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ARTICLE INFO ABSTRACT

We conduct sandstone-composition analysis, U-Pb detrital-zircon dating, and apatite fission-track thermo-
chronology to determine how basin development was associated with the Cenozoic deformation across central
Tibet. Our results are consistent with a two-stage basin development model: first a single fluvial-lacustrine
system formed (i.e., Paleo-Qaidam basin) in between two thrust belts (i.e., the Fenghuoshan and Qilian Shan
thrust belts) in the Paleogene, which was later partitioned into two sub-basins in the Neogene by the Kunlun
transpressional system and its associated uplift. The southern sub-basin (i.e., Hoh Xil basin) strata have detrital-
zircon age populations at 210-300Ma and 390-480Ma for the Eocene strata and at 220-310 Ma and
400-500 Ma for the early Miocene strata; petrologic analysis indicates that the late Cretaceous-Eocene strata
were recycled from the underlying Jurassic rocks. The northern sub-basin (i.e., Qaidam basin) strata yield
detrital-zircon age clusters at 210-290 Ma and 370-480 Ma in the Eocene, 220-280 Ma and 350-500 Ma in the
Oligocene, 250-290 Ma and 395-510 Ma in the Miocene, and 225-290 Ma and 375-480 Ma in the Pliocene.
Proterozoic ages of the detrital zircon are most useful for determining provenance: the pre-Neogene Hoh Xil and
Qaidam strata all contain the distinctive age peaks of ~1800 Ma and ~2500 Ma from the Songpan-Ganzi terrane
south of the Kunlun fault, whereas detrital zircon of this age is absent in the Neogene Qaidam strata suggesting
the emergence of a topographic barrier between the two basins. This inference is consistent with our fission-track
thermochronological data from the Eastern Kunlun Range that suggest rapid cooling within the range did not
start until after 30-20 Ma. Our new data support the Paleo-Qaidam hypothesis that requires the Hoh Xil and
Qaidam basins were parts of a single Paleogene basin bounded by the Qilian Shan and Fenghuoshan thrust belts.
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1. Introduction 2008b). In the past three decades, researchers have focused on the

Cenozoic evolution of each basin individually (e.g. Bally et al., 1986;

Despite being the largest elevated landmass on Earth, the Tibetan
plateau was the locus of thick (> 5km) and extensive (> 400,000 km?)
sedimentation during the Cenozoic Indo-Asian collision as expressed by
the development of the late Cretaceous-Miocene Hoh Xil basin and the
Paleocene-Quaternary Qaidam basin (Fig. 1) (Yin and Harrison, 2000;
Pan et al., 2004; Yin et al., 2008a, 2008b; Yin, 2010). Because the
combined area of the two basins occupies nearly one-third of the Ti-
betan plateau (Fig. 1), understanding how these basins were developed
during the Indo-Asian collision is fundamental to deciphering the
growth mechanism of the plateau (Yin et al., 2002, 2007a, 2008a,
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Leeder et al., 1988; Burchfiel et al., 1989a; Song and Wang, 1993;
Huang et al., 1996; Métivier et al., 1998; Liu and Wang, 2001; Yin et al.,
2002; Wang et al., 2002, 2006, 2008a; Bush et al., 2016; Cheng et al.,
2014, 2016a; Zhu et al., 2017) with little consideration given to the
relationship between them and the role of recycling in affecting Cen-
ozoic provenance analysis (cf., Yu et al., 2017a). Yet this information is
key to testing two end-member models for the development of the Ti-
betan plateau: (1) the plateau grew sequentially from south to north in
association with northward initiation of new basins (i.e., the in-
dependent basin model) (Métivier et al., 1998; Tapponnier et al., 2001),
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Fig. 1. Simplified regional tectonic map of the Himalayan-Tibetan orogenic system (modified from Yin and Harrison, 2000). The bold dashed line indicates the areal
extent of the inferred Paleogene Paleo-Qaidam basin, which includes the Qaidam and Hoh Xil basins presently separated by the Eastern Kunlun Range. Major
lithologic and tectonic units: N-Q, Neogene-Quaternary sediments; Ts, Tertiary sedimentary rocks; Pz-ml(QT), Paleozoic strata and tectonic mélange in the Qiangtang
terrane; Tv(1z), early Tertiary (~60-40 Ma) Linzizong volcanic rocks in the Lhasa terrane; gnAm, Amdo gneiss; THS, Tethyan Himalayan sequences (Proterozoic to
late Cretaceous passive continental margin strata); HHM, High Himalayan metamorphic rocks; LHS, Lesser Himalayan metasedimentary series. Major plutonic rocks:
Czgr, Cenozoic granites in eastern Tibet and northern Karakorum Mountains; gr(NH), North Himalayan granites; gr(HH), High Himalayan leucogranites; K-Tgr,
plutonic rocks belonging to the Gangdese batholith, Ladakh batholith, and Kohistan arc; gr(Q), Mesozoic plutonic rocks in the Qiangtang terrane; gr(SG), Mesozoic
plutonic rocks in the Songpan-Ganzi-Hoh Xil terrane; gr(KQ) Paleozoic and Mesozoic plutonic rocks in the Kunlun and Qilian terranes. Major sutures: IYS, Indus-Yalu
suture; BNS, Bangong-Nujiang suture; JS, Jinsha suture; KS, Kunlun suture; SQS, south Qilian suture; DHS, Danghe Nan Shan suture; NQS, north Qilian suture; KS,
Kudi suture. Major Cenozoic structures: STDS, South Tibet Detachment System; MCT, Main Central Thrust; MBT, Main Boundary Thrust.

and (2) early plateau uplift occurred in the south (Lhasa and Qiangtang
terrane) and north (Qilian thrust belt) trapping a large basin in the
intervening region (the contiguous basin model) (Yin et al., 2008b). The
two models make distinct predictions regarding basin development and
structural evolution of the basin-bounding fault systems. For example,
the independent basin model requires Hoh Xil basin to have initiated
before Qaidam basin, whereas the contiguous basin model suggests the
two basins to have a shared basin evolution in the Paleogene before the
early Miocene uplift of the Eastern Kunlun Range that subsequently
portioned the two basins. In this study, we test these predictions by
combining sedimentologic observations with sandstone petrologic
analyses, U-Pb detrital zircon dating of Mesozoic and Cenozoic sedi-
ments, and a synthesis of the existing apatite and zircon fission-track
thermochronologic data. Below, we outline the regional tectonic con-
text of the studied sedimentary basins in central Tibet followed by
detailed description of our newly acquired geological data. The results
of this study indicate that the late Cretaceous-Paleogene sediments in
the Hoh Xil and Qaidam basins were derived from a similar source, but
their Neogene provenance is distinctively different. Existing apatite
fission-track data indicate that the main body of the Eastern Kunlun
Range began to uplift rapidly in the late Oligocene-early Miocene,
consistent with our sedimentological results that suggest the two basins
only became completely partitioned at the beginning of the Neogene.

2. Tectonic framework

The Tibetan plateau is comprised of the Lhasa, Qiangtang, Songpan-

Ganzi, Kunlun-Qaidam, and Qilian terranes from south to north (Chang
and Zheng, 1973; Allégre et al., 1984; Dewey et al., 1988; Yin and
Harrison, 2000; Taylor and Yin, 2009; Gehrels et al., 2011; Wu et al.,
2016) (Fig. 1). The Lhasa terrane consists of early to middle Proterozoic
lower crust (Allégre et al., 1984; Dewey et al., 1988; Pan et al., 2006;
Zhang et al., 2007) and its exposed basement yields U-Pb zircon ages of
530 Ma and 850 Ma (Guynn et al., 2006). The cover sequence is com-
posed dominantly of early Ordovician to Triassic shallow marine car-
bonate and clastic strata interlayered with rift-related Carboniferous-
Lower Permian and arc-related late Triassic volcanic sequences (Wang
et al., 1983, 2013a; Yin et al., 1988; Pan et al., 2006). Late Triassic and
Jurassic flysch complexes and early Cretaceous marine deposits are
scattered in the northern Lhasa terrane (Liu, 1988; Pan et al., 2004).
The late Jurassic to late Paleogene (150 Ma and 30 Ma) Gangdese
batholith belt lies in the southern Lhasa terrane, overlain by the late
Paleocene-early Eocene (~65-40Ma) Linzizong volcanic sequence
(Honegger et al., 1982; Allegre et al., 1984; Schérer et al., 1984; Xu
et al., 1985; Coulon et al., 1986; Debon et al., 1986; Leeder et al., 1988;
Xu, 1990; Yin et al., 1994; Copeland et al., 1995; Quidelleur et al.,
1997; Murphy et al., 1997; Harrison et al., 2000; Dong et al., 2005; Mo
et al., 2005; Kapp et al., 2005a, 2007b; Volkmer et al., 2007; Zhang
et al., 2012a; Zhu et al., 2016). South of the Gangdese batholith is the
Cretaceous to early Tertiary Xigaze forearc basin (Einsele et al., 1994;
Diirr, 1996; Wu et al., 2010; An et al., 2014; Orme et al., 2015; Wang
et al., 2017a), which is partially to entirely subducted below the north-
dipping Oligocene-Miocene Gangdese thrust along the southeastern and
southwestern edges of the Lhasa terrane (Yin et al., 1994, 1999;
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Harrison et al., 2000). The southern boundary of the Xigaze forearc
basin is the Indus-Tsangpo suture (Fig. 1). Post-collision volcanism and
dike intrusion occurred widely across the Lhasa terrane between 26 and
10 Ma (Coulon et al., 1986; Yin et al., 1994; Miller et al., 1999; Williams
et al., 2001; Mo et al., 2006, 2007; Hou et al., 2012; Xu et al., 2017;
Chen et al., 2018a).

The Qiangtang terrane exposes a 600-km long and 300-km wide
east-plunging anticlinorium defined by metamorphic rocks and late
Paleozoic strata in the core and Jurassic to Cretaceous strata across the
limbs (Yin and Harrison, 2000; Kapp et al., 2000, 2003) (Fig. 1). The
metamorphic rocks, consisting of blueschist-facies metapelite, meta-
basite and nearly ultrahigh-pressure eclogites (Kapp et al., 2000; Zhang
et al., 2006a) are all exposed in the footwalls of latest Triassic-early
Jurassic low-angle normal faults overlain by middle and late Jurassic
red beds (Kapp et al,, 2000, 2003). The southern margin of the
Qiangtang terrane is defined by the Bangong-Nujiang suture, along
which the Lhasa and Qiangtang blocks converged during the Jurassic
and early Cretaceous, closing the Meso-Tethys Ocean (e.g., Dewey
et al., 1988; Murphy et al., 1997; Kapp et al., 2005a, 2007a; Guynn
et al., 2006). The Jinsha suture, demarcating the northern margin of the
Qiangtang terrane, formed when southward subduction of the Paleo-
Tethys ended in the Triassic (Yin and Harrison, 2000). Igneous rocks
with late Paleozoic and Mesozoic ages are common in the Qiangtang
terrane (e.g., Kapp et al., 2000, 2003; Roger et al., 2003, 2004; Wallis
et al., 2003; Guynn et al., 2006; Pullen et al., 2011; Li et al., 2013a,
2014, 2015a, 2017a; Fan et al., 2015; Hao et al., 2016; Liu et al., 2017a;
Lu et al., 2017; Wang et al., 2018a). Early Paleozoic igneous rocks are
also present, including Cambrian-Ordovician plutonic rocks that have
been documented in the exhumed high-grade metamorphic rocks (Kapp
et al., 2005a; Hu et al., 2015; Liu et al., 2016). U-Pb zircon dating also
reveals the presence of Eocene granitoids in the region (e.g., Roger
et al., 2000; Spurlin et al., 2005; Jiang et al., 2006; Yang et al., 2014;
Ou et al., 2017). Post-collisional volcanic rocks (< 45Ma), mostly
dated by K-Ar and Ar-Ar methods, are widely scattered across the
Qiangtang terrane and the western Songpan-Ganzi terrane to the north
(Burchfiel et al., 1989b; Turner et al., 1993, 1996; Chung et al., 1998,
2005; Hacker et al., 2000; Roger et al., 2000; Jolivet et al., 2003; Ding
et al., 2003, 2007; Guo et al., 2006; Jiang et al., 2008a; Wang et al.,
2005a, 2008b; Long et al., 2015; Chen et al., 2018a). Ages for detrital
zircons from the Paleozoic strata exposed in central Qiangtang are
dominantly 500-1000 Ma, with smaller populations centered at ca.
350 Ma, ca. 1850 Ma, and ca. 2500 Ma (e.g., Kapp et al., 2003; Yang
and Li, 2006; Pullen et al., 2008, 2011; Dong et al., 2011; Gehrels et al.,
2011; Peng et al., 2014). Detrital zircons from Mesozoic strata exhibit a
similar distribution in addition to a prominent ca. 250 Ma peak (e.g.
Gehrels et al., 2011; Pullen et al., 2011; Ding et al., 2013).

The Songpan-Ganzi terrane is comprised mainly of a middle to late
Triassic flysch complex deposited during the closure of the Paleo-Tethys
Ocean and sourced from the nearby arcs and collisional belts (Huang
and Chen, 1987; Gu, 1994; Yin and Nie, 1993; Nie et al., 1994; Zhou
and Graham, 1996; Yin and Harrison, 2000; She et al., 2006; Weislogel
et al., 2006, 2010; Enkelmann et al., 2007; Ding et al., 2013; Tang et al.,
2018) (Fig. 1). The flysch sequence overlies rarely exposed Paleozoic
sequences that rest on the Precambrian basement of both the North and
South China cratons (Huang and Chen, 1987; Ingersoll et al., 1995;
Burchfiel et al., 1995; Zhou and Graham, 1996; Bruguier et al., 1997;
Burchfiel and Chen, 2012; Ding et al., 2013). The flysch complex is
overlain by non-marine Jurassic strata; Cretaceous strata are generally
absent (e.g., Liu et al., 2001; Pan et al., 2004; Ding et al., 2013). The
Songpan-Ganzi terrane is intruded by post-orogenic granites with ages
ranging from 150 Ma to 230 Ma (e.g., Roger et al., 2004; Zhang et al.,
2014a; Jolivet et al., 2015; Chen et al., 2017). Detrital zircon ages
determined for the Triassic strata have a main population of
200-500 Ma corresponding to the plutonic ages of the Eastern Kunlun
Range and smaller age peaks at ~750-900 Ma, ~1750-2000 Ma, and
~2350-2550 Ma (Bruguier et al., 1997; Weislogel et al., 2006, 2010;
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Enkelmann et al., 2007; Pullen et al., 2011; Ding et al., 2013; Wu et al.,
2016; Tang et al., 2018), reflecting complex derivation from the ad-
jacent source regions (Weislogel, 2008; Robinson et al., 2012; Ding
et al., 2013).

The Kunlun-Qaidam terrane includes the Eastern Kunlun Range and
Qaidam basin. Basement exposed along and underlying the northern
Qaidam basin consists of Paleoproterozoic-Mesoproterozoic meta-
morphic rocks (e.g., Lu et al., 2008; Chen et al., 2012; Gong et al., 2012;
Yu et al., 2017b, 2017c). Paleoproterozoic-early Neoproterozoic base-
ment units are also recognized within the Eastern Kunlun Range along
the southern margin of the terrane (Chen et al., 2006; Wang et al.,
2007a; He et al., 2016a, 2016b), where they are intruded by Ordovician
to early Devonian and late Carboniferous to late Triassic arc sequences
comprising the prominent Kunlun batholith (e.g., Liu, 1988; Harris
et al., 1988; Mock et al., 1999; Cowgill et al., 2003; Roger et al., 2003;
Bian et al., 2005; Zhu et al., 2006a; Dai et al., 2013; Wu et al., 2016)
(Fig. 1). U-Pb zircon ages of plutonic rocks across the terrane comprise
two prominent groups at ~195-285Ma and ~360-485Ma (Harris
et al., 1988; Roger et al., 2003; Chen et al., 2001, 2002; Arnaud et al.,
2003; Cowgill et al., 2003; Liu et al., 2004; Pullen et al., 2008). The
Permian-Triassic ages comprise a distinctive age population centered at
~245Ma that is unique within the major terranes of central and
northern Tibet. Late Devonian to early Carboniferous shallow marine
strata may have been deposited during back-arc extension between the
arc events (Yin and Harrison, 2000). A small number of magmatic and
metamorphic ages ranging from ~730 Ma to ~1080 Ma have also been
reported (e.g., He et al., 2016a, 2016b). Detrital zircons ages from the
Eastern Kunlun Range units define two prominent peaks corresponding
to the two arc events, and minor populations ~750-1000 Ma, and
~2350-2550 Ma (e.g., Wang et al., 2004a; Lu et al., 2009; Jin et al.,
2015; He et al., 2016a; Wu et al., 2016; Pei et al., 2017). The Triassic
Yidun arc in eastern Tibet is bound by the Qiangtang terrane to the
southwest and the Songpan-Ganzi terrane to the northeast. It is char-
acterized by primarily Triassic-age (~195-245 Ma) intermediate-felsic
intrusive rocks locally intruded by late Cretaceous (~75-105Ma)
granitoids (e.g., Reid et al., 2007; Chen et al., 2014; Cao et al., 2016;
Yang et al., 2016; Wu et al., 2017a). The Yidun arc has been interpreted
as an eastern extension of the Kunlun batholith that was rifted away
from the Kunlun terrane in the middle-Triassic and accreted to the
northeastern margin of the Qiangtang terrane in the late Triassic
(Pullen et al., 2008). Scattered Jurassic to Cenozoic continental strata
overlie the highly folded Triassic strata across the Eastern Kunlun
Range (Pan et al., 2004). At the western end of the Eastern Kunlun
Range, a Cretaceous pluton has also been documented (Robinson et al.,
2003).

The Qilian terrane exposes early Paleozoic flysch sequences, arc
complexes, and low- to high-grade metamorphic rocks north of the
Qaidam basin (Li et al., 1978; Liu, 1988; Gansu BGMR (Bureau of
Geology and Mineral Resources), 1989; Qinghai BGMR (Bureau of
Geology and Mineral Resources), 1991; Yin and Nie, 1996; Song et al.,
2014; also see Wu et al., 2016 for a review) (Fig. 1). The terrane con-
sists of three belts: a Proterozoic passive-continental-margin sequence
in the central part is bounded to the north and south by subduction
mélange zones (Yang et al., 2002; Gehrels et al., 2003a, 2003b; Song
et al., 2005, 2006; Zhang et al., 2005). Three main phases of magma-
tism occurred in the Qilian terrane (Cowgill et al., 2003; Gehrels et al.,
2003a, 2003b, 2011; Wu et al., 2016; Zuza and Yin, 2017; Zuza et al.,
2018): (1) at ~890-1050 Ma as small and isolated plutons that intrude
into Proterozoic passive continental margin sequences along the
southern edge of the North China craton, and as arc-related plutons
presently exposed within the North Qaidam ultrahigh-pressure (UHP)
belt and as part of the Quanji massif on the northern margin of Qaidam
basin, (2) at 520-400 Ma as arc-related plutons and volcanic complexes
coeval with the North Qaidam UHP metamorphic event (e.g., Yin et al.,
2007b), and (3) at ~240-270 Ma as isolated plutons of the Permian
Kunlun arc. Relatively rare Paleoproterozoic metamorphic and
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magmatic protolith ages are also documented (e.g., Lu et al., 2008;
Chen et al., 2009, 2013; Gong et al., 2012: Yu et al., 2017b). The Altyn
Tagh Range bounding Qaidam basin to the northwest represents the
western extension of the Qilian terrane offset ~400 km to the southwest
by the Cenozoic Altyn Tagh fault and is characterized by a similar
magmatic and metamorphic history (e.g., Yin and Harrison, 2000; Zuza
and Yin, 2017). Detrital zircons from Proterozoic and Paleozoic units in
the Qilian terrane and Altyn Tagh are similar with ca. 475 Ma and ca.
920 Ma peaks, though minor Paleoproterozoic detrital zircon popula-
tions are present in the Qilian terrane at ~1600-1900 Ma and
~2350-2500 Ma while the Altyn Tagh has a more prominent peak
centered at ca. 1900 Ma (e.g., Gehrels et al., 2003b, 2011; Yang et al.,
2009; Chen et al., 2012, 2018b; Zhang et al., 2012b, 2014b, 2017;
Wang et al., 2013b; Yu et al., 2013a, 2013b; Wu et al., 2017b; Zuza
et al., 2018).

3. Sedimentary basins in central Tibet
3.1. Jurassic-Early Cretaceous basins

Jurassic sediments are present across much of central and northern
Tibet. In Qaidam basin, Jurassic strata are exposed along the north-
eastern and western basin margins; they are important potential hy-
drocarbon source units described in detail elsewhere (e.g., Ritts et al.,
1999; Yang et al., 2003; Wang et al., 2005b; Yu et al., 2017a). Detrital
zircon geochronology indicates that Jurassic strata in Qaidam basin
were derived from the Kunlun batholith (Cheng et al., 2015; Yu et al.,
2017a). In the Songpan-Ganzi terrane, Jurassic rocks are restricted to
local occurrences of coal-bearing deltaic deposits (Weislogel, 2008).
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Further south, Jurassic sediments of the Yanshiping Group are widely
exposed in the Qiangtang terrane (Figs. 1 and 2; Leeder et al., 1988; Pan
et al.,, 2004). This thick Jurassic sequence overlies middle to late
Triassic shallow marine strata that were likely deposited in sub-basins
marginal to the closing Songpan-Ganzi remnant ocean basin (Yin et al.,
1988; Yin and Harrison, 2000; Zhang et al., 2006b). In the vicinity of
the Golmud-Lhasa highway, the Jurassic exposures define the nose of
the east-plunging metamorphic-cored Qiangtang anticlinorium (e.g.,
Yin and Harrison, 2000).

The Yanshiping Group consists of ~5000 m of both marine and non-
marine deposits (Leeder et al., 1988; Yin et al., 1988). The non-marine
clastic strata exhibit stacked fluvial channel geometries with sandstone
and conglomerate lenses intercalated with variegated mudstone. Con-
glomerate clasts are dominantly derived from adjacent sandstone and
mudstone units. Mudstone beds are typically laterally-extensive over
10s to 100s of meters and are interpreted as floodplain deposits with
variable degrees of paleosol development. Individual marine limestone
intervals are generally white to dark gray in color, locally highly fos-
siliferous, and are up to ~200 m thick. Paleocurrent directions obtained
from channel sandstones and cross-stratification in Yanshiping Group
sediments are generally to the south (Leeder et al., 1988). Fossils col-
lected from both marine limestone and non-marine fluvial deposits,
mainly bivalves, have been interpreted to indicate a middle to late
Jurassic age for the Yanshiping Group (Leeder et al., 1988; Sha et al.,
2002). However, a Jurassic age assignment for the entirety of the
Yanshiping Group has been questioned on the basis of palynomorph
assemblages that suggest an early Cretaceous age for the uppermost
portion of the sequence (Li and Batten, 2004). Along the northern
margin of Qaidam basin, Lower Cretaceous alluvial conglomerates and
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fluvial sandstones and mudstones of the Quanyagou Formation are lo-
cally exposed and are interpreted to be proximally sourced from the
southern Qilian Shan (Wu et al., 2011). Elsewhere, possible Lower
Cretaceous strata are restricted to the southern and far-western
Qiangtang terrane (e.g., Zhang et al., 2006b).

Northern derivation of detritus suggests that the marine deposi-
tional environment in the Jurassic was located near the southern
margin of the Qiangtang terrane, consistent with an increase in marine
limestone occurrence towards the south (Leeder et al., 1988). Prove-
nance studies on Jurassic turbiditic sequences along the Bangong-Nu-
jiang suture between the Lhasa and Qiangtang terranes suggest deri-
vation from the north (Leier et al., 2007; Li et al., 2017b, 2017c¢). This
marine environment was likely composite in nature, consisting of an
epeiric seaway covering portions of the southern Qiangtang crustal
block and the actively-closing Meso-Tethys ocean basin between the
Lhasa and Qiangtang terranes, which closed completely by the early
Cretaceous (e.g., Dewey et al., 1988; Murphy et al., 1997; Kapp et al.,
2005a, 2007a; Guynn et al., 2006). This interpretation is consistent
with the evolution of the Yanshiping Group sequence proposed by
Leeder et al. (1988): fluvial deposition in the middle Jurassic gave way
to sedimentation in coastal plain and marginal marine environments,
based on a higher proportion of marine limestone units upsection
within the sequence, followed by a return to fluvial conditions near the
end of the Jurassic.

3.2. Late Cretaceous-Cenogzoic basins

3.2.1. Hoh Xil basin

The late Cretaceous-Cenozoic Hoh Xil basin lies across the Songpan-
Ganzi and northern Qiangtang terranes, bounded by the Eastern Kunlun
and Tanggula ranges to the north and south, respectively (Fig. 2). In the
east, the basin stratigraphy is comprised of the basal Fenghuoshan
Group with a Cretaceous to Eocene depositional age, the overlying late
Eocene Yaxicuo Group, and the capping Miocene Wudaoliang Group
(also known as the Chabaoma Group) (Liu and Wang, 2001; Staisch
et al., 2014) (Fig. 3). In the western Hoh Xil basin, the Kangtuo and
Suonahu Formations have been correlated with the Fenghuoshan and
Yaxicuo Groups, respectively, based on stratigraphic, provenance, and
stable isotope analyses (Dai et al., 2012; Li et al., 2018a). The maximum
total thickness of Hoh Xil basin strata exceeds 5800 m (Liu and Wang,
2001) overlying older Mesozoic sedimentary units (Fig. 2). An early
study interpreted a prominent contact between the Fenghuoshan Group
and the underlying strata along the Golmud-Lhasa Highway in the
central portion of the basin as a Tertiary thrust placing Fenghuoshan
Group strata over a sequence of interbedded light-red fine-grained
sandstone and siltstone with an inferred Neogene age (Leeder et al.,
1988). However, evidence of faulting along the length of the contact
between the units has never been established in the field. We observed
this contact in the field to be clearly depositional as indicated by the
presence of wide (10s of meters in width) channels of the Fenghuoshan
Group incised into the underlying strata that we infer to be of early
Cretaceous age (Fig. 4A). Clast components of the basal conglomerate
of the Fenghuoshan Group at this outcrop are dominantly recycled fine-
grained sandstones and siltstones derived from the underlying unit. A
few kilometers to the southwest, the underlying early Cretaceous(?)
strata are in normal-fault contact with Triassic flysch deposits (Fig. 4B).
The late Cretaceous-Oligocene Fenghoushan and Yaxicuo Groups and
the underlying Jurassic and inferred early Cretaceous (?) strata are all
folded in association with complex thrusting in the Cenozoic Fen-
ghuoshan-Nangqian thrust belt (Fig. 4C) (also see Leeder et al., 1988;
Liu and Wang, 2001). The concordant style of deformation of the Jur-
assic to Cenozoic strata suggests that the Jurassic sequences were de-
formed mainly by Cenozoic contraction. In contrast to the intense
contractional deformation observed in the Fenghuoshan and Yaxicuo
Group strata, the overlying Miocene Wudaoliang Group is broadly
folded over a long wavelength (Fig. 4D) (Wu et al., 2008).
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The depositional age of the Fenghuoshan Group has been the subject
of considerable debate. Early magnetostratigraphic studies suggested
depositional ages for the Fenghuoshan and Yaxicuo Groups of 51-31 Ma
(early Eocene-early Oligocene) and ~31-30 Ma (early Oligocene), re-
spectively (Liu et al., 2003). However, more recent biostratigraphic and
magnetostratigraphic studies incorporating isotopic dating of inter-
bedded tuffs have revised the depositional age of the Fenghuoshan
Group to late Cretaceous to early Eocene, ending at 51 Ma (Staisch
et al., 2014; Jin et al., 2018). These results are consistent with existing
Cretaceous-Eocene palynological and fossil assemblage dates de-
termined for the Fenghuoshan Group (e.g., Smith and Xu, 1988; Zhang
and Zheng, 1994; Li et al., 2015b). The age of the Yaxicuo Group has
similarly been revised to late Eocene (Miao et al., 2016). The flat-lying
to gently warped Wudaoliang Group unconformably overlies the ex-
tensively folded and thrust-faulted Fenghuoshan and Yaxicuo Groups
and other Mesozoic units (Coward et al., 1988; Yin et al., 1988; Wang
et al., 2002; Staisch et al., 2016). Climatostratigraphic analysis suggests
that the Wudaoliang Group was deposited between ca. 24.1 Ma and
14.5Ma (Wu et al., 2009), consistent with fossil and pollen assemblages
indicating a Miocene age (Yin et al., 1988; Zhang and Zheng, 1994; Wu
et al., 2008). The significant deformation of the late Cretaceous-Eocene
Fenghuoshan and Yaxicuo Group strata relative to the overlying Mio-
cene Wudaoliang Group (e.g., Staisch et al., 2016) and the extensive
erosional surface upon which the latter was deposited require that a
depositional hiatus must have occurred across the vast majority of Hoh
Xil basin in the Oligocene (e.g., Wang et al., 2002; Wu et al., 2008). The
cessation of deposition of the Wudaoliang Group is further constrained
by whole rock K-Ar dating of unconformably overlying lavas at ca.
13.5 Ma in the western Hoh Xil basin (Li et al., 2004) and late Miocene-
Pliocene sporopollen assemblages identified in localized overlying se-
diments in the eastern Hoh Xil basin (Wu et al., 2008).

The average thickness of the Fenghuoshan Group is about 4.8 km
(Liu and Wang, 2001; Li et al., 2018a). The strata consist of a basal
conglomerate overlain by interbedded quartzose sandstone and mud-
stone, with minor conglomerate, gypsum, and limestone beds (Leeder
et al., 1988; Yin et al., 1988; Liu and Wang, 2001), indicating a fluvial
environment with significant incursions of lacustrine and alluvial fan-
delta settings (Liu and Wang, 2001; Cyr et al., 2005). Paleocurrent di-
rections for the Fenghuoshan Group are dominantly to the north and
northeast (Leeder et al., 1988; Liu and Wang, 2001; Wang et al., 2002,
2008a; Cyr et al., 2005; Liu et al., 2005a; Yi et al., 2008; Li et al., 2012).
North to northeast paleocurrent directions have also been documented
for the equivalent Kangtuo Formation in the western part of the basin
(Dai et al., 2012). Petrologic analyses of Fenghuoshan Group sand-
stones indicate that they were derived primarily from recycled orogen
sources (Wang et al., 2002).

The Yaxicuo Group is 670-2000 m thick and consists of alternating
sandstone and mudstone with gypsum and occasional conglomerate,
marl, and silty limestone beds (Liu et al., 2001, 2005a; Liu and Wang,
2001). They are interpreted to have been deposited in fluvial and la-
custrine environments evident from the observed channel, overbank,
lakeshore, shallow lacustrine, and saline lacustrine facies (Liu and
Wang, 2001). Like the Fenghuoshan Group, paleocurrent directions are
typically to the north and northeast, becoming more easterly higher in
the section (Liu and Wang, 2001; Wang et al., 2002, 2008a; Liu et al.,
2005a; Yi et al., 2008). A change to southward flow in the upper
Yaxicuo Group has been documented in exposures along the southern
Hoh Xil basin margin (Li et al., 2012). Analysis of sandstone petrology
suggests that the Yaxicuo Group sediments were derived primarily from
a weathered sedimentary-rock source (Wang et al., 2002).

The Wudaoliang Group consists of dolostone, micritic limestone,
marl, sandy limestone, mudstone, and sandstone, with a total thickness
from < 100m to ~800 m (Liu and Wang, 2001; Liu et al., 2005a; Zhu
et al., 2006b; Zhou et al., 2007; Wu et al., 2008). The strata were de-
posited in a series of lakes across much of the present-day Hoh Xil basin,
with an area > 10°km? (Wu et al., 2008). The proportion of coarse
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Fig. 3. Cenozoic stratigraphy of the central and northern Tibetan plateau, including lithologic unit names and interpreted depositional environments (see text for
references). Stratigraphic positions of sandstone samples 1 through 9 collected for petrographic analysis and U-Pb detrital zircon geochronology are indicated by the

white stars.

clastic materials relative to carbonates increases towards the northern
and southern margins of the basin (Wu et al., 2008). Younger Neogene
and Quaternary fluvial and alluvial units locally overlie the Wudaoliang
Group strata along basin margins (Wu et al., 2008). Due to the dom-
inantly lacustrine nature of the Wudaoliang Group strata, paleocurrent
data are sparse, though southward flow has been documented near the
base of the unit (Liu et al., 2005a).

3.2.2. Qaidam basin
Qaidam basin, bounded to the north by the Altyn Tagh and southern
Qilian Shan ranges and to the south by the Eastern Kunlun Range

(Fig. 2), is the largest topographic depression within the Tibetan pla-
teau and preserves a complete record of Cenozoic sedimentation since
at least the early Eocene. Along the western portion of the northern
margin of the basin, the south-directed North Qaidam thrust system
juxtaposes Jurassic and older rocks over the Cenozoic strata (Yin et al.,
2008a). Farther east, north-directed thrusts are more prominent (Yu
et al., 2017d). In the south, the Cenozoic basin strata overlap Paleozoic
and older rocks of the Eastern Kunlun Range in a depositional contact
(Yin et al., 2007a). This contact is well-exposed along the southwestern
margin of Qaidam basin and the contact surface can be traced via
seismic reflection profiles as a north-dipping basement reflector below
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Cretaceous
sandstone

Fig. 4. Field photographs. See Fig. 2 for photo locations and view directions (A) Unconformity between the Fenghuoshan Group of Hoh Xil basin and underlying
strata of inferred early Cretaceous age. The erosional/depositional character of this contact is clearly shown by the incised paleo-channels on the left and right sides
of the outcrop. The location of sandstone sample 2 from the Fenghuoshan Group is indicated. (B) Normal fault juxtaposing Cretaceous strata in the hanging-wall and
Triassic flysch in the footwall. (C) Complex thrusting in the Jurassic Yanshiping Group. (D) Outcrop of Wudaoliang Group strata in the central Hoh Xil basin. The
location of sandstone sample 4 is indicated. (E) Exposure of Neogene (inferred Miocene) strata adjacent to the Kunlun fault in the interior of the Eastern Kunlun
Range. The strata are in the footwall of an active north-dipping thrust fault. (F) Rare trough cross-stratification in the Xiaganchaigou Formation near the location of

sandstone sample 5. White box highlights best exposure.

the basin fill (Yin et al., 2007a). The overall structure of the Cenozoic
basin is a broad synclinorium bounded by an active duplex system in
the north initiated at ca. 50 Ma and an active south-directed thrust
system in the Eastern Kunlun Range in the south that started to develop
at 30-20 Ma (Yin et al., 2008b).

Eight Cenozoic lithostratigraphic formations are recognized in
Qaidam basin: the Paleocene-lower Eocene Lulehe Formation
(> 52-44.2Ma), upper Eocene  Xiaganchaigou Formation
(44.2-34.2 Ma), Oligocene Shangganchaigou Formation (34.2-23 Ma),
lower-middle Miocene Xiayoushashan Formation (23-12.44 Ma), upper
Miocene Shangyoushashan Formation (12.44-8.1 Ma), upper Miocene-
Pliocene Shizigou Formation (8.1-2.5Ma), Pleistocene Qigequan
Formation (< 2.5Ma), and Holocene Dabuxun Yangiao Formation

(Fig. 3). Lithostratigraphic units have been correlated across the basin
using a dense network of seismic reflection profiles and drill-hole data
(Huo, 1990; Qinghai BGMR (Bureau of Geology and Mineral
Resources), 1991; Yang et al., 1992; Song and Wang, 1993; Huang
et al., 1996; Xia et al., 2001; Qiu, 2002; Sun et al., 2005; Rieser et al.,
2006a, 2006b; Yin et al., 2008b). Extensive biostratigraphic, magne-
tostratigraphic, and detrital low-temperature thermochronologic stu-
dies have been conducted on Qaidam strata (e.g., Yang, 1988; Yang
et al.,, 1992, 1997; Rieser et al., 2006a; Sun et al., 1999, 2005; Fang
et al., 2007; Wang et al., 2007b, 2017b; Lu and Xiong, 2009; Chang
et al., 2015; Ji et al., 2017); however, the establishment of a definitive
chronology of the Cenozoic stratigraphy has remained elusive. Most
magnetostratigraphic results from Qaidam basin are restricted to a
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subset of the complete stratigraphic sequence, but two recent studies
examined sections spanning the Lulehe to Shizigou Formations located
~10 km apart along the northern margin of the basin (Ji et al., 2017;
Wang et al., 2017b). Despite the close proximity and similar strati-
graphic extents, the initiation age of deposition of the Lulehe Formation
determined by these studies varied from > 52Ma (Ji et al., 2017) to
~25.5Ma (Wang et al., 2017b). Herein, we largely adopt the chron-
ology established by Ji et al. (2017) because it was established for a
nearly complete section of Cenozoic Qaidam strata and is more con-
sistent with the majority of other magnetostratigraphic and biostrati-
graphic results (also see discussion in Song et al., in press). Age as-
signments for the Xiayoushashan Formation are adopted from a
magnetostratigraphic analysis in western Qaidam basin (Chang et al.,
2015) due to the close proximity of the examined section to our sample
locations.

The maximum total thickness of Cenozoic strata in Qaidam basin
exceeds 16 km in the west-central part of the basin and progressively
thins eastward along its central axis to < 2km in the east (Huang et al.,
1996; Yin et al., 2008b). The Lulehe Formation is a few hundred to
2600 m thick (Lee, 1984; Huang et al., 1996; Qiu, 2002; Wang et al.,
2006) and lies unconformably over Proterozoic-Paleozoic metamorphic
units, Paleozoic plutons, and Mesozoic strata (Xu, 1985; Huo, 1990;
Yang et al., 1992; Yin et al., 2002; Wang et al., 2006; Ji et al., 2017).
The unit consists dominantly of conglomerate interbedded with sand-
stone and mudstone deposited in alluvial, fluvial, delta plain, and
shallow lacustrine environments (Lee, 1984; Wang and Coward, 1990;
Song and Wang, 1993; Métivier et al., 1998; Hanson et al., 2001; Xia
et al., 2001; Yin et al., 2002; Pang et al., 2004; Wang et al., 2006,
2017b; Zhu et al., 2006b; Fang et al., 2007; Bush et al., 2016; Ji et al.,
2017).

The Xiaganchaigou Formation is a few hundred to 2800 m thick and
consists of sandstone and mudstone interbedded with marl, thinly
bedded micritic limestone and gypsum beds (Lee, 1984; Hanson et al.,
2001; Pang et al., 2004; Sun et al., 2005; Wang et al., 2006, 2017b; Zhu
et al., 2006b; Fang et al., 2007; Bush et al., 2016; Ji et al., 2017). The
fine-grained character of the strata and the increasing presence of
carbonates and evaporites in the upper sequence of the formation
clearly suggest a transition to a more lacustrine depositional environ-
ment with alluvial/fluvial environments near the basin margins
(Hanson et al., 2001; Yin et al., 2002; Wang et al., 2006; Fang et al.,
2007). The Shangganchaigou Formation above the Xiaganchaigou
Formation consists of up to 2000 m of sandstone, mudstone, and minor
calcareous shale, limestone, and conglomerate, indicating continued in
a dominantly lacustrine and deltaic environment (Lee, 1984; Song and
Wang, 1993; Huang et al., 1996; Pang et al., 2004; Sun et al., 2005;
Wang et al., 2006, 2017b; Fang et al., 2007; Zhuang et al., 2011; Chang
et al., 2015; Ji et al., 2017).

The Xiayoushashan Formation consists of up to 2600 m of mud-
stone, sandstone, local limestone, and fine-grained conglomerate (Lee,
1984; Xu, 1985; Huang et al., 1996; Qiu, 2002; Pang et al., 2004; Wang
et al., 2006, 2017b; Fang et al., 2007; Bush et al., 2016; Ji et al., 2017).
Conglomerate units are more common in the Xiayoushashan Formation
than in the underlying lacustrine-dominated strata. The coarsening-
upward trend has been interpreted as indicating deposition in a shal-
lowing lacustrine environment and a transition to a more fluvial/allu-
vial-dominated depositional environment (Rieser et al., 2005, 2006a;
Chang et al., 2015; Bush et al., 2016). The conformably overlying
Shangyoushashan Formation (Sun et al., 1999; Fang et al., 2007; Wang
et al., 2007b; Chang et al., 2015), with a maximum thickness of 2600 m,
is generally lithologically similar to the Xiayoushashan Formation and
suggests a fluvial-dominated environment (Lee, 1984; Xu, 1985; Huang
et al., 1996; Qiu, 2002; Pang et al., 2004; Wang et al., 2006, 2017b;
Zhou et al., 2006; Bush et al., 2016; Ji et al., 2017). Occurrences of
intercalated mudstone and gypsum suggest periods of arid lacustrine
conditions existed in Qaidam basin during this time (Chen and Bowler,
1986; Wang et al., 2006; Ji et al., 2017).
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The Shizigou Formation has a maximum thickness of ~2000 m and
consists of alluvial sandstone and conglomerate near the basin margins
and lacustrine mudstone and evaporite units near the basin center (Lee,
1984; Xu, 1985; Song and Wang, 1993; Hanson et al., 2001; Wang
et al., 2006, 2017b; Zhu et al., 2006b; Fang et al., 2007; Bush et al.,
2016; Ji et al., 2017). The overlying Qigequan Formation has a max-
imum thickness of ~3000 m (Lee, 1984; Qiu, 2002; Wang et al., 2006)
and exhibits a basinward transition from alluvial/fluvial to deltaic to
lacustrine depositional environments with an eolian component (Chen
and Bowler, 1986; Xia et al., 2001). The identification of paleo-shore-
line features and the presence of extensive evaporites in late Pliocene
and Pleistocene strata have been interpreted to reflect the establish-
ment and fluctuating persistence of large lakes in Qaidam basin ex-
tending into the Holocene (e.g., Chen and Bowler, 1986; Lehmkuhl and
Haselein, 2000; Mischke et al., 2006a, 2006b). The Holocene Dabuxun
Yangiao Formation consists of mixed fluvial, alluvial, eolian, and la-
custrine clastic and evaporitic sediments, in places exceeding 300 m in
thickness (Lee, 1984; Xu, 1985; Hanson et al., 2001).

3.3. Cenozoic basins in the Eastern Kunlun Range

Intermontane basins of Cenozoic age exposed within the Eastern
Kunlun Range are typically associated with active south-directed
thrusts (Zhong et al., 2004; Yin et al., 2007a) (Fig. 4E). Basin devel-
opment in the western segment of the Eastern Kunlun Range started in
the Eocene and Oligocene in a lacustrine setting (Zhong et al., 2004),
which is interpreted to be part of a larger Paleogene Paleo-Qaidam
basin prior to the uplift of the Eastern Kunlun Range at the start of the
Neogene (Yin et al., 2007a). In the central and eastern segments of the
Eastern Kunlun Range, Cenozoic basins may have started to develop in
the Neogene in alluvial fan settings (Wu et al., 2008). These basins have
been interpreted to be the northern proximal facies of a large Miocene
lake present in the Hoh Xil region during the deposition of the Wu-
daoliang Group (Wu et al., 2008). Despite the above interpretations, it
should be noted that age constraints and detailed sedimentologic stu-
dies on the Cenozoic basins in the Eastern Kunlun Range are generally
lacking. As a result, the tectonic settings of the basins within the range
and their relationships to the nearby Qaidam and Hoh Xil basins remain
poorly understood.

4. Sandstone petrology
4.1. Methods

We collected seven Cenozoic sandstone samples from Hoh Xil and
Qaidam basins for petrographic analysis. As Jurassic units dominate the
southern margin of the Hoh Xil basin, we analyzed one Jurassic sample
to determine their contribution to the clastic composition of the Hoh Xil
Cenozoic strata. Sample locations are shown in Fig. 2. The lithostrati-
graphic assignments of samples were determined based on observed
field relationships and published geologic maps (Qinghai BGMR
(Bureau of Geology and Mineral Resources), 1991; Staisch et al., 2014;
Chang et al., 2015) and are indicated schematically in Fig. 3. For pet-
rographic analysis, standard thin sections were prepared and stained for
identification of potassium feldspar. Modal compositions were de-
termined by employing the modified Gazzi-Dickinson point-counting
method of Ingersoll et al. (1984). We use the following abbreviations to
facilitate description of our petrological results: F for feldspar, L for
non-quartzose lithic grains, Lt for total lithic grains including quartzose
grains, Qm for monocrystalline quartz, and Qt for total quartz. Raw
point-counting data is summarized in Supplementary Table 1 and re-
calculated modal abundances are plotted on the ternary diagrams of
Dickinson et al. (1983) and shown in Fig. 5.
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Fig. 5. Ternary diagrams (QtFL and QmFLt) indicating modal abundances re-
calculated from raw-point counting data (Table 1) for sandstone samples 1
through 6. The provenance fields of Dickinson et al. (1983) are shown to aid in
potential source interpretation. Mean results for the Shangyoushashan and
Shizigou Formations of Qaidam basin from Rieser et al. (2005) are also shown
(samples A and B). The Jurassic sample from the Qiangtang terrane and the
Eocene sample from Hoh Xil basin (samples 1 and 2) plot near the boundary
between the craton interior and recycled fields in both diagrams, whereas
younger samples from Hoh Xil basin and all samples from Qaidam basin plot in
the recycled and mixed fields, suggesting a two-phase history for the evolution
of Hoh Xil basin.

4.2. Results from Jurassic sample of the Qiangtang terrane

Jurassic strata are present at the surface across much of the
Qiangtang terrane in central Tibet, with the northernmost exposures
stratigraphically between the underlying Triassic Songpan-Ganzi flysch
sequence and the overlying Tertiary strata of the Hoh Xil basin (Fig. 2).
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Sample 1 was collected from a light gray, massive medium- to coarse-
grained sandstone of late Jurassic age exposed in the Tanggula Range
on the southern margin of the Hoh Xil basin (Figs. 2 and 3). In thin
section, the sample exhibits partially interlocking quartz grains in-
dicating a low degree of recrystallization and contains very little ce-
ment or matrix material. Its modal composition is Qt:F:L = 89:8:3 and
Qmu:F:Lt = 78:8:14, plotting in the “craton interior” and “quartzose
recycled” provenance fields, respectively (Fig. 5).

4.3. Results from Cenozoic samples of the Hoh Xil basin

Sample 2 was collected in the central Hoh Xil basin from a late
Cretaceous fine- to medium-grained red sandstone unit directly above
the unconformity between the Fenghuoshan Group and underlying
early Cretaceous(?) strata (Figs. 2, 3, and 4A). Sample 2 is characterized
by subangular to subrounded grains and interstitial calcite cement. The
modal compositions are QtF:L = 85:11:4 and Qm:F:Lt = 76:11:13,
plotting near the boundary between the “craton interior” and “re-
cycled” fields in both ternary diagrams (Fig. 5). These results are similar
to those obtained by Wang et al. (2002) for Fenghuoshan Group
sandstones.

Sample 3 was collected from the base of the early Miocene
Wudaoliang Group in the northern Hoh Xil basin (Fig. 3). It is from a
light red-brown, fine-grained sandstone that is part of an interbedded
sequence of lenticular sandstones and sandy siltstones. Calcite ce-
mentation is pervasively developed between moderately well-sorted
subangular to subrounded grains and secondary hematite is common.
Sample 4, a fine-grained white sandstone, was collected from a strati-
graphically higher position within the Wudaoliang Group (Figs. 2, 3,
and 4D).. Grains in sample 4 exhibit a higher degree of roundedness
than those in sample 3, and the cement is both calcitic and siliceous.
Modal compositions for sample 3 are QtF:L =70:13:17 and
Qm:F:Lt = 62:13:25. Modal compositions for sample 4 are
QtF:L = 71:7:22 and Qm:F:Lt = 58:7:35. Results for both samples plot
in the “recycled orogen” field in the QtFL diagram and in the “quartzose
recycled” field in the QmFLt diagram (Fig. 5).

4.4. Results from Cenozoic samples of Qaidam basin

Sample 5 was collected from a red-brown, very fine-grained sand-
stone within a sequence of interbedded mudstone and fine-grained
sandstone mapped as the upper Eocene Xiaganchaigou Formation ex-
posed locally along the southern margin of Qaidam basin (Qinghai
BGMR (Bureau of Geology and Mineral Resources), 1991; Figs. 2 and
3). The sandstone is moderately well-sorted with rounded to sub-
rounded framework grains, calcite cement, and secondary hematite.
Detrital modes are Qt:F:L = 74:9:17 and Qm:F:Lt = 63:9:28, plotting in
the “recycled orogen” and “quartzose recycled” fields (Fig. 5). These
results indicate a slightly more quartzose composition than those re-
ported by Rieser et al. (2005) for the same unit along the northern
margin of the Qaidam basin (Qt:F:L = 65:22:13; Qm:F:Lt = 61:22:17),
possibly suggesting different source regions for the northern and
southern margins of the Qaidam basin during the late Eocene. This
interpretation is further supported by variations in detrital heavy mi-
neral compositions within samples of the Xiaganchaigou Formation
collected from areas adjacent to the Altyn Tagh Fault and the Qimen
Tagh (Li et al., 2018b).

Sample 6 was collected from strata of the Oligocene
Shangganchaigou Formation exposed near the core of the Youshashan
anticline in the western Qaidam basin (Figs. 2 and 3). The sample is a
poorly-sorted, very fine- to medium-grained massive sandstone from a
succession of interbedded sandstone and pebble conglomerate with
common granitoid, sandstone, and quartzite clasts. Calcite cement and
clay matrix material are common in the interstices between subrounded
framework grains. The modal composition of the sample is
Qt:F:L = 60:26:14 and Qmu:F:Lt = 47:26:27, plotting in the “recycled
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orogen” and “mixed” fields on the ternary diagrams (Fig. 5). These
results are also good agreement with those reported previously for the
Shangganchaigou Formation (Rieser et al., 2005; Qt:F:L = 60:27:13;
Qm:F:Lt = 58:26:16).

Samples 7 and 8 were collected from the late Miocene
Shangyoushashan Formation and the Pliocene Shizigou Formation, re-
spectively, exposed along the southwest limb of the Youshashan anti-
cline (Fig. 2). They are the youngest samples we collected from Qaidam
basin. Sample 7 is poorly-sorted, fine- to coarse-grained subangular to
subrounded sand while sample 8 is poorly-sorted, fine-grained sub-
angular to subrounded sand. Both samples were from interbedded se-
quences of sandstones and pebble conglomerates. Accurate point
counting was not possible for the two samples due to the difficulty of
preparing coherent thin sections of the poorly lithified samples. How-
ever, a visual examination of the detrital composition suggests that they
share a similar modal composition to sample 6 from the Shanggan-
chaigou Formation. Rieser et al. (2005) also performed petrologic
analysis of sandstone samples from the same units near the locations of
our samples 7 and 8. Their results show that the modal composition for
the late Miocene Shangyoushashan Formation is Qt:F:L = 61:28:11 and
Qm:F:Lt = 56:29:15 and the modal composition for the Pliocene Shi-
zigou Formation is Qt:F:L = 62:25:13 and Qm:F:Lt = 59:26:15. The
above modal abundances plot in the “recycled orogen” and “mixed”
fields on the ternary diagrams (Fig. 5).

4.5. Cenozoic sample from an Eastern Kunlun Intermontane basin

Many of the fault-controlled intermontane basins within the Eastern
Kunlun Range are active, and in some cases, basin fill is locally exposed
along the margins of these basins in both the footwalls and hanging-
walls of late Cenozoic thrust faults. Sample 9 was collected from the
northern, faulted margin of a narrow basin within which the left-slip
Kunlun fault is located (Figs. 2, 3, and 4F). At the sample locality, the
Neogene sequence is overturned and exposed in the footwall of a south-
directed thrust. Hanging-wall lithologies include low-grade Triassic
metasedimentary units and a small, undeformed granodiorite body of
inferred late Triassic age. Based on the structural setting of this ex-
posure, our proposed late Oligocene-early Miocene age for the initiation
of widespread uplift of the Eastern Kunlun Range, and the occurrence of
other small exposures of strata assigned a Neogene age at nearby lo-
cations adjacent to the Kunlun fault (Qinghai BGMR (Bureau of Geology
and Mineral Resources), 1991), we tentatively assign these strata an
early Miocene age. Sample 9 is a medium-grained, red arkosic sand-
stone exhibiting moderate sorting, sub-angular clasts, and abundant
feldspar. These observations suggest that the Eastern Kunlun inter-
montane basin Neogene strata consist of generally immature sediment,
as expected based on the proximity of the basins to their probable se-
dimentary sources in the adjacent mountains.

5. U-PB Detrital Zircon Geochronology
5.1. Sampling and analytical method

We performed U-Pb dating of detrital zircons from samples 1-9
described in the previous section. Sandstone samples of ~10kg were
collected in the field and were processed by standard mineral separa-
tion techniques, including crushing and density and magnetic separa-
tion. Approximately 500 grains of the resulting zircon separates were
split en masse to provide a random selection of the total zircon popu-
lation for analysis. Separated zircons were mounted in 1-inch diameter
epoxy plugs, which were subsequently polished to approximately one-
half mean grain thickness to expose the interiors of the detrital zircon
grains. Approximately 100 detrital zircon grains from each sample were
randomly selected for analysis from the separated grains. Zircon grains
with cracks or inclusions were excluded from the analysis to avoid
complication in age determination.
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Laser ablation-multicollector-inductively coupled plasma mass
spectrometry (LA-MC-ICPMS) U-Pb dating of detrital zircons was per-
formed using the Arizon LaserChron Center's GVI Isoprobe. Zircon
grains were ablated with a New Wave/Lambda Physik DUV193 Excimer
laser (A = 193 nm, spot diameter = ~35 pm) and ablated material was
transported via helium gas to the plasma source of the GVI Isoprobe. U
and Pb isotopes were measured simultaneously in static mode using
Faraday collectors for 238U, 232Th, 208pb, 207Pb, and 2°°Pb, and an ion-
counting channel for 2°*Pb. For each analysis, background levels were
checked via one 20-s integration on peaks with the laser off, followed
by 12 or 20 one-second integrations measuring ablated material.
Individual analyses were separated by 30 s to purge the previous sample
and allow peak signal intensities to return to background levels.
Corrections for common Pb and Hg contribution to the measured 2°*Pb
were carried out by assuming an initial Pb composition from Stacey and
Kramers (1975) and subtraction of peak-centered background values,
respectively. Measured isotopic ratios were corrected for fractionation
by comparison with a zircon standard with a known age of 564 = 4 Ma
(20 error), fragments of which were measured after every fifth detrital
zircon grain. The ages presented are 2°°Pb/?%®U ages for grains less than
~800-1050Ma and 2%°Pb/?°’Pb ages for grains greater than
~800-1050 Ma; the specific threshold age used for each sample is given
with the full analytical results in Supplementary Table 2. Reported
uncertainties for age determination of individual grains are at the 1o
level and reflect measurement errors only. Individual analyses with >
10% uncertainty, > 20% discordance, or > 5% reverse discordance
are not included in our interpretations of the analytical results.

Detrital zircon ages for all samples are shown on concordia dia-
grams (Fig. 6) and as histograms with relative probability plots gen-
erated using Isoplot 3.75 Ludwig (2012) and kernel density estimate
(KDE) plots produced using the Provenance package for R (Vermeesch
et al., 2016) (Fig. 7A). Measured Th/U ratios for over 98% of all zircon
grains (880/895) are > 0.1, suggesting the detrital zircons in our
samples are dominantly of magmatic origin (e.g., Rubatto, 2002).
Dating results for individual samples are described below. Character-
izations of age spectra are based on KDE plots unless noted. Minor
populations refer to those accounting for < 10% of the zircon ages of
the respective sample.

5.2. Detrital zircon ages from Jurassic sample of the Qiangtang Terrane

Analyses of zircon grains from the Jurassic sandstone (sample 1 in
Figs. 2 and 3) provided 98 usable ages. The youngest ages constrain the
maximum depositional age of the sample to ~157 Ma (n = 3), con-
sistent with the late Jurassic age previously assigned to these strata
(Leeder et al., 1988). Zircon ages at 230-290 Ma and 430-470 Ma are
common and define two prominent peaks at ~275Ma and ~445 Ma,
respectively (combined 24% of zircon ages). The highest peak is in the
early Proterozoic between 1750Ma and 2000Ma, centered at
~1850 Ma (32% of zircon ages). A low broad peak at ~1020 Ma de-
fined by 970-1220 Ma ages (16% of zircon ages) and a minor popula-
tion at 2350-2550 Ma are also present.

5.3. Detrital zircon ages from Late Cretaceous-Cenozoic samples of the Hoh
Xil basin

Analyses of zircon grains from the Fenghuoshan Group sandstone
(sample 2 in Figs. 2, 3, and 4A) provided 103 usable ages. The dominant
age population is at 210-300 Ma (32% of zircon ages) with a peak at
~270 Ma. Age populations of 390-475Ma (21% of zircon ages) and
1600-2100Ma (21% of zircon ages) have peaks of ~435Ma and
~1875 Ma, respectively. Minor age populations of 750-840 Ma and
2400-2500 Ma are also present.

Analyses of zircon grains from lower and upper sections of the early
Miocene Wudaoliang Group (samples 3 and 4 in Figs. 2, 3, and 4D)
provided a total of 106 and 101 usable ages, respectively. Three
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prominent age populations are evident for both samples: 220-310 Ma
(20% of combined zircon ages) with a peak at ~250 Ma, 400-500 Ma
(19% of combined zircon ages) with a peak at ~450Ma, and
1800-2050Ma (18% of combined zircon ages) with a peak at
~1900 Ma. Minor age populations of 2450-2550 Ma are also present in
both samples. Sample 3 additionally exhibits two minor peaks at
~1100Ma and ~1620Ma. In sample 4, 720-850 Ma ages (10% of
zircon ages) define a peak at ~770 Ma, and a spread of ages from 1060
to 1390 Ma (8% of zircon ages) define a low broad peak.

5.4. Detrital zircon ages from Cenozoic samples of the Qaidam basin

We obtained 104 usable zircon ages from the late Eocene
Xiaganchaigou Formation sandstone (sample 5 in Figs. 2 and 3). As the
KDE plots fails to discriminate the two age maxima evident in the
histogram for zircon ages < 500 Ma, identification of age populations
and peaks for this sample is based on the relative probability plot.
The < 500 Ma zircons can be separated into groups at 210-290 Ma
(20% of zircon ages) and 370-480 Ma (23% of zircon ages), with the
peaks at ~255Ma and ~430 Ma. A broad spread of ages from 500 to
1600 Ma exhibits apparent minor peaks at ~575Ma, ~745Ma,
~930Ma, and ~1100Ma. Important minor age populations of
1800-2050 Ma (9% of zircon ages) and 2390-2510 Ma (5% of zircon
ages) define peaks of ~1870 Ma and ~2500 Ma, respectively. A single
zircon yielded an age of 42 + 1 Ma. Although this single date is not a
robust measure of the maximum depositional age of the sample, it is
nevertheless consistent with the middle Eocene-early Oligocene age
assignment of the Lower Xiaganchaigou Formation.

Analyses of zircon grains from the late Oligocene Shangganchaigou
Formation sandstone (sample 6 in Figs. 2 and 3) provided 96 usable
ages. The majority of detrital zircon ages for this sample are < 500 Ma,
comprising two major populations at 220-280 Ma (28% of zircon ages)
and 350-500 Ma (50% of zircon ages) with corresponding peaks of
~265Ma and ~415Ma. Detrital zircon ages > 500 Ma have widely
scattered Archean and Proterozoic ages and define no apparent peaks.
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Analyses of zircon grains from the late Miocene Shangyoushashan
Formation sandstone (sample 7 in Figs. 2 and 3) provided 92 usable
ages. Similar to sample 6, most zircons in sample 7 are of Paleozoic and
Mesozoic ages, comprising two age populations of 255-290 Ma (14% of
zircon ages) and 395-510 Ma (63% of zircon ages). Corresponding
peaks are at ~275Ma and ~450 Ma. Zircons ranging from 825 to
1240 Ma account for the majority of the remaining ages (78% of Pro-
terozoic zircon ages). Analyses of zircon grains from the Pliocene Shi-
zigou Formation sandstone (sample 8 in Figs. 2 and 3) provided 95
usable ages. Detrital zircon ages from this sample are also pri-
marily < 500 Ma Main age populations of 225-290 Ma (26% of zircon
ages) and 370-480 Ma (48% of zircon ages) define peaks at ~265 Ma
and ~430 Ma. Older zircon ages are scattered throughout the Proter-
ozoic.

5.5. Detrital zircon ages from Neogene sample of an Eastern Kunlun
Intermontane basin

We obtained 100 usable zircon ages from the inferred Miocene-age
sandstone collected from an intermontane basin within the Eastern
Kunlun Range (sample 9 in Figs. 2 and 3). The majority of zircons
comprise two main age populations: 210-290 Ma (32% of zircon ages)
with a peak at ~245 Ma and 375-470 Ma (30% of zircon ages) with a
peak at ~430Ma.. A smaller middle Proterozoic age population of
900-1090 Ma (13% of zircon ages) has an apparent peak at ~950 Ma.

6. Apatite and zircon fission-track thermochronology
6.1. Method

Fission-track thermochronology is based on crystal-lattice damage
manifested as linear tracks resulting from the constant-rate spontaneous
fission of trace levels of 2*®U in zircon and apatite grains. Above
~240°C, the spontaneous tracks in produced in zircon grains are
completely annealed (Bernet and Garver, 2005), and we use this value
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as an effective closure temperature for fission track retention and ac-
cumulation. For apatite, total annealing occurs above ~110°C, but
complete retention requires temperatures below ~60 °C (e.g., Ketcham,
2005). The range ~60-110 °C is termed the apatite partial annealing
zone (PAZ), within which fission tracks are incompletely annealed. The
decrease in temperature of a sample through the PAZ as a function of
time is reflected by the distribution of lengths for the partially-annealed
tracks. We use the above properties of apatite fission-track thermo-
chronology to determine the low-temperature thermal history of the
central segment of the Eastern Kunlun Range and combine the results

with zircon fission-track cooling ages to extend cooling paths to
~240 °C. This information in turn permits us to infer the onset age for
the uplift of the Eastern Kunlun Range.

We collected nine samples for apatite fission-track (AFT) analyses
from two traverses west and east of the Golmud-Lhasa Highway; zircon
fission-track (ZFT) analyses were obtained for eight of these samples, as
well as for two additional samples (Fig. 8). Fission track ages were
measured using the external detector method (Gleadow, 1981) and
calculated using the zeta calibration method (Hurford and Green,
1983). Grains of Durango apatite (31.4 = 0.5Ma) were used as the
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Fig. 7. (continued)

age-calibration standard for AFT analyses, and grains of Fish Canyon
tuff zircon (27.9 * 0.7 Ma) were used as the age-calibration standard
for ZFT analyses. Apatite and zircon grains were separated from ~5-kg
samples using standard mineral separation techniques. Polished grain
mounts were prepared and etched to reveal spontaneous fission tracks.
Apatite grain mounts were etched in 7% HNOj3 at 20 °C for 40 s; zircon
grain mounts were etched in a 96% NaOH:82% KOH:98% LiOH solu-
tion at 210 * 10 °C for 4.5 h. All samples were irradiated at the China
Institute of Atomic Energy reactor facility. Neutron fluences during ir-
radiation were measured using NIST trace element glass SRM612 as a
dosimeter. Low-U muscovite external detectors covering apatite grain
mounts were etched in 40% HF at 20 °C for 20 min to reveal induced
fission tracks. Fission tracks were counted using an Olympus micro-
scope at 1000 X magnification. Ages were calculated using the fol-
lowing zeta values: (ipatite = 352.4 * 29 and (yircon = 354.6 * 16
(J.L. Wan).

6.2. Age results

Sample locations, AFT pooled ages, and ZFT central ages are sum-
marized in Table 1 and shown on Fig. 8. AFT ages for all analyzed
samples except sample S-21 are in the range between 0.9 * 0.3 Ma and
16.3 += 1.7 Ma (10), while sample S-21 has a significantly older AFT
age of 52.9 * 3.4 Ma (10). ZFT results define three distinct age groups.
Samples S-22, S-23, and S-24 comprise the oldest group with early
Jurassic ages between 175.6 + 11.2Ma and 188.3 = 10.1 Ma (10).
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Samples S-25, S-72, and S-75 yield late Jurassic to early Cretaceous ages
between 139.3 + 10.4Ma and 156.9 = 10.4 Ma (10). Samples S-21,
S-26, S-73, and S-76 yield early to middle Cretaceous ZFT ages between
95.6 = 5.8Ma and 112.1 = 6.8 Ma (10).

6.3. Cooling histories

Because fission track systematics in apatite are characterized by a
PAZ between ~60-110 °C, AFT ages and measured fission track length
distributions can be inverted to produce suites of compatible thermal
histories. We performed inverse modeling of the AFT data using the
HeFTy v. 1.9.3 software of Ketcham (2005) and the kinetic annealing
model for apatite of Ketcham et al. (2007) to produce time-temperature
pathway models. For each sample, modeling was constrained by the
ZFT central age and 1o uncertainty determined for the same sample,
and a ZFT closure temperature approximated as 240 = 30 °C. For
sample S-74, which lacks ZFT data, a broader time constraint ranging
from 90 to 200 Ma, corresponding to the range of ZFT central ages for
the other samples, was used. All models were further constrained by a
surface temperature of 10 °C. Modeling of each sample was run until
500 randomly-generated thermal histories with “good” fits were iden-
tified, where “good” indicates that forward modeling of the path pro-
duces model ages and track lengths in good agreement with the actual
measured data for the sample (see Ketcham, 2005 for additional details
on the statistical assessment of goodness of fit implemented in HeFTy).
Fig. 9 shows the results of the HeFTy thermal modeling, including time-
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temperature path envelopes for “good” and “acceptable” fits, the best-
fit model for each sample, and a comparison of the observed and best-fit
model track length distributions. The modeled thermal histories suggest
that all samples except sample S-21 cooled rapidly through the apatite
PAZ after 20 Ma, which is consistent with the pooled AFT ages reported
above (Table 1). Sample S-21, collected from the northernmost margin
of the Eastern Kunlun Range, cooled through the partial annealing
temperature range at ~60-40 Ma.

The AFT age results can be used to investigate the timing of uplift of
the Eastern Kunlun Range. West of the Golmud-Lhasa Highway, sam-
ples S-25, S-24, S-76, S-74, and S-26 display a southward-younging
trend for the onset of rapid cooling (Figs. 8 and 9). The northernmost
sample (S-25) began to cool rapidly at ~20 Ma, while the southernmost
sample (S-26) did not start cooling rapidly until ~1 Ma. In contrast to
the cooling trend described for the western traverse, samples collected
east of the Golmud-Lhasa Highway indicate nearly coeval onset of rapid
cooling at ~10-15 Ma for samples S-75 and S-73. Sample S-21 from the
northernmost margin of the range shows the onset of rapid cooling at a
much earlier time of ~45Ma. One sample from the Golmud-Lhasa
Highway (sample S-22) experienced rapid cooling at ~15Ma.

7. Discussion

Our sandstone petrologic analyses suggest that the Jurassic strata in
the Qiangtang terrane were sourced from a craton-interior provenance
setting. Our work also suggests that the Hoh Xil basin received detritus
of a similar provenance in the late Cretaceous-Eocene, but sedimentary
material was derived from a recycled-orogen provenance setting in the
early Miocene (Fig. 5). In contrast, the compositions of sediment de-
posited in the western Qaidam basin throughout the Cenozoic are
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consistent with recycled-orogen sources, although more feldspathic
compositions in the younger samples are suggestive of a shift towards a
mixed provenance (Fig. 5). The results of our U-Pb detrital zircon
geochronology indicate that Jurassic strata along the southern margin
of the Hoh Xil basin comprise three main age populations at
230-290 Ma, 430-470 Ma, and 1750-2000 Ma (Fig. 7A). Strata of Hoh
Xil basin have similar age populations at 210-300 Ma, 390-475 Ma,
and 1600-2100 Ma in the late Cretaceous, and at 220-310Ma,
400-500 Ma, and 1800-2050 Ma in the early Miocene (Fig. 7A). In
Qaidam basin, Cenozoic strata have the following age populations:
210-290 Ma and 370-480 Ma in the early Eocene, 220-280 Ma and
350-500 Ma in the Oligocene, 255-290 Ma and 395-510Ma in the
Miocene, and 225-290 Ma and 375-480 Ma in the Pliocene. In addition
to these general age characteristics, minor age populations, particularly
those in the Proterozoic, are useful for determining provenance. Apatite
fission-track thermochronology results from the Eastern Kunlun Range
suggest that rapid cooling did not start across the interior of the range
until ~30-20 Ma, and that an early cooling event may have been locally
experienced along its northern margin at ~45 Ma, a result consistent
with the knowledge of the region (e.g., Jiang et al., 2008b; Clark et al.,
2010; Duvall et al., 2013; Liu et al., 2017b). Zircon fission-track ther-
mochronology results from the range indicate that the region cooled
below 240 °C between the early Jurassic and early Cretaceous, con-
sistent with previous studies suggesting regionally-widespread Meso-
zoic cooling (e.g., Mock et al., 1999; Chen et al., 2003; Yuan et al.,
2006; Dai et al., 2013; Wang et al., 2016, 2017d, 2018b). Below, we use
our new data to address the question of how Hoh Xil basin, Qaidam
basin, and the Eastern Kunlun Range have interacted with one another
tectonically during development of the Tibetan plateau.
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Fig. 9. Cooling histories for samples collected for fission-track dating produced using the HeFTy thermal modeling program (Ketcham, 2005). Low-temperature
histories are derived from inverse modeling of AFT results, constrained by ZFT results when available. Dark and light gray areas represent “good” and “acceptable” fit
envelopes. Black lines represent the best-fit model for each sample, and the corresponding modeled track length distributions are shown with histograms of the
observed track lengths. See text for additional details about modeling parameters.

7.1. Provenance analysis

To facilitate our discussion on the provenances of our sandstone
samples from central Tibet, we compiled published U-Pb zircon ages
dating magmatic crystallization and detrital grains from the major
terranes of central and northern Tibet (Figs. 7B-G). See the Supple-
mentary Information for the complete list of references.

7.1.1. Jurassic strata

For the sample from middle-late Jurassic Yanshiping Group in the
northern Qiangtang terrane (sample 1), the two prominent Phanerozoic
populations with peaks at ~275Ma and ~445Ma correspond to the
bimodal age distribution characteristic of the Kunlun batholith (Fig. 7A

and B). Similar Kunlun ages have also been noted in Yanshiping Group
sandstones over 300 km to the west of our sample location (Ding et al.,
2013). Southward paleocurrent indicators in Yanshiping Group strata
(Leeder et al., 1988) are consistent with the Kunlun terrane acting as a
source for these sediments.

Some of the Jurassic samples examined by Ding et al. (2013) also
contain Paleoproterozoic zircons with ages of ~1800-2050 Ma and
~2450-2550 Ma, consistent with the results from our sample. Possible
sources for these age populations are the Triassic strata of the Songpan-
Ganzi terrane to the north (Fig. 7E) and Paleozoic strata exposed pri-
marily in the central Qiangtang terrane to the south (Fig. 7F). We
suggest that recycling of Songpan-Ganzi strata was a contributing
process, as drainage systems transporting detritus from the Kunlun
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terrane to Qiangtang would necessarily cross these units. A significant
population of Songpan-Ganzi detrital zircons have ages between
500 Ma and 1000 Ma (Fig. 7E), which are largely absent from sample 1
(Fig. 7A). Detailed provenance studies of the Songpan-Ganzi turbidite
sequences have suggested that subbasins within the terrane received
detritus from surrounding source regions in varying proportions (e.g.,
Weislogel, 2008; Ding et al., 2013), thus the compilation of ages from
across the entire Songpan-Ganzi terrane shown in Fig. 7E obscures the
provenance variability exhibited by different regions within the terra-
ne.Several source regions have been identified for the Songpan-Ganzi
deposits: the Permian-Triassic Eastern Kunlun arc to the north, the
Qinling orogenic belt and the North China block to the northeast, and
the South China craton to the east (Weislogel, 2008). The North China
block is the primary source of the Paleoproterozoic zircons (Weislogel
et al, 2006) and mainly provided sediment to the northeastern
Songpan-Ganzi subbasin (Weislogel, 2008). The South China craton is
most responsible for the 500-1000 Ma detrital zircon ages (Weislogel
et al., 2006), but the region only contributed detritus to the eastern
portion of the flysch basin (Weislogel, 2008). Therefore, it is likely that
the Jurassic sediments in the northern Qiangtang terrane were derived
mostly from recycling of strata in the northwestern and northeastern
portions of the Songpan-Ganzi terrane. These recycled zircons may have
been transported as far south as the southern margin of the Qiangtang
terrane as indicated by detrital zircon results for mid-Mesozoic sedi-
ments along the Bangong-Nujiang suture zone which have an age dis-
tribution strikingly similar to the Triassic flysch of the Songpan-Ganzi
terrane (Leier et al., 2007; Li et al., 2017b; Fig. 7E and G).

In addition to the dominantly Proterozoic ages discussed above, the
Triassic Songpan-Ganzi deposits also contain prominent Kunlun age
peaks at ~260 Ma and ~440 Ma (Fig. 7E). Thus, the Kunlun batholith
signature in sample 1 may potentially be explained simply by sourcing
from Songpan-Ganzi strata alone. However, we suggest that the pro-
minent Kunlun signature in Jurassic sandstones in northern Qiangtang
is at least partly the result of erosion of the Kunlun arc and distant
transport of detrital material to the south made possible by Jurassic
unroofing of the Eastern Kunlun region. Such a hypothesis is similar to
that proposed for other regions in northern Tibet adjacent to the Altyn
Tagh fault (Ritts and Biffi, 2000, 2001; Sobel et al., 2001; Delville et al.,
2001; Chen et al., 2003; Gehrels et al., 2003b), and may correspond to
an early phase of a late Mesozoic cooling event in the Eastern Kunlun
Range (e.g., Mock et al., 1999; Wang et al., 2018b). This model is also
consistent with the generally mature nature of the Yanshiping Group
sediments and their “craton interior” provenance (Leeder et al., 1988;
this study). Detrital zircons with Permian-Triassic ages matching the
younger Kunlun arc event are also prominent in Jurassic strata along
the Altyn Tagh fault (Cheng et al., 2015), in northern Qaidam basin (Yu
et al., 2017a), and within the Qilian terrane (Gehrels et al., 2011),
further suggesting the Kunlun terrane was a source of sediment across
broad portions of central and northern Tibet during this time.

Sample 1 also contains Jurassic ages between 155Ma and 175 Ma
and a relatively restricted population of Grenville ages between 970 Ma
and 1220 Ma (Fig. 7A). These ages do not clearly match crystallization
ages or prominent detrital zircon age populations reported from any
potential source regions north of the Qiangtang terrane, though the
older age group partially overlaps dominantly Neoproterozoic ages
documented in the Kunlun, Altyn Tagh, and Qilian terranes (Fig. 7B-D).
However, both Jurassic and Grenville ages are present in the Qiangtang
terrane itself (Fig. 7F). Jurassic zircons are most likely derived from
Mesozoic intrusions in southern Qiangtang associated with north-dip-
ping subduction of oceanic crust prior to the collision of the Lhasa and
Qiangtang terranes (e.g., Guynn et al., 2006; Pullen et al., 2011; Li
et al., 2014; Liu et al., 2017a). Potential local or southern derivation of
material is also suggested by the cluster of Grenville-age zircons, which
are common in Paleozoic strata of the Tethyan Himalayan sequence
(THS) exposed in the Himalaya (DeCelles et al., 2004). While these THS
rocks were separated from the Qiangtang terrane by the Neo-Tethys
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Ocean and the Lhasa terrane in the Jurassic and therefore cannot be
considered as a direct source of detrital material, Paleozoic paleogeo-
graphic reconstructions suggest that the shallow marine environment in
which the Tethyan Himalayan sequence was deposited extended across
the Lhasa and Qiangtang terranes (Dewey et al., 1988; Leeder et al.,
1988; Sengor and Natal'in, 1996). Detrital zircon studies of Paleozoic
units in the Qiangtang terrane indicate that Grenville-age zircons are
common in these rocks (Fig. 7F). Thus, recycling of marine Paleozoic
units from the Lhasa and Qiangtang terranes may also have been a
potential source of detritus to Jurassic depositional zones in the
northern Qiangtang region. Local derivation has been suggested for
lower-middle Jurassic sandstones in the northern Qiangtang terrane
(Wang et al., 2017c).

7.1.2. Hoh Xil basin

The analyzed late Cretaceous sandstone of the Fenghuoshan Group
(sample 2) exhibits two significant populations of 210-300 Ma and
390-475Ma (Fig. 7A) corresponding to the characteristic ages of the
Kunlun batholith (Fig. 7B). A third major age population spans the
range 1600-2100 Ma (Fig. 7A). The presence of these Proterozoic zir-
cons indicates that the Kunlun cannot be the sole source of sediment to
Hoh Xil basin in the late Cretaceous. Similar to the results for sample 1,
the three major age groups are consistent with significant contribution
of detrital material from the Songpan-Ganzi strata upon which the Hoh
Xil basin strata are superposed. However, this age distribution is also
consistent with recycling of detritus from the thick Jurassic strata of the
Qiangtang terrane to the south, as the results from sample 1 demon-
strate, although Grenville-age zircons are rarer in sample 2 (Fig. 7A). A
Qiangtang source is consistent with the dominantly northward paleo-
current directions obtained for strata of the Fenghuoshan and Yaxicuo
Groups (Leeder et al., 1988; Liu and Wang, 2001; Wang et al., 2002,
2008a; Cyr et al., 2005; Liu et al., 2005a; Yi et al., 2008; Li et al., 2012).
Petrologic analyses of Fenghuoshan and Yaxicuo sandstones point to a
recycled-orogen provenance for the detrital material and a sedimentary
lithology for the eroded source (Wang et al., 2002; this study). This is
consistent with the interpretation of the southern Hoh Xil basin as a
foreland basin controlled by the north-directed Tanggula thrust system
(Li et al., 2012, 2018a). Field mapping indicates that this thrust system
extensively deformed the Jurassic rocks along the northern margin of
the Tanggula Range, making them a likely source for Hoh Xil basin
strata (Li et al., 2012). Our results are generally consistent with other
detrital zircon ages for the Fenghuoshan Group in the eastern Hoh Xil
basin (Dai et al., 2012), except our sample has relatively few zircon ages
from 500 to 1000 Ma which are most likely to have been derived from
Paleozoic Qiangtang strata based on the northward paleocurrent di-
rection. Zircons of these ages are variably present in Fenghuoshan
Group and Yaxicuo Group strata across both the eastern and western
parts of the Hoh Xil basin (Dai et al., 2012; Li et al., 2018a). In general,
late Cretaceous-Eocene Hoh Xil basin strata with prominent Kunlun age
peaks largely lack 500-1000 Ma zircons and vice versa (Dai et al., 2012;
Li et al., 2018a; this study), suggesting that the relative contributions
from recycled Paleozoic and Jurassic sedimentary sources to Hoh Xil
basin varied spatially and temporally.

The two Miocene sandstones from the Wudaoliang Group (samples
3 and 4) exhibit age distributions similar to that for the Fenghuoshan
Group (sample 2), with peaks at ~250 Ma, ~450 Ma, and ~1900 Ma,
and minor populations at ~2500 Ma (Fig. 7A). The two youngest peaks
again correspond to the characteristic ages of the Kunlun batholith;
however, as with sample 2, exclusive sourcing from the Kunlun terrane
cannot account for the Paleoproterozoic zircons in these samples. The
overall distributions for both samples are consistent with derivation
from recycled Triassic Songpan-Ganzi, Jurassic Qiangtang, or early
Cenozoic Fenghuoshan Group strata, or a combination thereof. Both
Miocene samples exhibit a significant number of detrital zircons with
500-1000 Ma ages (Fig. 7A). Potential sources for these zircons include
the Songpan-Ganzi and central Qiangtang regions discussed previously.



M.W. McRivette et al.

However, we also recognize the late Cretaceous-Eocene Fenghuoshan
and Yaxicuo Groups as possible sources of recycled zircons as a result of
uplift associated with the Fenghuoshan thrusts in the Eocene-Oligocene
(Staisch et al., 2016). In the southern Hoh Xil basin, limited paleocur-
rent data indicate southward flow for the coarse basal unit of the Wu-
daoliang Group (Liu et al., 2005a), further supporting the interpretation
that partial late Paleogene inversion of the Hoh Xil basin in the Fen-
ghuoshan region led to intrabasinal recycling of detrital zircons. In the
northern Hoh Xil basin, isopach data for the Wudoaliang Group show
pronounced thickening of the Miocene strata near the northern basin
margin adjacent to the Eastern Kunlun Range (Zhu et al., 2006b). This
pattern suggests that tectonic loading due to uplift of the range may
have contributed to basin subsidence, and that the northern Hoh Xil
basin likely received sediment from both the Fenghuoshan and Eastern
Kunlun in the Miocene.

7.1.3. Qaidam basin

Samples 5-8 from the Xiaganchaigou, Shangganchaigou,
Shangyoushashan, and Shizigou Formations, respectively, have two
prominent peaks corresponding to the characteristic Ordovician-early
Devonian and late Carboniferous-Triassic magmatic phases of the
Eastern Kunlun Range (Fig. 7A). However, sample 5 from the middle-
late Eocene Xiaganchaigou Formation is clearly distinguished from the
younger samples by a notable population of Archean-Proterozoic ages
(48% of all zircon ages) defining a broad spread of ages from 550 to
1600 Ma and two groups with peaks at ~1870Ma and ~2500 Ma
(Fig. 7A) that are not common in the Eastern Kunlun Range (Fig. 7B).
The age spectrum of sample 5 is similar to those of the Hoh Xil basin
strata discussed above (samples 2-4) (Fig. 7A), which we interpret to
result from recycling of material originally sourced from the Songpan-
Ganzi and central and southern Qiangtang terranes. Sample 5 also gives
a single zircon age of 42 + 1 Ma. While a single grain is not a robust
indicator of provenance, it is noteworthy that potential sources for
zircons of this age are all located to the south of the Eastern Kunlun
Range. These sources include scattered Cenozoic volcanics and small
intrusions identified in central Tibet (e.g., Chung et al., 1998; Roger
et al., 2000; Wang et al., 2001, 2008b; Ding et al., 2003; Spurlin et al.,
2005; Yang et al., 2014; Ou et al., 2017; Chen et al., 2018a) and widely-
exposed Paleogene igneous rocks in the Lhasa terrane (e.g., Harrison
et al., 2000; Chung et al., 2003; Kapp et al., 2005b). Thus, the presence
of this Eocene zircon in sample 5 may result from northward fluvial
transport from south of the Kunlun terrane, but could also have been
transported as wind-blown ash derived from these volcanic centers (cf.
Cheng et al., 2016b).

Our interpretation of a southern source for sample 5 is further
supported by rare trough cross-stratification observed in the sampled
outcrop (Fig. 4F) giving a mean paleocurrent direction of 358°. Existing
paleocurrent data for Paleogene Qaidam strata in the western part of
the basin are reported from the northwestern margin of the basin ad-
jacent to the Altyn Tagh fault and indicate a change from generally
northward flow in the lower Xiaganchaigou Formation to southward
flow in the upper Xianganchaigou and Shangganchaigou Formations
(Meng and Fang, 2008; Wu et al., 2012). The evolution of Cenozoic
depositional systems along the northwestern margin of Qaidam is
generally interpreted to be controlled by slip along the Altyn Tagh Fault
(e.g., Yin et al., 2002), and the change in paleocurrent direction has
been linked with an increase in sediment sourcing from the Altyn Tagh
Range (e.g., Cheng et al., 2016b). Isopach data for Qaidam basin reveal
a major Eocene depocenter in western Qaidam basin (Yin et al., 2008b).
We therefore infer that generally northward paleoflow likely prevailed
at the sample 5 location throughout the Eocene.

The Oligocene-Pliocene sandstones collected from western Qaidam
basin (samples 6-8) all exhibit similar detrital zircon age distributions
that are clearly distinct from that of sample 5 (Fig. 7A). All three
samples are characterized by two prominent age peaks corresponding
to intrusive rocks exposed in the Eastern Kunlun Range, while
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populations of zircons with peaks at ~1850 Ma and ~2500 Ma, as
identified in the other analyzed samples from central and northern
Tibet, are not present. The absence of these ages precludes considera-
tion of Songpan-Ganzi, Qiangtang, or Hoh Xil strata as direct or re-
cycled sources for the Oligocene-Pliocene sediments. Rather, the age
distributions strongly support the Eastern Kunlun Range as a major
source of detritus to the western Qaidam basin over this time period.
Close inspection of the relative significance of the early Paleozoic and
late Paleozoic-early Mesozoic age populations in these samples reveals
that sediment derivation was not uniform. For example, the proportion
of all zircon ages < 500 Ma corresponding to the early Paleozoic age
population increased from ~60% to ~80% from the late Oligocene
(sample 6) to the Miocene (sample 7), while the proportion of all zir-
cons with Archean-Proterozoic ages also increased from ~15% to
~20%. These shifts likely reflect increased contribution of detrital
material from the Altyn Tagh (Fig. 7C), possibly as a result of continued
left-lateral slip on the Altyn Tagh fault (e.g., Yin et al., 2002; Cheng
et al., 2016b). The Qilian Shan contains a similar distribution of zircon
ages (Fig. 7D) but is not considered a likely detrital source for our
Qaidam samples as depocenters were located between the Qilian Shan
and our sample locations from the late Eocene through Pliocene (Yin
et al., 2008b).

Rieser et al. (2005) showed that Qaidam basin sandstones are
generally immature with quartz contents that decrease from older to
younger strata, suggesting that less recycled sedimentary material
contributed to new sediments as the basin evolved. The results of our
petrologic study indicate a similar trend, with a significant shift to
lower quartz content from the middle-late Eocene (sample 5) to the late
Oligocene (sample 6) (Fig. 5). The compositional trajectory displayed
by Qaidam basin sandstones is consistent with our detrital zircon results
indicating younger Qaidam sediments were isolated from sedimentary
sources that were important through much of the Paleogene. These
sources were replaced by uplifting and/or advancing deformation belts
that define the modern northwestern and southern topographic
boundaries of Qaidam basin (e.g., Yin et al., 2002, 2008b). Thus, the
character of Qaidam basin sediments changed in concert with the
evolution of the basin margins, with exposure of Archean and Proter-
ozoic basement rocks in Altyn Tagh Range uplifts and unroofing of
voluminous igneous rocks in the Eastern Kunlun Range driving com-
positions towards a more mixed provenance (Fig. 5).

An alternative interpretation of the detrital zircon age distribution
in sample 5 is that it also represents mixing of Eastern Kunlun and Altyn
Tagh sources, with the ~2500 Ma population explained by recycling of
Proterozoic and Paleozoic (meta)sedimentary units of the Kunlun
basement and the ~1870Ma population derived from Proterozoic
metasedimentary rocks in the Altyn Tagh (Fig. 7B and C). However,
there are several problematic aspects to this interpretation:

(1) During deposition of the Xiaganchaigou Formation, a major depo-
center was present in western Qaidam basin north and west of the
location of sample 5 (Yin et al., 2008b) which would have pre-
vented significant sediment transport from the Altyn Tagh to distal
regions. Additionally, detrital zircon age distributions for samples
of the Xiaganchaigou Formation collected at other localities north
and west of sample 5 typically exhibit prominent peaks corre-
sponding to the Permian-Triassic ages of the Kunlun terrane (Cheng
et al., 2016a; Zhu et al., 2017; Zhou et al., 2018), indicating that
sediment was transported from generally south to north across the
southern Qaidam margin (either directly from the Eastern Kunlun
or recycled from Hoh Xil basin).

(2) Age distributions in Neogene samples collected near the Altyn Tagh
fault (samples 6-8) and from within the Eastern Kunlun Range
(sample 9), each of which must have been sourced at least in part
from the Kunlun terrane to account for their Permian-Triassic
zircon populations, do not include ca. 2500 Ma ages (Fig. 7A), This
is consistent with a general lack of these ages in Neogene strata at
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Table 2
Two-sample Kolmogorov-Smirnov (K-S) test results.

Tectonophysics 751 (2019) 150-179

P-value Qiangtang  Hoh Xil Basin Qaidam Basin Eastern Kunlun
Late Cretaceous Miocene  Miocene  Late Eocene Oligocene Late Miocene Pliocene Inf. Miocene
D-value Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6  Sample 7 Sample 8 Sample 9
Qiangtang Jurassic Sample 1 - 0.000 0.113 0.008 0.000 0.000 0.000 0.000 0.000
Hoh Xil Basin Late Cretaceous Sample 2 0.301 - 0.004 0.080 0.341 0.002 0.002 0.035 0.049
Miocene Sample 3 0.168 0.243 - 0.596 0.037 0.000 0.000 0.000 0.000
Miocene Sample 4 0.236 0.178 0.107 - 0.497 0.000 0.000 0.000 0.003
Qaidam Basin Late Eocene Sample 5 0.333 0.131 0.195 0.116 0.000 0.000 0.001 0.015
Oligocene Sample 6 0.516 0.269 0.477 0.416 0.372 - 0.000 0.031 0.053
Late Miocene Sample 7 0.515 0.272 0.397 0.330 0.296 0.450 - 0.003 0.001
Pliocene Sample 8 0.446 0.202 0.402 0.305 0.269 0.208 0.263 - 0.097
Eastern Kunlun inf. Miocene Sample 9 0.442 0.191 0.332 0.255 0.218 0.192 0.285 0.176 -

least partly derived from the Kunlun terrane collected elsewhere in

western Qaidam basin (Cheng et al., 2016a, 2016b; Zhu et al., 2017;

Zhou et al., 2018). This age population is also absent from Paleo-

gene samples with an Eastern Kunlun provenance collected near the

Altyn Tagh fault (Cheng et al., 2016b; Zhu et al., 2017), and from

modern river sand samples collected from the western part of the

Eastern Kunlun Range (Li et al., 2013a, 2013b).

The age distributions in Neogene samples collected near the Altyn

Tagh fault (samples 6-8), which are interpreted to have a mixed

Kunlun-Altyn Tagh provenance (also see Cheng et al., 2016b; Zhu

et al.,, 2017), only include rare ca. 1870 Ma ages that this alter-

native interpretation suggests should be a notable component of

Altyn Tagh detritus. Moreover, this age population is largely absent

from all Qaidam strata interpreted to have a proximal Altyn Tagh

provenance (Cheng et al., 2016a, 2016b; Zhu et al., 2017). The
absence of this age population in Altyn Tagh-sourced sediments
despite the prominent late Paleoproterozoic peak in Altyn Tagh
detrital zircons (Fig. 7C) may be explained by the fact that most of
the ~1800-2000 Ma detrital zircon ages were obtained from the

Annanba sequence (Gehrels et al., 2003b; Zhang et al., 2011) which

is presently only exposed at the far northeastern end of the Altyn

Tagh Range and may not have been available as a potential sedi-

ment source.

(4) Ages corresponding to the ca. 1870 Ma and ca. 2500 populations
are present in proportions comparable to sample 5 in several sam-
ples of the Xiaganchaigou Formation collected from locations away
from the Altyn Tagh fault (Cheng et al., 2016a; Zhou et al., 2018).
These ages typically only occur in tandem, suggesting that their
presence is not a product of source mixing. It could be argued that
the presence of these Proterozoic ages in Paleogene strata and their
absence from Neogene strata reflects a progressive decrease of
detrital contribution from (meta)sedimentary units during Paleo-
gene uplift of the Eastern Kunlun Range rather than a fundamental
change in provenance. The shift away from a recycled sedimentary
source suggested by petrologic analyses (e.g., Rieser et al., 2005;
this study) is consistent with both interpretations and cannot be
used to distinguish these models. However, the widespread occur-
rence of Kunlun-age detrital zircons in Jurassic strata across central
and northern Tibet (e.g., Gehrels et al., 2003b; Ding et al., 2013;
Cheng et al., 2016b; Yu et al., 2017a; this study) suggests that un-
roofing of the Kunlun batholith was likely largely accomplished
before the Cenozoic.

3
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We therefore prefer the interpretation that sample 5 was recycled
from sedimentary sources south of the Eastern Kunlun Range prior to
complete hydrologic separation of the Paleogene Qaidam and Hoh Xil
basins.
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7.1.4. Eastern Kunlun Intermontane basin

The inferred Miocene-age intermontane basin sandstone (sample 9)
displays Kunlun detrital zircon age peaks at ~245Ma and ~430 Ma
(Fig. 7A). This is consistent with sedimentological observations in-
dicating that the Neogene strata are generally immature and likely
derived from sources within the range proximal to the basin. A smaller
peak consists of ages of 900-1090 Ma (Fig. 7A). In the Eastern Kunlun,
ages in this range are known from high-grade metamorphic rocks and
granitic gneisses corresponding to a Neoproterozoic tectono-thermal
event (He et al., 2016a, 2016b), and as inherited/xenocrystic compo-
nents of Paleozoic and Mesozoic igneous rocks (e.g., Wu et al., 2016;
Shao et al., 2017) (Fig. 7B). Exclusive derivation of detritus from
proximal Kunlun sources in sample 9 implies that uplift of the central
portion of the Eastern Kunlun initiated no later than the early Miocene.

7.2. Kolmogorov-Smirnov (K-S) test

To examine the relationships between the detrital zircon popula-
tions in our samples further, we employed the Kolmogorov-Smirnov (K-
S) two-sample test to statistically evaluate the similarity between det-
rital zircon age populations in each pair of samples we analyzed. The K-
S test compares the cumulative distribution functions of detrital zircon
ages for two samples by measuring the maximum probability difference
between them. If this observed difference (D) exceeds a critical value
(Di) dependent on the number of dated zircons for each sample and
the desired confidence level of the test results, then the null hypothesis
that the sample distributions are drawn from the same population is
rejected. K-S test results include D for each analyzed pair and a P-value,
where 1 — P represents the probability that the two samples are not
drawn from the same population. Thus, a P-value > 0.05 indicates that
the two compared age distributions are not likely to have been derived
from different populations at the 95% confidence level. That is, a
P > 0.05 for a pair of detrital zircon age distributions suggests that
they were derived from similar sources.

The K-S test results (D and P values) for all pairs of samples 1-9 are
shown in Table 2. The results indicate that eight of the 36 unique
sample pairs exhibit similar age distributions. In Hoh Xil basin, the
lower sample from the Miocene Wudaoliang Group (sample 3) is very
similar (P = 0.113) to the Jurassic sandstone (sample 1) that is inter-
preted to be a source of sediment for Hoh Xil strata. Interestingly,
sample 3 was collected from the northern part of Hoh Xil basin, sup-
porting the interpretation that recycling of older basin strata via uplift
in the Fenghuoshan-Nanggian thrust belt was an important process
during the Miocene. This is further supported by the similarity identi-
fied between the other Wudaoliang sandstone (sample 4) and sample 2
from the late Cretaceous Fenghuoshan Group (P = 0.080). The two
Wudaoliang sandstones (samples 3 and 4) are also similar (P = 0.596).

Sample 5, from the late Eocene Xiaganchaigou Formation in Qaidam
basin, is similar to both sample 2 (Fenghuoshan Group) and sample 4
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(Wudaoliang Group) with P-values of 0.341 and 0.497, respectively, but
is not similar to any of the other Qaidam basin sandstones (samples
6-8). These results substantiate the conclusion that the sampled
Xiaganchaigou sandstone was sourced from regions south of the Eastern
Kunlun Range. None of the younger Qaidam basin samples have P-va-
lues indicative of being drawn from the same population, possibly re-
sulting from one or more of the following: (1) temporal variations of
source region, (2) temporal variations in the proportion of sediments
derived from two or more source regions, or (3) spatial variation of ages
within source regions over time. Sample 9 from the inferred Miocene-
age intermontane basin sediments is similar to the late Oligocene and
Pliocene Qaidam basin sandstones (samples 6 and 8, P = 0.0.53 and
0.097, respectively).

7.3. Uplift history of the Eastern Kunlun Range

Existing thermochronologic data for the Eastern Kunlun Range in-
clude “°Ar/*°Ar, fission-track, and (U-Th)/He results from across the
range (Fig. 8). Muscovite, biotite, and K-feldspar *°Ar/3°Ar results re-
veal a range-wide Mesozoic cooling event (Wang et al., 2005c, 2016,
2017d) that was locally overprinted by a Cenozoic cooling event at
~30-20 Ma (Mock et al., 1999; Liu et al., 2005b). AFT and (U-Th)/He
studies have resulted in a wide range of ages for rapid cooling ranging
from ~40-0 Ma (Jolivet et al., 2001; Wang et al., 2004b, 2016, 2017d,
2018b; Liu et al., 2005b, 2017b; Yuan et al., 2003, 2006; Clark et al.,
2010; Dai et al., 2013; Duvall et al., 2013). Our AFT results are broadly
consistent with these results (Fig. 9) and suggest that Cenozoic uplift of
the Eastern Kunlun Range was a delayed, far-field response to Indo-
Asian collision. The mid-Mesozoic ZFT ages obtained from our study
(Fig. 9) suggest that the zircon fission-track systematics were not reset
by late Mesozoic or Cenozoic tectonism. That is, the samples that we
collected were all situated above the 240°C isotherm marking the
closure temperature of zircon since at least the early Cretaceous. This
implies that the total amount of erosion in the Cenozoic must be <
10 km assuming a geothermal gradient of 25 °C/km. Our AFT data to-
gether with existing thermochronological studies (Fig. 8) suggest that
the range may have been uplifted in an asynchronous fashion. In this
interpretation, Paleogene cooling ages correspond to the emergence of
early, isolated basement exposures, and Neogene rapid cooling reflects
continued development of the Eastern Kunlun Range into a continuous
topographic feature. Sedimentation patterns and structural and growth
strata relationships identified in seismic sections from Qaidam basin
record basin-wide effects of the uplift of the Eastern Kunlun Range by
29-24 Ma (Yin et al., 2008b). Additionally, an analysis of anisotropy of
magnetic susceptibility in late Eocene Xiaganchaigou and Miocene
Xiayoushashan rocks indicates a Miocene onset of NE-SW strain in
western and southwestern Qaidam basin (Yu et al., 2014), suggesting
broad-scale deformation along the Eastern Kunlun margin of Qaidam
basin at this time.

Heavy mineral analyses for western Qaidam basin strata have re-
sulted in estimates for rapid uplift within the western part of the
Eastern Kunlun Range beginning in the early Miocene (Zhu et al., 2017;
Li et al.,, 2018b), generally consistent with timing suggested by the
thermochronologic and seismic data. Zhu et al. (2017) suggest that this
portion of the Eastern Kunlun may have persisted to some degree as a
topographic high after Mesozoic exhumation. Li et al. (2018b) infer that
Paleogene sediments were sourced from the vicinity of the western end
of the Kunlun fault, which could have reasonably contributed sediment
to extensive north-flowing drainage systems originating farther south.
In contrast to the rapid Miocene uplift suggested by these studies, Zhou
et al. (2018) used heavy mineral analysis and U-Pb detrital zircon
geochronology to conclude that portions of the range initially uplifted
in the middle Eocene. However, their Xiaganchaigou Formation sam-
ples with detrital zircon age distributions similar to our sample 5 from
the same unit generally had the highest zircon-tourmaline-rutile (ZTR)
index values of their study at 28.0-41.9% (Zhou et al., 2018),
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suggesting relatively long sediment transport distances possibly con-
sistent with a source located to the south of the Eastern Kunlun Range.

Kunlun-age zircons are common in Eocene-Pliocene strata across
Qaidam basin and have been used to suggest that units in the Eastern
Kunlun region were a direct source of sediment throughout the
Cenozoic, either as a result of pre-Cenozoic exhumation (e.g., Cheng
et al., 2016a; Zhu et al., 2017) or early Cenozoic uplift (e.g., Bush et al.,
2016; Zhou et al., 2018). For strata in western Qaidam basin, we sug-
gest that Kunlun-age zircons may also be explained by recycling of
Jurassic and successor units in the Hoh Xil region as suggested by our
samples from northern Qinagtang and Hoh Xil basin. Similarly, the
occurrence of Kunlun-age zircons in Cenozoic strata in northern
Qaidam basin may result from recycling of Jurassic sediments along the
Altyn Tagh or Qilian margins of the basin (e.g., Cheng et al., 2015; Yu
et al., 2017a).

Based on the combined thermochronologic, sedimentation pattern,
structural, seismic, and heavy mineral analyses, we broadly estimate
uplift of the Eastern Kunlun Range as a prominent, continuous topo-
graphic feature at ~30-20 Ma. However, our proposed late Oligocene-
early Miocene timing for the onset of widespread uplift does not pre-
clude the earlier presence of smaller-scale structures suggested by
Eocene cooling ages. Our AFT sample S-21, collected from the north-
eastern flank of the Eastern Kunlun Range, reveals rapid cooling at
~45Ma, possibly associated with one of these early contractional
structures. Such structures may have developed locally by reactivating
older structures (e.g., Meyers et al., 1992; Bayona and Thomas, 2003) of
the Permian-Triassic Kunlun suture. Such reactivation may have been
promoted by stress localization in this region resulting from the de-
velopment of a forebulge induced by loading of the lithosphere by the
Qilian Shan-Nan Shan thrust belt in the north and the Tanggula and
Fenghuoshan-Nanggian thrust belts in the south. Paleogene isopach
data for Qaidam basin suggest that the range was a structural high
relative to its depocenters, generally located along the present-day axis
of the basin (Yin et al., 2008b), consistent with this interpretation. The
apparent lack of Eocene strata within the range itself (Pan et al., 2004)
also implies that the region was a structural high. Stress localization in
the forebulge area may have persisted, leading to Neogene uplift of the
continuous Eastern Kunlun Range through development of the Kunlun
transpressional system, including the left-slip Kunlun fault and the
branching thrust systems to the west (Qimen Tagh thrust belt) and east
(Bayanhar thrust belt).

Although not the primary focus of the current study, our findings
also have bearing on the Mesozoic deformational history of the Eastern
Kunlun region. Our provenance interpretations for the Jurassic sand-
stone collected from the Yanshiping Group of the Qiangtang terrane
(sample 1) require exhumation of the Kunlun batholith in the Jurassic.
While previous models have argued for a unified Mesozoic Qaidam-
Tarim basin in the foreland of a north-directed Kunlun thrust belt (e.g.,
Ritts and Biffi, 2000), the exposure of the Kunlun batholith to erosion
may have also been accomplished by crustal extension. This inter-
pretation is consistent with several studies that have documented
middle to late Mesozoic extension in the central and northern Tibetan
plateau and adjacent areas (Huo and Tan, 1995; Huang et al., 1996;
Sobel, 1999; Vincent and Allen, 1999; Kapp et al., 2000, 2003; Xia
et al., 2001; Chen et al., 2003; Horton et al., 2004; Yin et al., 2008b).
Our tentative identification of a major normal fault in the Qiangtang
terrane juxtaposing Triassic and Cretaceous(?) strata (Fig. 4B) may
extend the duration of this widespread extensional event later into the
Mesozoic and nearer to the onset of continental collision between India
and Asia.

8. Tectonic reconstruction
A comparison of Qaidam and Hoh Xil stratigraphy reveals important

differences in their depositional histories (Fig. 2). Qaidam basin ex-
perienced essentially continuous non-marine sedimentation in
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Fig. 10. Block diagrams showing proposed tectonic reconstruction of the central Tibetan plateau and evolution of Cenozoic basins. Stage 1: Unroofing in northern
and north-central Tibet exposes the Kunlun batholith to erosion. Sedimentary material is transported to the south across the Songpan-Ganzi terrane and deposited in
the Qiangtang terrane as the Jurassic Yanshiping Group. Stage 2: Initiation of tectonic activity in the Tanggula thrust system in the northern Qiangtang terrane. Uplift
of the Tanggula range provides sediment source for initial deposition in the foreland Hoh Xil basin. Early Hoh Xil sediments reflect recycling of material from the
Yanshiping Group and contribution from Paleozoic units in central Qiangtang. Stage 3: Waning tectonic activity in the Tanggula thrust system is replaced by
initiation of uplift in the Fenghuoshan-Nanggian thrust belt within Hoh Xil basin, contemporaneous with reactivation of the Qilian Shan. These uplifting regions
define the southern and northern boundaries of the Paleo-Qaidam basin, respectively. Tectonic loading in these belts results in the development of a flexural bulge
within the basin near the Kunlun suture. Sediments derived from the Qiangtang terrane and from recycling of late Cretaceous-early Paleogene material within the
Fenghuoshan-Nagqian thrust belt is transported northward and deposited across the Paleo-Qaidam basin, including within the southern Qaidam basin. Stage 4:
Ongoing deformation in the Fenghuoshan-Nangqian thrust belt significantly alters drainage and depositional patterns in southern Paleo-Qaidam basin. Initiation of
localized uplift in the Eastern Kunlun Range begins to partition the Paleo-Qaidam basin. Stage 5: Rapid uplift of the Eastern Kunlun Range completely separates the
Hoh Xil and Qaidam basins, resulting in a large lake environment in Hoh Xil basin and continuous deposition in Qaidam basin with sediment derived from the

bounding Eastern Kunlun, Altyn Tagh, and Qilian Shan regions.

dominantly fluvial and lacustrine environments from the Paleocene-
early Eocene through the Holocene. This long uninterrupted history
contrasts strikingly with the evolution of Hoh Xil basin, which experi-
enced a distinct two-stage development (e.g., Wu et al., 2008; Staisch
et al., 2014, 2016; Li et al., 2018a). From the late Cretaceous to early
Oligocene, deposition in Hoh Xil basin was dominantly in non-marine
fluvial and lacustrine environments, largely similar to those existing
contemporaneously in Qaidam basin. However, the Oligocene was a
time of widespread non-deposition in Hoh Xil basin, with a continuous
Oligocene to Miocene section identified in only one marginal basin
locality (Liu et al., 2005a; Wang et al., 2008a). Sedimentation resumed

in the Miocene, characterized by lacustrine carbonate and fine-grained
clastic deposits. These Miocene strata, unconformably overlying de-
formed Paleogene strata, are only gently warped and appear to have
been deposited on an extensive erosional surface (Wang et al., 2002;
Wu et al., 2008).

The Oligocene depositional hiatus in Hoh Xil basin can be attributed
to deformation and uplift of the late Cretaceous-Eocenebasin sediments
at this time (e.g., Liu and Wang, 2001; Wang et al., 2002; Staisch et al.,
2016). Detailed investigation of the spatial distribution of the late
Cretaceous-Eocene sequence in the central portion of Hoh Xil basin has
shown that the thickness and extent of strata of the Fenghuoshan and
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Yaxicuo Groups vary with age such that the locus of sedimentation
shifted to the north and east from the late Cretaceous to late Eocene (Li
et al., 2012). This shift has been interpreted to indicate that deforma-
tion in the northern Qiangtang terrane initiated in the late Cretaceous
along the Tanggula thrust system before jumping north to the Fen-
ghuoshan thrust belt in the early Eocene at ca. 48 Ma (Li et al., 2018a).
Pre-Miocene northeast-southwest crustal shortening across central
Tibet in the Fenghuoshan area has been estimated to be ~24-40%
(Coward et al., 1988; Wang et al., 2002; Staisch et al., 2016). Similar
ages and shortening estimates are inferred for thrusts located along
strike in the western Hoh Xil basin (Li et al., 2018a). Farther east in the
Yushu-Nangqian area, thrusting initiated at > 51 Ma and accom-
modated ~45% shortening (Horton et al., 2002; Spurlin et al., 2005).
These results suggest that initiation of thrusting in the composite Fen-
ghuoshan-Nanggian thrust belt may have been an early response to the
collision of India with Asia, possibly driven by intra-plateau continental
subduction (e.g., Spurlin et al., 2005).

The record of Cenozoic deformation in Qaidam basin is more
complicated than that in Hoh Xil basin. Paleocene to early Eocene
thrusting, approximately coeval with initiation of the Fenghuoshan-
Nanggian thrust belt, has been documented along the northern margin
of Qaidam basin in association with the southern Qilian Shan-Nan Shan
thrust belt (Yin et al., 2002, 2008a, 2008b). Along with deformation at
the western margin of Qaidam basin, this phase of crustal shortening
has been linked to motion along the Altyn Tagh fault (Yin et al., 2002,
2008a). However, this early deformation does not appear to be wide-
spread across Qaidam basin; rather, interpretation of subsurface data
indicates that significant deformation both propagated eastward across
the basin and initiated much later along its southern margin at
29-24 Ma (Yin et al., 2008a, 2008b). Initiation of widespread uplift of
the Eastern Kunlun Range in the late Oligocene, becoming increasingly
more rapid, is also broadly supported by low-temperature thermo-
chronological results (e.g., Mock et al., 1999; Jolivet et al., 2001; Wang
et al.,, 2004b; Liu et al., 2005b; Yuan et al., 2006; this study). The
diachronous onset of deformation along the margins of Qaidam basin is
further suggested by anisotropy of magnetic susceptibility of Qaidam
sediments indicating that compressive strain in the Eocene was re-
stricted to the northern margin of the basin, while in the Miocene
compressive strain dominantly affected the southwestern part of the
basin (Yu et al., 2014).

The stratigraphic, sedimentologic, and geochronologic data for Hoh
Xil and Qaidam basins are useful in evaluating and distinguishing be-
tween the independent and contiguous models of basin development and
developing a consistent tectonic reconstruction for northern and central
Tibet since the Jurassic. Based on the data presented, we propose that
the contiguous development model applies to the Cenozoic basins of the
central and northern Tibetan plateau, and that Hoh Xil and Qaidam
basins originally comprised a single, large Paleo-Qaidam basin. The
proposed basin evolution and tectonic reconstruction is outlined below
and shown in Fig. 10.

8.1. Stage 1 (late Jurassic—Late Cretaceous, ~150-85 Ma)

In the mid-Mesozoic, the Eastern Kunlun region experienced a phase
of unroofing, potentially as part of widespread extension documented
across central and northern Tibet in the Jurassic and Cretaceous, which
resulted in exposure of the Kunlun batholith to erosion. Materials re-
moved from the Kunlun batholith were transported southwards via
large river systems incising into and flowing across the deformed flysch
of the Songpan-Ganzi terrane and the northern Qiangtang terrane to a
shallow marine environment on the northern epeiric margin of the
actively-closing ocean basin between the Lhasa and Qiangtang terrane
(e.g., Dewey et al., 1988; Murphy et al., 1997), consistent with paleo-
current data (Leeder et al., 1988). This sediment, the precursor of the
Yanshiping Group, included detrital zircons with ages corresponding to
both the Kunlun batholith and Songpan-Ganzi strata (Fig. 7A, B, and E).
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We suggest this model, invoking unroofing of the Kunlun region in the
mid-Mesozoic to supply Kunlun-age zircons rather than derivation from
the Songpan-Ganzi terrane exclusively, because it additionally provides
a possible explanation for abundant Permian-age zircons identified in a
Jurassic conglomeratic sandstone from the Yumen area north of the
Tibetan plateau (Gehrels et al., 2003b) that are otherwise more difficult
to explain by sourcing from the Altyn Tagh-Qilian Shan region (see
Fig. 7C and D). This inference is also consistent with detrital zircon ages
documented for Jurassic strata in Qaidam basin, which exhibit clear
Kunlun age peaks (Cheng et al., 2015, 2016b; Yu et al., 2017a). Addi-
tional material deposited in the Yanshiping Group sediments may have
come from local (southern Qiangtang terrane) sources, accounting for
the middle-late Jurassic and Grenville ages. Based on our tentatively
identified Cretaceous unit and its normal-fault relationship with
Triassic rocks, extension-driven erosion and deposition may have con-
tinued in the Qiangtang terrane until the onset of continental collision
between India and Asia.

8.2. Stage 2 (Late Cretaceous-Early Eocene, ~85-50 Ma)

Uplift and deformation of the Jurassic strata in the Qiangtang ter-
rane along the Tanggula thrust system (Li et al., 2012) led to erosion
and mobilization of detrital material from the Yanshiping Group and
related units. The elevated topography resulting from the Tanggula
thrusts formed the southern margin of the Hoh Xil foreland basin,
where sediment shed northward from the uplifted regions was de-
posited as the Fenghuoshan Group (Li et al., 2012, 2018a), consistent
with paleocurrent indicators (Leeder et al., 1988; Wang et al., 2002; Cyr
et al., 2005; Li et al., 2012) and an inferred sedimentary source (Wang
et al.,, 2002). Continued deposition into the Paleocene con-
temporaneous with northward in-sequence development of thrusts and
subsequent waning tectonic activity in the Tanggula thrust belt led to
northward expansion of deposition in the Hoh Xil basin towards the
Kunlun region.

8.3. Stage 3 (Early Eocene-Late Eocene, ~50-35 Ma)

Within the basin north of the Tanggula Range, the thin-skinned
Fenghuoshan-Nangqian thrust belt initiated in the early to middle
Eocene (Coward et al., 1988; Leeder et al., 1988; Horton et al., 2002;
Spurlin et al., 2005; Staisch et al., 2016). Reactivation of the Qilian
Shan-Nan Shan thrust belt along the northern margin of the Tibetan
plateau also occurred at about this time (Yin et al., 2008a; Bush et al.,
2016). The two thrust belts were separated by > 500 km and the in-
tervening topographic low, the Paleo-Qaidam basin, became the locus
of sedimentary deposition for much of the Paleogene. Detritus was re-
cycled from Fenghuoshan Group strata in the inverted portion of Hoh
Xil basin into Paleo-Qaidam basin, consistent with paleocurrent in-
dicators (Wang et al., 2002). Additionally, fluvial transport systems
were extensive enough to transport some material at least as far north
as the present modern southern margin of Qaidam basin to be deposited
as part of the Xiaganchaigou Formation, as suggested by a detrital
zircon age distribution that indicates a major direct or recycled
Songpan-Ganzi contribution and is derived from a statistically indis-
tinguishable source as some Fenghuoshan and Yaxicou Group strata
(Table 2). Sedimentary material derived from the uplifting Qilian Shan-
Nan Shan belt appears to have been restricted to the northern margin of
Paleo-Qaidam basin (e.g., Bush et al., 2016). Syn-sedimentation de-
formation in the thin-skinned Fenghuoshan-Nangqgian thrust belt
evolved throughout the Eocene along and within the southern Paleo-
Qaidam basin (Liu et al., 2001; Liu and Wang, 2001; Wang et al., 2002;
Zhu et al., 2006b). The absence of Eocene sedimentary units in the
Eastern Kunlun Range, located near the middle of the paleobasin,
suggests that thrust loading associated with the two bounding and
opposed fold-and-thrust belts may have resulted in the development of
a flexural bulge across the center of Paleo-Qaidam basin with localized
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structural highs possibly exposed in this zone.
8.4. Stage 4 (Late Eocene-Early Miocene, ~35-25 Ma)

Continuing deformation in the Fenghuoshan-Nanggian belt likely
restricted syn-tectonic deposition in the southern Paleo-Qaidam basin to
relatively localized basins (Liu et al., 2001; Zhu et al., 2006b). Com-
pressive stresses resulting from the ongoing collision of India with Asia
also continued to be transferred farther north across Paleo-Qaidam
basin to the Qilian orogenic belt. As indicated by the low-temperature
thermochronologic data discussed above, collisional stresses continued
to induce strain localization within the inferred flexural forebulge
across the center of the basin, reactivating the Permian-Triassic Kunlun
suture resulting in uplift of the Eastern Kunlun on a regional scale.
Progressive uplift of the range partitioned the Paleo-Qaidam basin,
creating Hoh Xil basin to the south and Qaidam basin to the north.
North-flowing fluvial transport systems in Hoh Xil basin were severely
modified, the basin transitioned from a depositional to a dominantly
erosional phase, and a widespread peneplanation surface was produced
(Wang et al., 2002). Qaidam basin, now cut off from source regions
south of the Eastern Kunlun Range, received sediment from the newly-
uplifted range, as well as from the Qilian orogenic belt to the north and
the Altyn Tagh Range to the west, topographic highs since the Paleo-
cene and Oligocene, respectively (Yin et al., 2002, 2008b).

8.5. Stage 5 (Early Miocene-Middle Miocene, ~25-15 Ma)

After cessation of deformation in the Fenghuoshan-Nangqian thrust
belt at ca. 27 Ma (Staisch et al., 2016), continued and increasingly rapid
uplift of the Eastern Kunlun Range into the Miocene imparted a new
tectonic load onto the northern margin of Hoh Xil basin, the majority of
which had become internally-drained, hydrologically-isolated, and the
site of establishment of several large lakes (Wu et al., 2008). Renewed
sedimentation in Hoh Xil basin at this time was characterized by la-
custrine carbonates of the Wudaoliang Group (Liu and Wang, 2001; Wu
et al., 2008), which thicken towards the Eastern Kunlun Range (Liu
et al.,, 2001; Zhu et al., 2006b). Miocene and younger sediments in
Qaidam basin became dominated by material sourced from the Eastern
Kunlun Range to the south, as suggested by the prevalence of Kunlun-
age zircons in these units where examined away from the northern and
northwestern basin margins (Fig. 7A-B; Cheng et al., 2016b; Zhou et al.,
2018). This is consistent with petrographic results that indicate Qaidam
sediments became less quartz-rich by the late Oligocene (Rieser et al.,
2005; this study) (Fig. 5), suggesting that the basin had become isolated
from recycled sedimentary sources that were important through much
of the Paleogene (i.e., Triassic Songpan-Ganzi flysch and Jurassic
Yanshiping Group strata recycled through Fenghuoshan Group strata).
Western (Altyn Tagh Range) and northern (Qilian orogen) sources also
contributed detritus to the basin, with their influence most apparent in
sediments deposited adjacent to their respective margins (Bush et al.,
2016; Cheng et al., 2016a; Wang et al., 2017b; Zhu et al., 2017).The
diversion of the evolutionary histories of the Hoh Xil and Qaidam basins
throughout the Neogene is also expressed by an increase in the surface
elevation of Hoh Xil basin relative to Qaidam basin (e.g., Staisch et al.,
2016; Li et al., 2018a) resulting from mantle melting-induced magmatic
inflation (Chen et al., 2018a).

9. Conclusions

Our integrated study of the sedimentary basins of central and
northern Tibet has led to the following conclusions and interpretations.
Our sandstone petrology study indicates that sediments deposited in
Hoh Xil basin were derived from a craton-interior provenance setting in
the Eocene, but that Miocene strata were sourced from a recycled-
orogen provenance setting. In contrast, the western Qaidam basin re-
ceived sediments from recycled-orogen sources throughout the

Tectonophysics 751 (2019) 150-179

Cenozoic. These results are consistent with existing sedimentologic
studies suggesting that Hoh Xil basin experienced two distinct stages
during its evolution: a Paleogene fluvial/alluvial stage and a Neogene
lacustrine stage. We interpret this transition to be a tectonically con-
trolled. The western Qaidam basin experienced a continuous develop-
ment history during which sedimentary composition evolved in re-
sponse to basin margin deformation.

The results of our U-Pb detrital zircon geochronology indicate that
Jurassic strata in the basement of Hoh Xil basin exhibit two prominent
age clusters at 230-290 Ma and 430-470 Ma. Cenozoic strata of Hoh Xil
basin have similar age clusters at 210-300 Ma and 390-480 Ma for the
Eocene strata, and at 220-310Ma and 400-500 Ma for the early
Miocene strata. When combined with our petrologic analysis and
available paleocurrent data, these results suggest that Cenozoic sedi-
ments were recycled from the Jurassic rocks below that were them-
selves originally sourced from the Kunlun batholith. In Qaidam basin,
Cenozoic strata have the following age clusters: 210-290 Ma and
370-480Ma in the Eocene, 220-280Ma and 350-500Ma in the
Oligocene, 250-290Ma and 395-510Ma in the Miocene, and
225-290Ma and 375-480Ma in the Pliocene. Proterozoic detrital
zircon ages, though less abundant than the above Phanerozoic ages,
were particularly useful for provenance interpretation. Specifically, we
found that the distinctive age peaks of ~1870 Ma and ~2500 Ma, at-
tributed to the Songpan-Ganzi terrane south of the Eastern Kunlun
Range, were present in all analyzed samples except those collected from
Neogene units in Qaidam basin. The absence of these Proterozoic ages
suggests the emergence of a topographic barrier between the Hoh Xil
and Qaidam basins near the beginning of the Neogene.

Our fission track thermochronological data from the Eastern Kunlun
Range, which show that rapid cooling did not start until ~30-20 Ma,
are consistent with the contiguous basin formation model in which the
Hoh Xil and Qaidam basins were not partitioned until the Oligocene.
Although the Hoh Xil and Qaidam basins were interconnected in a se-
dimentological sense, the current extent of the Eastern Kunlun Range
marks the location of a broad structural arch in the center of the Paleo-
Qaidam basin as indicated by the Paleogene isopach patterns in
southern Qaidam and the absence of Eocene strata in the Eastern
Kunlun Range. We interpret this structural high to be a flexural bulge
induced by thrust loading of the Qilian Shan and Fenghuoshan thrust
belts along the northern and southern margins of the Paleogene Paleo-
Qaidam basin.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2018.12.015.
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