate that a tight fold is in the
lower part, and the uppermost Oligocene strata have been eroded (Figure 4). The typical lithology is characterized by an alternation of coarse grey conglomerates and laminated brownish sandstones/siltstones.
The largest diameter of the gravels is up to 10 to 20 cm mostly with rounded to semirounded shapes;
they were transported by high-energy ﬂuvial system. Therefore, the sedimentary facies of the Oligocene
strata can be interpreted as prograding high-energy ﬂuvial deposits or fan systems that encroached upon
ephemeral lakes.

3. Materials and Methods
In order to better constrain the tectonic history of the Pamir salient, we now present new clastic petrography,
detrital zircon ages, magnetic fabrics, and stable isotopes (Hf, Nd, and O) of the Paleocene to Oligocene
sediments at Oytag.
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3.1. Quantitative Clastic Petrography of Sandstones
Quantitative clastic petrography is a powerful tool for interpreting provenance of sediments [Dickinson, 1988].
Seven sandstone samples for this study were collected from the Oytag section. The exact locations of the studied
samples are shown in Figure 5. Thin sections were made for petrographic analysis, and the Gazzi-Dickinson point
counting method [Ingersoll et al., 1984] was used for quantitative compositional analysis of the sandstones.
3.2. U-Pb Age Determinations of Detrital Zircons
Detrital zircon geochronology is rapidly developing into an essential tool in Earth science research because of
the widespread presence of zircons in sedimentary systems and the robustness of zircon to postdepositional
alterations [Gehrels and Dickinson, 1995]. U-Pb ages of detrital zircons from clastic sedimentary rocks can be
used to constrain the age of deposition of their host sediments and the source regions [Gehrels et al., 1999].
In this study, we collected nine medium-grained sandstone samples for U-Pb age measurements of detrital
zircons in order to constrain the provenance change. The sampling positions are shown in Figure 4, and
the sampling intervals vary between 150 m and 900 m. Depositional ages of the nine samples were determined
by linear interpolation between two neighboring magnetic polarity chrons of our magnetostratigraphy that
range from early Paleocene to late Oligocene. About 5–10 kg of rock was collected for each sample. After
crushing, the zircons were separated by standard heavy liquid and magnetic techniques. The zircon grains
were randomly picked and mounted on adhesive tape, then enclosed in epoxy resin, and polished to about
half their thickness. After being photographed under reﬂected and transmitted light, the samples were
prepared for cathodoluminescence (CL) imaging and U-Pb dating. In order to choose target sites for the
U-Pb dating, CL imaging was carried out using a JXA-8100 Electron Probe Microanalyzer at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The U-Pb ages of the detrital zircons were
determined with a Neptune multicollector inductively coupled plasma–mass spectrometry (MC-ICP-MS) and
Agilent quadrupole ICP-MS (Q-ICP-MS) equipped with a 193 nm excimer laser ablation system at the IGGCAS.
The analytical procedure is given below.
The Agilent 7500a Q-ICP-MS has a sensitivity of better than 20 megacounts per second/ppm for 89Y, using a
100 μL/min perﬂuoroalkoxy (PFA) nebulizer and Scott spray chamber. In the case of laser ablation, the sensitivity of 238U in National Institute of Standards and Technology Standard Reference Material (NIST SRM) 610 is
14,000 counts per second (cps)/ppm using a spot size of 40 μm with laser repetition rate of 10 Hz and laser
energy density of 25 J/cm2. The mass stability is better than 0.05 amu/24 h. Helium was used as the carrier
gas to enhance transport efﬁciency of the ablated material. All the gas lines were purged for over 1 h prior
to each analytical session to reduce Pb on the surface to 204Pb <50 cps in the gas blank. The measurements
were carried out using time-resolved analysis operating in a fast, peak-hopping sequence in Dual detector
mode. Raw count rates for 29Si, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, and 238U were collected for the age determinations. 202Hg is usually b10 cps in the gas blank; therefore, the contribution of 204Hg to 204Pb is negligible
and is not considered further. Data were acquired over 30 s with the laser off and 40 s with the laser on, giving
approximately 340 (= 170 reading/replicate × two sweeps) mass scans for a penetration depth of approximately 20 μm. The average gas blank was typically b4000 cps for 29Si; b10 cps for 204Pb, 206Pb, 207Pb, and
208
Pb; and b1 cps for 232Th and 238U. Every 10 sample analyses were followed by measurement of one zircon
91500, one TEMORA-2, and one NIST SRM 610. 207Pb/206Pb and 206Pb/238U ratios were calculated using GLITTER
4.0 [Jackson et al., 2004], which was then corrected using the Harvard zircon 91500 as an external standard. The
207
Pb/235U ratio was calculated from the values of 207Pb/206Pb and 206Pb/238U (235U = 238U/137.88). The relative
standard deviations of reference values for 91500 were set at 2%. Common Pb was corrected according to the
method proposed by Anderson [2002]. The weighted mean U-Pb ages and concordia plots were processed
using ISOPLOT 3.0. Analyses of the Australian National University zircon standard TEMORA-2 as an unknown
yielded a weighted 206Pb/238U age of 416 ± 2 Ma (2σ, n = 50), which is in good agreement with the recommended value of 417 Ma [Black et al., 2003].
In this study, 207Pb/206Pb ages were used for zircons older than 1000 Ma, but 206Pb/238U ages for zircons
younger than 1000 Ma, because the relative small amount of 207Pb accumulated in young zircons does not
permit precise 207Pb/206Pb dating [Black et al., 2003]. Moreover, the used ages were chosen on the following
principle: zircons older than 1000 Ma with a discordance of less than 10% and zircons younger than 1000 Ma
with a discordance of less than 20%. We analyzed 80 to 100 grains for each sample.

SUN ET AL.

47 MA PROVENANCE CHANGE AT TARIM

6

Tectonics

10.1002/2015TC003974

3.3. Hf Isotopic Measurements of Detrital Zircons
The Hf isotopes of detrital zircons are an effective provenance tool, because this isotopic system is relatively
stable during later tectonothermal events and thus can provide additional insights into the geological history
of the source rocks [Kinny and Maas, 2003; Wu et al., 2007]. Recent studies show that combined U-Pb ages
and Hf isotopes of detrital zircons can effectively constrain the sources and origin of detrital zircon grains
in sedimentary rocks [Bodet and Schärer, 2000; Iizuka et al., 2005; Wu et al., 2007; Ravikant et al., 2009].
In this study, the zircons used for U-Pb age determinations were also analyzed for Hf isotopes using a Neptune
MC-ICP-MS housed at the IGGCAS in Beijing. This machine is a double-focusing multicollector ICP-MS and has
the capability of high mass resolution measurements in multiple collector modes. A JMC 475 standard solution
with 200 ppb Hf was used for evaluating the reproducibility and accuracy of the instrument. The results of
176
Hf/177Hf for JMC 475 Hf standard solution over 1 year gave an average 176Hf/177Hf ratio of 0.282158 ± 16
(n = 140, 2δ) normalized to 179Hf/177Hf = 0.7325 using an exponential law for mass bias correction. The detailed
method was described by Wu et al. [2007].
3.4. The Anisotropy of Magnetic Susceptibility (AMS) Analysis of Oriented Specimens
The anisotropy of magnetic susceptibility (AMS), which has become a common technique in Earth sciences
since the pioneering work of Graham [1954], depicts the preferred orientation of magnetic minerals in a rock
or unconsolidated sediment [Hrouda, 1982; Tarling and Hrouda, 1993; Dubey, 2014]. The magnetic fabric of
sedimentary rocks has been used in reconstructing paleocurrent directions or wind patterns [Matasova
and Kazansky, 2004; Zhang et al., 2015] or the tectonic stress of deformed strata [Parés, 2004]. AMS and
magnetic susceptibility can be also related to changing source materials and thus has been a useful tool in
clarifying provenance and sedimentation mechanisms [Abdeldayem et al., 1999]. The AMS can be represented
as an ellipsoid by three principal susceptibilities (maximum, intermediate, and minimum susceptibility axes,
or Kmax, Kint, and Kmin, respectively). The vertical magnitudes of the AMS determined by the anisotropy of
particles themselves and by the degree of their alignment can provide, to some extent, provenance information
because different specimens can differ in their magnetic susceptibility fabric.
At Oytag, 559 oriented specimens were cored with a portable gasoline-powered drill following the published
magnetostratigraphy [Sun and Jiang, 2013]. The average sampling interval was about 7 m, but most were
between 3 and 20 m, depending on lithology. All samples were measured for anisotropy of magnetic susceptibility (AMS) analysis with a KLY-3s Kappabridge (spinning specimen method), which is a low-ﬁeld AC
magnetic susceptibility bridge with an automated sample handler for determining anisotropy of susceptibility
at room temperature housed at the Paleomagnetic Laboratory of IGGCAS. During the measurements, each
sample was rotated on three orthogonal axes. The bridge was zeroed after inserting the specimen into the
measuring coil so that susceptibility differences were measured during specimen spinning. AGICO software
(Brno, Czech Republic) was used to calculate the anisotropy tensor, represented by the general susceptibilities
Kmax (maximum), Kint (intermediate), and Kmin (minimum).
3.5. Stable Oxygen Isotope Measurements of Bulk Carbonates
Stable oxygen isotope data are widely used in sedimentology as an indicator of depositional conditions
(palaeotemperature) and facies (marine, nonmarine, and evaporitic environments) [Keith and Weber, 1964;
Hofer et al., 2013]. The δ18O of bulk carbonates in a foreland basin are useful for determining the relationships
between tectonic setting and provenance [e.g., Dickinson and Suczek, 1979], especially due to the sensitivity
of sediment accumulation to the tectonic history of an orogenic belt. In a mixed freshwater-marine succession,
bulk oxygen isotopic analysis can be used to infer changing sedimentary facies due to the differences in δ18O
values of marine and freshwater carbonates.
One hundred and seven samples were collected from the Oytag section with an averaged sampling
interval of about 35 m. In the ﬁeld we only selected siltstones for analysis and did not sample coarse
conglomerates. The siltstones were used for bulk carbonate oxygen isotope analysis with a MAT 253 mass
spectrometer linked to a Gas Bench II (Thermo-Finnigan) at the Stable Isotope Laboratory of IGGCAS.
The precision was 0.1‰ (1σ) and routinely checked by running the carbonate standard NBS 19 after
every six sample measurements. All isotope values are reported in parts per mil (‰) relative to Vienna
Peedee belemnite.
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3.6. Nd Isotope Measurements of Bulk Samples
Nd isotopes have been used as an indicator of the provenance of detrital sediments in a range of sedimentary
basin types [Banner, 2004]. Sm, Nd, and other rare earth elements have low aqueous solubilities, and
therefore, Nd isotopic compositions are considered to be less inﬂuenced by processes of weathering, erosion,
and sedimentary sorting [Taylor et al., 1983; Clift et al., 2002]. Understanding Nd isotopes is also important for
examining the linkage between mountain uplift/denudation processes and the deposition of sediments in a
foreland basin.
Twenty-eight siltstone samples were selected for Nd isotope analysis with a sampling interval of about 130 m.
All samples were measured using a Nu Plasma HR mass spectrometer at the IGGCAS. About 50–80 mg of rock
powder for each sample was weighed and poured into a precleaned 15 mL PFA beaker; then 2 mL concentrated HF and 1 mL concentrated HNO3 were added. The beaker was tightly capped and put onto a hot plate
at a temperature of 120°C for 7 days. After the rock powder was entirely dissolved, then the beaker was
opened and the solution was dried on the hot plate, and then another 1 mL of concentrated HNO3 was
added, and the beaker was tightly capped again and put onto the hot plate overnight to redissolve the
sample. After that, the solution was dried again and redissolved with 2 mL of 6 M HCl for 4 h capped on a
hot plate. The solution was then dried again and ﬁnally redissolved with 1 mL 2.5 M HCl. This procedure
enables all the Nd in the rock sample to be dissolved in the solution. The subsequent ion-exchange
chromatography procedure is the same as that described in detail by Ma et al. [2013]; the measured
Nd isotopic ratios were normalized to 146Nd/144Nd = 0.7129. Analysis of the J.M. Nd standard yielded
143
Nd/144Nd = 0.511124 ± 8 (2δ) (n = 20).

4. Results
4.1. Petrology of Sandstones
The representative photomicrographs of sandstones are shown in Figure 6. The vertical variations of the
clastic compositions are shown in Figure 5a. The Paleocene sandstones (C1 to C3) are dominated by quartz
(vary between 55% and 62%), volcanic fragments (26%–31%), feldspar (4%–14%), and metamorphic
fragments (3.7%–5%). The Eocene sandstones (C4 and C5) are dominated by quartz (52.7%–54%), volcanic
fragments (20%–30%), metamorphic fragments (9.8%–18.4%), and feldspar (4%–5%). The Oligocene
sandstones (C6 and C7) are dominated by quartz (31%–36%), metamorphic fragments (28%–32%), volcanic
fragments (25%–26%), carbonate fragments (7%–9%), and feldspar (1.3%–3%).
4.2. Chronology of the Oytag Section
The timescale of the studied section is based on multiple chronologies of biostratigraphic age control, detrital
zircon ages, and paleomagnetic polarity [Sun and Jiang, 2013]. Aside from biostratigraphic age control, the
U-Pb ages of detrital zircons from sandstones can provide age constraints on the deposition of the Oytag
section, because the youngest U-Pb ages of zircon grains in populations of detrital zircons (DZ) can constrain
the maximum depositional age of stratigraphic units [Barbeau et al., 2009; Dickinson and Gehrels, 2009]. Of the
nine samples, only three (DZ06, DZ07, and DZ08), taken from the middle part of the section at depths of
1710 m, 1310 m, and 750 m, yielded the youngest single zircon ages of 44.9 ± 0.8 Ma, 43 ± 2 Ma, and 47.5
± 1 Ma, respectively (Table S1 in the supporting information). Of these, DZ06 and DZ07 correspond to the previously reported U-Pb concordia data of detrital zircons of YT001 and YT002 [Sun and Jiang, 2013], but they
were not used to infer provenance change in our earlier paper. These youngest ages indicate that the time of
maximum deposition, in the middle part of the section, was late Eocene, supporting the previous magnetostratigraphic correlation of Sun and Jiang [2013]. The magnetozones of the Oytag cover an age interval of
65.5–24.2 Ma (Figure 5b). We point out that there is a right-lateral fault within the earliest Eocene marine
strata [Sun and Jiang, 2013], but ﬁeld observations indicate that the offset distance of this active fault is only
about 50 m, and therefore, it is easy to avoid repetition of paleomagnetic sampling in the ﬁeld.
We emphasize that although other authors have studied this section [Sobel, 1999; Bershaw et al., 2012], their
chronologies were only based on previous biostratigraphic correlations [Lan and Wei, 1995; Yang et al., 1995].
As suggested by Bershaw et al. [2012], the ages of widespread sedimentary rock formations throughout the
western Tarim Basin were loosely constrained with only biostratigraphy, before the high-resolution magnetostratographic studies of recent years [e.g., Sun and Jiang, 2013; Bosboom et al., 2014a]. Although bivalve
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Figure 6. Photomicrographs of sandstones from the Oytag section. The stratigraphic positions are shown in Figure 5. C2–C3
are from Paleocene, C4–C5 are from Eocene, and C6–C7 are from Oligocene. Q: quartz; F: feldspar; Lv: volcanic rock fragment;
Lm: metamorphic rock fragment; and Lu: serpentinite.

fossils of Flaventia ovalis, Dosiniopsis subrotunda, and Ostrea oxiana Romanovskiy are present in the lowest
limestone at Oytag and were regarded as Cretaceous by Lan and Wei [1995], these fossils are not well preserved [Lan and Wei, 1995], and therefore, a retransported origin cannot be excluded. Among the marine
bivalve fossils, Biradiolites boldjuanensis Bobkova is the most representative and important at Oytag because
it became extinct at the end of the Cretaceous [Lan and Wei, 1995]. However, our ﬁeld investigation demonstrated that the benthic Biradiolites boldjuanensis Bobkova occurs only in a large boulder, implying that
the fossil was not in situ but retransported [Sun and Jiang, 2013]. Therefore, the strata that contain the
Late Cretaceous fossils of Biradiolites boldjuanensis Bobkova are most likely not Cretaceous, but Cenozoic.
Additionally, our recent study indicates that a mixture of Cretaceous ostracoda fossils (e.g., Brachcythere
wuqiaensis Gou, Cytherella cf. antermarginata Babinot, C. moguigouensis Yang, and P. wuqiaensis Gou) and
Paleocene-Eocene species (cf. Propontocypris wuqiaensis Gou, Cytherella retrorsa Mandelstam, and
Laxoconcha invonuta Mandelstam) are present in the lowest marine layer, further suggesting partial retransportation of the fossils. Therefore, care must be taken in estimating chronology in the southwestern Tarim
Basin by sole use of biostratigraphy.
4.3. U-Pb Analyses
All U-Pb data obtained in this study are listed in the supporting information Table S1. The histograms of U-Pb
ages of the detrital zircons are shown in Figure 7.
Samples DZ-01 to DZ04 were taken from Paleocene sediments in the Oytag section, which have depositional
ages of 65.5 Ma, 64.5 Ma, 59.5 Ma, and 56 Ma. The sums of detrital zircons, which fulﬁlled the concordance
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Figure 7. Probability density plots of U-Pb ages of all detrital zircons; note the presence of a young age population
(100–40 Ma) of zircons.

criteria, in samples DZ-01 to DZ-04, are 77, 91, 74, 79, and 82, respectively. All these zircon grains are characterized
by a prominent age peak of 500–200 Ma, some grains are Precambrian in age, but Late Mesozoic to Cenozoic
zircons are absent (Figure 7).
In the Oytag section samples DZ-05 to DZ08 have depositional ages of 47 Ma, 43.5 Ma, 40 Ma, and 34 Ma,
respectively. These samples are marked by very similar relative probability diagrams of detrital zircons
(Figure 7). They are also characterized by a prominent age peak of 500–200 Ma, with minor peaks of
Precambrian age. But, in contrast to samples of DZ01 to DZ04, they also have minor younger age peaks
of 100–40 Ma (from Late Cretaceous to early Cenozoic) as indicated by Figure 7.
Sample DZ-09 has a depositional age of 26 Ma. A total of 77 detrital zircons fulﬁlled the concordance criteria.
In contrast to the other samples, DZ-09 displays a prominent Triassic age peak at 250–200 Ma, and it does not
have a remarkable peak of Paleozoic age. Other minor peaks show Precambrian age. Similar to the samples of
DZ01-DZ04, Cenozoic zircon grains are absent in DZ-09 (Figure 7).
4.4. Anisotropy of Magnetic Susceptibility Analysis
The results of anisotropy of magnetic susceptibility (AMS) are summarized in the supporting information
Table S2. The mean magnetic susceptibility (km) of the analyzed specimens ranges from 4 to 872 × 10 6 SI
with an average value of 236 × 10 6 SI. Analysis of the temperature dependence of magnetic susceptibility
indicates that the magnetic minerals are dominated by hematite, with magnetite as a subordinate ferromagnet
[Sun and Jiang, 2013]. The corrected anisotropy degree (Pj) varies from 1.004 to 1.454 with a mean of 1.12, the
L parameter (magnetic lineation) ranges between 1.001 and 1.228, and the F parameter (magnetic foliation)
between 1.001 and 1.362.
4.5. Oxygen and Neodymium Isotope Analysis of Bulk Samples
The results of stable oxygen isotopes of bulk carbonates are listed in Table 1. The δ18O values range from 15.2‰
to 5.8‰ with a mean value of 12.09‰. Sm-Nd isotopic results are summarized in Table 2. The 143Nd/144Nd
ratios of the bulk samples have an average value of 0.5122298 and vary between 0.512147 and 0.512414.
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Table 1. Data of δ O of Carbonate Versus Depth and Age at Oytag
Depth (m)

Age (Ma)

3680
3658
3625
3607
3567
3536
3471
3452
3430
3315
3255
3234
3198
3177
3151
3120
3099
3082
3038
3021
2980
2962
2944
2926
2905
2867
2853
2829
2801
2787
2767
2732
2702
2674
2634
2387
2354
2324
2275
2255
2202
2134
2118
2087
2064
1887
1869
1841
1817
1792
1772

65.5
65.2
64.8
64.5
64.0
63.6
62.7
62.5
62.2
60.6
59.9
59.6
59.1
58.8
58.5
58.1
57.8
57.6
57.0
56.7
56.4
56.3
56.2
56.1
56.0
55.8
55.7
55.6
55.4
55.4
55.2
55.0
54.9
54.7
54.5
52.1
51.7
51.3
50.6
50.3
49.6
48.7
48.5
48.0
47.7
45.7
45.5
45.2
45.0
44.7
44.5

18

δ O
8.2
7.5
8.9
8.7
5.9
7.8
6.6
7.4
9.4
6.8
8
8.7
6.8
10.2
7.9
8.8
6.1
9.9
10.3
11.2
8.9
9.2
8.1
8
7
8
8.2
9.7
8.3
5.8
8.2
9.1
9.1
8.4
8.6
8.7
8.2
7.9
8.1
7.2
7.1
9
10.3
10.2
11.7
13.8
14.6
14.5
14
13.7
14.2

Depth (m)

Age (Ma)

1750
1727
1703
1681
1636
1612
1593
1571
1553
1504
1476
1457
1432
1412
1356
1314
1290
1236
1220
1178
1151
1117
1108
1081
1022
971
915
894
870
825
800
776
620
547
519
506
487
473
440
391
373
337
307
284
259
235
214
200
180
153
131

44.3
44.0
43.8
43.6
43.1
42.8
42.6
42.4
42.2
41.7
41.4
41.2
40.9
40.7
40.1
39.7
39.5
38.9
38.7
38.3
38.0
37.6
37.5
37.3
36.6
36.1
35.5
35.3
35.1
34.6
34.3
34.1
32.1
31.2
30.8
30.7
30.4
30.2
29.8
29.2
29.0
28.5
28.1
27.8
27.5
27.2
26.9
26.8
26.5
26.2
25.9

18

δ O
13.9
14
15
14
13
14
13
14
13
13
14
14
14
13
15
14
14
12
13
13
13
12
13
12
13
14
14
15
13
12
12
13
13
12
9.1
12
14
13
12
11
12
14
12
14
11
14
11
11
12
14
13

Depth (m)

Age (Ma)

109
81
61
24
15

25.6
25.2
25.0
24.5
24.4

18

δ O
12
14
12
13
13

5. Discussion
5.1. Petrological Evidence for Changing Source Materials at Oytag
The vertical variations of the petrological compositions of the sandstones at Oytag indicate the following
characteristics. First, there is a major change in sandstone compositions marked by the less metamorphic
fragments in the Paleocene sandstones compared with that of the Eocene and Oligocene sandstones
(Figure 5). Second, the lithic grains in the Paleocene sandstones are dominated by volcanic fragments,
whereas the Eocene and Oligocene sandstones contains both volcanic and metamorphic fragments which
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Table 2. Data of Nd Isotope of Bulk Samples Versus Depth and Age at Oytag
Depth (m)
3658
3549
3300
3042
2938
2833
2695
2454
2317
2202
2087
1958
1822
1709
1586
1462
1337
1220
1090
971
857
748
581
480
347
235
131
12

Sm (ppm)

Nd (ppm)

2.30
1.48
1.12
3.22
3.56
3.15
5.06
0.37
2.26
4.48
3.19
1.65
4.80
3.35
2.34
4.82
4.37
4.48
4.63
5.11
5.27
3.76
2.38
3.63
4.90
2.56
3.43
3.63

10.26
7.99
5.65
16.51
17.69
15.87
25.85
1.62
11.51
22.53
15.63
7.60
24.01
16.82
11.41
24.61
22.15
22.82
23.36
25.86
27.47
18.94
12.09
18.20
24.22
13.05
17.13
18.18

147

144

Sm/

0.1357
0.1117
0.1195
0.1178
0.1216
0.1201
0.1183
0.1386
0.1189
0.1203
0.1234
0.1312
0.1208
0.1205
0.1238
0.1184
0.1194
0.1186
0.1199
0.1194
0.1159
0.1201
0.1191
0.1207
0.1222
0.1185
0.1212
0.1207

Nd

143

144

Nd/

Nd

0.512201
0.512192
0.512185
0.512251
0.51236
0.512338
0.512414
0.512321
0.512283
0.512217
0.512352
0.512186
0.512163
0.512174
0.512209
0.512172
0.512185
0.512156
0.512147
0.51215
0.512171
0.512218
0.51223
0.512218
0.512167
0.51221
0.512304
0.512261

Age (Ma)
65.2
63.8
60.5
57.0
56.2
55.6
54.8
53.0
51.2
49.6
48.0
46.5
45.0
43.8
42.6
41.3
39.9
38.7
37.4
36.1
34.9
33.7
31.6
30.3
28.6
27.2
25.9
24.4

indicate additional clastic input from a recycled source. Third, another change in sandstone compositions
occurred between the Eocene and the Oligocene sandstones marked by the less quartz contents and more
metamorphic fragments in the Oligocene sandstones. Moreover, metamorphic grade of the metamorphic
fragments increase upward, from very low rank slate-phyllite in the Eocene to medium rank schist in the
uppermost Oligocene [Garzanti and Vezzoli, 2003]. Therefore, the new sandstone data from the Oytag section
provide evidence for changing source materials.
5.2. U-Pb Ages and Hf Isotopic Evidence for a Provenance Change Related to the Collision
of the Indian Plate With the Kohistan-Ladakh Arc at 47 Ma
It is well known that the Pamir salient is composed of a series of terranes that accreted to Eurasia with
collisional ages that young southward [Burtman and Molnar, 1993; Matte et al., 1996; Schwab et al., 2004].
Such tectonic evolution can also be inferred from the igneous rock distribution in the Pamir. Paleozoic to
Early Mesozoic intrusive rocks mainly occur in the Kunlun terrane (Figure 8), whereas Cretaceous to
Paleogene granites are in the southern Pamir, Karakoram, and Kohistan-Ladakn arc [Ducea et al., 2003;
Schwab et al., 2004; Heuberger et al., 2007; Khan et al., 2009; St-Onge et al., 2010; White et al., 2011].
The detrital zircon age spectra at Oytag indicate that there was a change about 47 Ma that was simultaneous
with a change from marine to terrestrial environments at Oytag (Figure 7). Before 47 Ma, the detrital zircon
ages are dominated by age peaks at 500–200 Ma, implying that they were mainly derived from Paleozoic
to Early Mesozoic igneous rocks in the northern Pamir-Kunlun terrane. After 47 Ma, although the dominant
age peak of 500–200 Ma is still present, there is also a distinct younger age population of 100–40 Ma in samples
DZ05 to DZ08 (Figure 7).
A more detailed study and subdivision of this younger age population indicates that sample DZ05 has an age
range of 100–65 Ma, DZ06 has two age ranges of 100–65 Ma and 65–40 Ma, whereas the other two samples
(DZ07 and DZ08) have only one age range of 65–40 Ma (Figure 7). Previous studies indicate that the northern
Pamir and the western Kunlun are predominantly composed of Paleozoic accreted terranes [Yin and Harrison,
2000; Schwab et al., 2004; Xiao et al., 2005; Robinson et al., 2012], whereas Cretaceous magmatism was
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Figure 8. Map showing igneous rock distribution in the Pamir. Paleozoic to Early Mesozoic intrusive rocks mainly occur in
the Kunlun terrane, whereas Cretaceous to Paleogene granites are in the southern Kunlun (age data of igneous rocks from
Schwab et al. [2004], Heuberger et al. [2007], and Khan et al. [2009]).

dominant in the Hindu Kush [Faryad et al., 2013], the southern Pamir, and the Karakoram [Budanov et al., 1999;
Zanchi et al., 2000; Schwab et al., 2004; Heuberger et al., 2007; Lukens et al., 2012; Carrapa et al., 2014] (Figure 8).
In the Karakoram there were two ages of granitic intrusion: at 116–60 Ma and 36–9 Ma [Parrish and Tirrul,
1987; Krol et al., 1996; Fraser et al., 2001; Wu et al., 2007], whereas in the Kohistan-Ladakh arc granitic magmatism lasted from 112 to 40 Ma [Petterson and Windley, 1985; Treloar et al., 1989; Khan et al., 1996; Burg et al.,
2006; Heuberger et al., 2007; Jagoutz et al., 2009; Ravikant et al., 2009; White et al., 2011]. Therefore, detrital
samples DZ05 to DZ08 largely record younger granitic additions from the Karakoram, and even KohistanLadakh arc. Thus, although the present catchment area of the Gez River is restricted to the North PamirWest Kunlun terrane (Figure 8), the original drainage basin of the ancestral Gez River was probably different
from the present watershed [Bershaw et al., 2012].
This provenance change marked by new younger granitic additions from the Karakoram and Kohistan after
47 Ma is further supported by the Hf isotope compositions of our younger zircons. Although Late Cretaceous
to early Tertiary granites occur in the southern Pamir [Jiang et al., 2012; Lukens et al., 2012; Carrapa et al.,
2014], the southern Karakorum [Mahéo et al., 2002; Ravikant et al., 2009; Horton and Leech, 2013], and the
Kohistan-Ladakh magmatic arc [Mahéo et al., 2002; Ravikant et al., 2009; Heuberger et al., 2007; Wu et al.,
2007; Searle, 2011], their Hf isotopes are signiﬁcantly different [Heuberger et al., 2007; Ravikant et al., 2009].
Generally, the southern Pamir has relatively more negative εHf(t) values compared with those of the
Kohistan-Ladakh arc and the Karakoram batholith (Figure 9).
The U-Pb ages of detrital zircons of modern rivers ﬂowing through the southern Pamir indicate the presence
of Cretaceous to Paleogene zircons [Lukens et al., 2012; Carrapa et al., 2014], and this is consistent with the
granite ages of this region [Ducea et al., 2003; Schwab et al., 2004], but the plot of εHf(t) versus time
(Figure 9) demonstrates that the younger age population of Late Cretaceous to Eocene zircons at Oytag is
comparable to that of the southern Karakoram batholith and the Kohistan-Ladakh granites but is different
from that of the southern Pamir (Figure 9). This further indicates that the Late Cretaceous (100–65 Ma) zircons
were mainly derived from the southern Karakoram batholith, whereas the early Tertiary zircons (65–40 Ma)
were dominantly from the Kohistan-Ladakh arc (Figure 9).
It is worth mentioning that Bershaw et al. [2012] also identiﬁed an ~40 Ma age peak of detrital zircons in the
middle of the Oytag section. However, due to the lack of magnetostratigraphic age control, their samples
of PMR-40 and PMR-33 are actually late Eocene according to our chronology. They suggested that ~40 Ma
detrital zircon ages were from the erosion of igneous rocks near Tashkurgan (see Figure 3 for location).
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However, dating results indicate the
Tashkurgan alkaline complex has an
age of ∼11 Ma [Robinson et al., 2007;
Ke et al., 2008; Jiang et al., 2012], and
therefore, it cannot be the source of
the ~40 Ma zircons.
Sample DZ09 is different from samples DZ05 to DZ08, in so far as it lacks
the younger zircon age population
of 100–40 Ma, and is dominated by
250–200 Ma zircons (Figure 7), implying that the provenance changed to
the Kunlun terrane and the northerncentral Pamir in the late Cenozoic.
This shift is consistent with reported
U-Pb age of the youngest sample from
Figure 9. Plot of zircon εHf(t) versus time for the young age population the Oytag section [Bershaw et al., 2012]
as well as with the Paleozoic and
(100–40 Ma) zircons from the Oytag section (red star) and comparison
with that of the Kohistan-Ladakh arc (blue diamonds, data from Schaltegger
Triassic volcanic arcs of the Kunlun teret al. [2002], Heuberger et al. [2007], Bouilhol et al. [2010], and Ravikant et al. rane [Yin and Harrison, 2000; Schwab
[2009]), the Karakoram batholith (green circles, data from Ravikant et al.
et al., 2004]. Additionally, from 34 Ma
[2009] and Horton and Leech [2013]), and the South Pamir (dark green trito the late Oligocene, coarse conglomangles, data from Jiang et al. [2014]).
erates up to 750 m thick accumulated
at Oytag [Sun and Jiang, 2013]. These
are pluvial fan deposits derived from a proximal source and increased relief gradient, which correlates with
the accelerated tectonic uplift of the Pamir-Kunlun terrane, supported by the fact that the KashgarYecheng system in the northeastern Pamir salient initiated circa 37 Ma [Cowgill, 2010] and that the clockwise
rotation along the eastern Pamir began in the Oligocene [Bosboom et al., 2014b]. These observations provide
additional support for the provenance change indicated by the U-Pb ages of the detrital zircons.
Such a provenance change has important geologic implications for the tectonic evolution of the Pamir
salient, which we explain with our new conceptual model (Figure 10). Although the southern KohistanLadakh arc collided with Asia along the Shyok suture in the Cretaceous [Petterson and Windley, 1985;
Windley, 1988; Clift et al., 2000; Thanh et al., 2012], the Neotethys Ocean still separated the Indian
Plate and the Kohistan-Ladakh arc [Garzanti et al., 1987; Searle et al., 1988; Green et al., 2008; St-Onge
et al., 2010] (Figure 10a). Before the collision of the Indian Plate with the Kohistan-Ladakh arc, although
both the Kohistan-Ladakh and the Karakoram terranes might reach some considerable topography
supported by the Upper Cretaceous coarse conglomeratic bodies [Zanchi and Gaetani, 2011], the relief
might not be high enough for providing potential sources of the Oytag clastic sediments. At 47 Ma,
the Indian Plate collided with the Kohistan-Ladakh arc (Figure 10b). From the 47 to 34 Ma, the ongoing
collision between the Indian Plate and the Kohistan-Ladakh resulted in strong magmatism and uplift in
the Karakoram and Kohistan-Ladakh terranes. Consequently, erosion of the new high relief of the above
mountain belts provided potential new sedimentary supplies to the Oytag section (Figure 10c). During
this period, river systems of the South Pamir mostly drained westward (did not ﬂow into the ancestor
Gez River). This shift in source area accounts for the new additions of younger zircons from the
Karakoram and Kohistan-Ladakh granites as indicated by the U-Pb ages and Hf isotopes. After 34 Ma,
the accumulation of thick conglomerates in the Oytag foreland basin indicates strong uplift of the
Pamir-Kunlun terrane, the high relief of which blocked the supply of distal sediments from the southern
Pamir, allowing only proximal supply from the Pamir-Kunlun terrane (Figure 10d). This latest phase of
tectonics is broadly consistent with the tectonic-related accelerated subsidence initiated at circa
37 Ma in the southwestern Tarim Basin [Yin et al., 2002], with the deformation that propagated to the
northeastern foreland of the Pamir salient after the Oligocene [Bosboom et al., 2014b], and the widespread
late Oligocene to early Miocene contractional deformation within the Pamir and on its margins [Sobel and
Dumitru, 1997; Cao et al., 2013b].
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Figure 10. Simpliﬁed models showing the successive stages of tectonic evolution of the Pamir syntaxis during the early
Cenozoic. (a) During the Late Cretaceous, the Kohistan-Ladakh arc was incorporated into the southern margin of Eurasia
along the Shyok suture, but the Neotethys Ocean still separated the Indian Plate and the Kohistan-Ladakh arc. (b) At 47 Ma,
the Indian Plate collided with the Kohistan-Ladakh arc leading to the closure of the Neotethys Ocean along the Indus
suture. (c) From 47 to 34 Ma, the ongoing collision between the Indian Plate and the Kohistan-Ladakh resulted in uplift of
the Karakoram and Kohistan-Ladakh terranes, the high relief and erosion of these mountains provided potential new
sedimentary supplies to the Tarim Basin. The oceanic crust in front of the Kohistan-Ladakh terranes was subducted, and
only minor parts were emplaced or obducted as melanges after the collision with the Pamir. (d) After 34 Ma, accumulation
of thick conglomerates in the Oytag foreland basin indicates strong uplift of the Pamir-Kunlun terrane, the high relief of
which blocked the supply of distal sediments from the southern Pamir and Karakoram, allowing only proximal supply from
the Pamir-Kunlun terrane.

5.3. Magnetic Evidence for Provenance Change and River Pattern Changes Related to the Collision
of the Indian Plate With the Kohistan-Ladakh Arc
Additional information about provenance change is provided by the parameters of anisotropy of magnetic
susceptibility (AMS). Figure 11 shows that both the magnetic susceptibility (km) and the AMS parameters
changed toward much higher values after ~47 Ma; this was contemporaneous with the major change in
U-Pb ages.
The enhanced magnetic susceptibility can be explained by the new additions of strong magnetic minerals
from the eroded, Late Mesozoic-Cenozoic, I-type granites in the Karakoram and Kohistan-Ladakh terranes.
I-type granites are common in the Ladakh batholith with ages ranging between 72 and 47 Ma [St-Onge
et al., 2010; White et al., 2011; Sen and Collins, 2013]. Both the temperature-dependent magnetic susceptibility
curves (Figure 12) and the ultrahigh magnetic susceptibility (>1000 μSI) suggest that the calc-alkaline I-type
granitoids in the Ladakh batholith are ferromagnetic and thus have high magnetic susceptibility, magnetite
being the principal carrier of the magnetic susceptibility [Sen and Collins, 2013].
Our results indicate that variations in the AMS parameters of lineation (L), foliation (F), and the corrected degree
of anisotropy (Pj) all changed at 47 Ma (Figure 11). Although AMS parameters in the foreland basin of the neighboring Tian Shan orogen were used to reﬂect changes of tectonic stress [Charreau et al., 2006; Huang et al., 2006;
Tang et al., 2012], alternative interpretations do exist, because sedimentary factors can also account for the
variations of the magnetic susceptibility [Sun et al., 2005] and the AMS parameters [Zhang et al., 2015].
We have three lines of evidence to demonstrate that the alignments of the magnetic minerals are sedimentary
in origin at Oytag, largely controlled by provenance change (Figure 11) rather than tectonic deformation.
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Figure 11. Magnetic fabric results from the Oytag section. The mean magnetic susceptibility (km) and the magnetic anisotropic
parameters of F, L, and Pj show very similar variation trends, marked by abrupt increases at 47 Ma, implying a sedimentary origin
of the magnetic fabrics as well as a provenance change to a relatively strong magnetic source.

First, Parés et al. [1999] demonstrated that in a foreland basin there is a trend of strengthened magnetic
orientation from the basin to the orogenic belt due to enhanced tectonic deformation. However, at Oytag,
we do not ﬁnd enhanced alignments toward the lower parts of the section but rather mostly decreased lower
AMS parameters (Figure 11). This observation conﬂicts with a tectonic origin of the AMS.
Second, the Flinn diagram indicates dominant oblate magnetic ellipsoids (Figure 13, left) and also reﬂects the
sedimentary origin of AMS [Tarling and Hrouda, 1993; Parés et al., 1999]. This is supported by the positive
linear correlation between the magnetic susceptibility (affected by the concentrations of magnetic minerals)
and the AMS degree of Pj (Figure 13, right), suggesting that the changes of Pj are related to lithology.
Third, the origin of a magnetic fabric can be indicated by the cumulative distribution of magnetic lineation
directions (Figure 14). For the entire Oytag section, the minimum axes of susceptibility (Kmin) have a vertical
cluster (Figures 14a and 14b), whereas the maximum cluster of axes shows dispersion; this feature is indicative
of a sedimentary fabric [Parés et al., 1999; Parés and van der Pluijm, 2002].

Figure 12. Temperature variation of susceptibility curves of the I-type granites of the Ladakh batholith. The sharp decrease
in magnetization at 580°C indicates that magnetite is the dominant magnetic mineral (curves after Sen and Collins [2013]).
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Figure 13. The correlation between (left) F and L and (right) the magnetic susceptibility and Pj; the blue line is the linear ﬁt curve.

A detailed analysis of the magnetic fabrics indicates two orientation patterns. From 65 to 47 Ma the Kmax axes
cluster along an E-W direction, whereas the Kmin axes have a N-S direction (Figure 14b). Under a strong
current the long axes of particles are perpendicular to the ﬂow direction and the minimum axes tilt in an
upstream direction [Tarling and Hrouda, 1993]. Therefore, the distribution of Kmin indicates a northward
ﬂowing direction (Figure 14c). This conclusion is supported by the measured sedimentary northward paleocurrent direction of Sobel [1995] that corresponds to the Paleocene strata of our chronology. After 47 Ma, the
magnetic fabrics exhibit a different pattern; the oriented Kmin axes point toward a northeastward paleocurrent ﬂow direction (Figure 14c). Bershaw et al. [2012] also reported a northeastward paleocurrent direction
using dip direction statistics of conglomerates of the upper Oytag section that corresponds to the late
Eocene-Oligocene age of our new timescale.
Accordingly, our new results indicate a remarkable change in the paleocurrent ﬂow pattern at ~47 Ma from
northward to northeastward (Figure 14c). This change can be ascribed to the northward displacement of
the Pamir with respect to other parts of Asia in response to the collision of the Indian Plate with the
Kohistan-Ladakh arc (Figure 15).

Figure 14. Anisotropy of magnetic susceptibility data. (a) Equal area lower hemisphere projections of the maximum susceptibility Kmax (square) and minimum
susceptibility Kmin (circle). (b) The cumulative distributions of the principle axes of Kmax and Kmin. (c) The inferred paleocurrent ﬂow directions are based on the
alignments of the magnetic susceptibility ellipsoids. The measured current directions indicated by the rose diagrams are from Sobel [1995] and Bershaw et al. [2012].
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Figure 15. Simpliﬁed tectonic evolution models of the Pamir salient (modiﬁed after Cowgill [2010]), based on results from
this study and other published data about the seawater retreat from the Tajik and Tarim Basins [Sun and Jiang, 2013;
Bosboom et al., 2014a, 2014b; Carrapa et al., 2015]. (a) Before collision of the Indian Plate with the Kohistan-Ladakh arc, the
Pamir and Kunlun terranes formed sublinear belts, and the Tajik and Tarim Basins were connected by Neotethys seawater.
The ancestral Gez river ﬂowed northward. (b) Collision of the Indian Plate with the Kohistan-Ladakh arc began at 47 Ma,
caused northward indentation of the Pamir, the clockwise rotation of its eastern margin, the diachronous seawater retreat
from the Tarim Basin between 47 Ma and 40 Ma, and the northeastward ﬂowing river pattern.

The change in paleocurrent directions is explained in Figure 15. Prior to collision of the Indian Plate with the
Kohistan-Ladakh arc at 47 Ma (Figure 15a), the South Tian Shan and the North Pamir were at least several
hundred kilometers apart; this takes into account the 300 km of northward displacement of the Pamir salient
[Burtman and Molnar, 1993]. At this time the Oytag section was relatively far from the South Pamir-Karakoram
mountain belts, and consequently, any sediments were mainly eroded from the North Pamir-Kunlun terranes,
and the direction of river transport was mainly northward (Figure 15a).
After 47 Ma the collision between the Indian Plate and the Kohistan-Ladakh arc resulted in the northward
indentation of the Pamir salient, which started at this time. Moreover, due to the progressive crustal shortening, the Oytag section was getting close to the Pamir salient, and thus, the previously remote mountains of
the Karakoram and even the Kohistan-Ladakh terranes became new potential sources of sediment supply
(Figure 15b). In response to the displacement of the Pamir salient, the paleocurrent ﬂow direction at the
Oytag section changed to northeastward.
Moreover, the crustal shortening and mountain uplift in the Pamir accelerated the diachronous seawater retreat
from the Tarim Basin, the timing of which is controversial, ranging from 47 Ma to 15 Ma [Ritts et al., 2008; Bosboom
et al., 2011, 2014a, 2014c; Sun and Jiang, 2013; Wang et al., 2014]. Ritts et al. [2008] argued that a connection to
open marine waters still existed in the southern Tarim Basin at 15 Ma; however, their marine foraminifera assemblages were in Oligocene-Miocene clastic strata, and such microfossils can easily be retransported for long
distances by prevailing westerly winds. Recently, Bosboom et al. [2011] suggested an age of 37 Ma for the sea
retreat, but this age was corrected to 41 Ma after reinterpretation of their magnetostratigraphy [Bosboom et al.,
2014a, 2014c]. Based on new evidence from biostratigraphy and volcanic ash chronology, Carrapa et al. [2015]
demonstrated that seawater retreat from the Tajik Basin was at 39 Ma. Because the Tarim Basin is located to
the east of the Tajik Basin, the ﬁnal retreat of the sea must have been no later than in the Tajik Basin. Due to
the short distance to the Pamir orogen, the Oytag section was sensitive to the uplift-caused seawater retreat,
and most likely records the earliest time of shift from marine to terrestrial at 47 Ma in the western Tarim Basin.
This is consistent with the age of 47 Ma for the initial deposition of the widespread Indus Molasse Group, which
records the transition from marine to continental sedimentation across Ladakh [St-Onge et al., 2010].
5.4. Oxygen and Neodymium Evidence of Provenance Change Related to the Northward Indentation
of the Pamir Salient
Temporal variations in the composition of stable oxygen isotopes of carbonates indicate a distinct change at
47 Ma, marked by higher values (average 8.40 ± 1.31‰, Pee Dee belemnite (PDB)) before and lower values
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Figure 16. Stable isotope data of bulk samples from Oytag. (a) Carbonate oxygen isotope variations. (b) Nd isotope ﬂuctuations.
Note the distinct changes at ~47 Ma.

(average 13.04 ± 1.14‰, PDB) after (Figure 16a). Therefore, an average 4.6‰ shift was recorded at 47 Ma
in the Oytag section. This major change in the δ18O curve implies a provenance change from a more marine
carbonate source to an inﬂux of freshwater carbonates, because freshwater carbonates generally have
lower δ18O values than marine carbonates [Keith and Weber, 1964]. This shift is consistent with the
argument that seawater retreated from Oytag and the eastern Pamirs at 47 Ma [Sun and Jiang, 2013]. We
do not think that this marine/terrestrial shift at 47 Ma was a dominant global climatic control, because
this seawater regression predated the most prominent, remarkable, global eustatic sea level drop at the
34 Ma related to the formation of the Antarctic ice sheet [Zachos et al., 2001]. Such a provenance change
from a marine to a terrestrial environment in this foreland basin can be reasonably related to the northward
growth and uplift of the Pamir-Kunlun terrane in response to the collision of the Indian Plate with the
Kohistan-Ladakh arc.
It is noteworthy that Bershaw et al. [2012] also studied δ18O of bulk carbonates at Oytag. Although they only
analyzed 13 mudstone/sandstone samples, a ~4‰ shift to more negative values was identiﬁed, similar to our
results. However, due to the absence of a well-deﬁned chronology, they were not sure this shift was in Eocene
or Oligocene time [Bershaw et al., 2012]. Moreover, the decrease of δ18O of carbonates at 47 Ma in the Oytag
section cannot be explained by the enhanced aridity in the Tarim Basin at 37 or 41 Ma suggested by Bosboom
et al. [2011, 2014a], because Kent-Corson et al. [2009] pointed out that enhanced aridity within the inland
basins in northwestern China led to an increase, not a decrease, of δ18O of carbonates. Additionally,
at Oytag we did not ﬁnd a notable decrease or increase of δ18O of bulk carbonates at 37 or 41 Ma, but a
relatively smooth variation from 47 Ma to the end of the Oligocene (Figure 16a).
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The temporal variations of our Nd isotopes show two shifts, one at a stratigraphic depth of 3200 m
(corresponding to a depositional age of 56 Ma) marked by an increase, and another one at 47 Ma marked
by a sharp decrease (Figure 16b). However, the shift at 56 Ma is not mirrored by either the oxygen isotopic
trend or the magnetic susceptibility curve or by any of the other data sets from the section [Bershaw et al.,
2012], so we think it likely that this was a minor provenance change. The change at 47 Ma is consistent with
the changes in the other parameters of this section. Because Nd isotopes of sedimentary rocks depend on
the composition of their source materials, the major variations and change in the Nd isotopes support a
provenance change at 47 Ma.

6. Conclusions
The southwestern Tarim foreland basin developed adjacent to the western Kunlun and the Pamir mountain
belts; thus, a detailed knowledge of any provenance change in the Cenozoic strata would be useful to
constrain the tectonic evolution of the Pamir salient. Our U-Pb ages and Hf isotopes of detrital zircons,
together with magnetic fabrics and stable isotopic data from the Oytag section, provide key constraints on
the timing of the change in sediment provenance related to the tectonic evolution of the Pamir salient in
the early Cenozoic, and they lead to the following conclusions.
1. The U-Pb ages of detrital zircons are characterized by the occurrence of a distinct, relatively young, age
population of 100–40 Ma after ~47 Ma, implying new additions from a younger provenance. Combined
with the Hf isotopic evidence, we suggest that the younger granitic additions were mostly from the uplift
and erosion of the mountains of the Karakoram and the Kohistan-Ladakh arc in response to the collision
between the Indian Plate and the Kohistan-Ladakh arc around 47 Ma that was triggered by progressive
thrusting and propagation of the Indian Plate under Eurasia.
2. Increased magnetic susceptibility after 47 Ma was due to new additions of strongly magnetic minerals
from eroded, Late Mesozoic-Cenozoic, I-type granites in the Karakoram and Kohistan-Ladakh terranes.
High-resolution magnetic fabrics indicate that paleocurrent ﬂow directions changed from N to NE at 47 Ma
in response to the northward displacement of the Pamir salient.
3. Both the stable oxygen isotopes of carbonates and the Nd isotopic compositions of bulk samples display
abrupt changes at ~47 Ma, suggesting a provenance change in the foreland basin of the northeastern
Pamir. This shift occurred at the same time as the shift from marine to terrestrial sedimentation at this site
and throughout the Ladakh region.
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