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ABSTRACT

The Qilian Shan, located along the north-
eastern margin of the Tibetan Plateau, has ex-
perienced multiple episodes of tectonic defor-
mation, including Neoproterozoic continental
breakup, early Paleozoic subduction and
continental collision, Mesozoic extension,
and Cenozoic intracontinental orogenesis
resulting from the India-Asia collision. In
the central Qilian Shan, pre-Mesozoic ophio-
lite complexes, passive-continental margin
sequences, and strongly deformed forearc
strata were juxtaposed against arc plutonic/
volcanic rocks and ductilely deformed crys-
talline rocks during the early Paleozoic Qil-
ian orogen. To better constrain this orogen
and the resulting closure of the Neoprotero-
zoic—-Ordovician Qilian Ocean, we conducted
an integrated investigation involving geologic
mapping, U-Th-Pb zircon and monazite
geochronology, whole-rock geochemistry,
thermobarometry, and synthesis of existing
data sets across northern Tibet. The central
Qilian Shan experienced two phases of arc
magmatism at 960-870 Ma and 475—445 Ma
that were each followed by periods of pro-
tracted continental collision. Integrating our
new data with previously published results,
we propose the following tectonic model for
the Proterozoic—Paleozoic history of northern
Tibet. (1) Early Neoproterozoic subduction
accommodated the convergence and collision
between the South Tarim—Qaidam and North
Tarim—North China continents. (2) Late Neo-
proterozoic rifting partially separated a pen-
insular Kunlun-Qaidam continent from the
southern margin of the linked Tarim—North
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China craton and opened the Qilian Ocean
as an embayed marginal sea; this separation
broadly followed the trace of the earlier Neo-
proterozoic suture zone. (3) South-dipping
subduction along the northern margin of
the Kunlun-Qaidam continent initiated in
the Cambrian, first developing as the Yushi-
gou supra-subduction zone ophiolite and
then transitioning into the continental Qil-
ian arc. (4) South-dipping subduction, arc
magmatism, and the convergence between
Kunlun-Qaidam and North China continued
throughout the Ordovician, with a trench-
parallel intra-arc strike-slip fault system
that is presently represented by high-grade
metamorphic rocks that display a pervasive
right-lateral shear sense. (5) Counterclock-
wise rotation of the peninsular Kunlun-
Qaidam continent toward North China led
to the closure of the Qilian Ocean, which is
consistent with the right-lateral kinematics of
intra-arc strike-slip faulting observed in the
Qilian Shan and the westward tapering map-
view geometry of Silurian flysch-basin strata.
Continental collision at ca. 445440 Ma led
to widespread plutonism across the Qil-
ian Shan and is recorded by recrystallized
monazite (ca. 450—-420 Ma) observed in this
study. Our tectonic model implies the par-
allel closure of two oceans of different ages
along the trace of the Qilian suture zone since
ca. 1.0 Ga. In addition, the Qilian Ocean was
neither the Proto- nor Paleo-Tethys (i.e., the
earliest ocean separating Gondwana from
Laurasia), as previously suggested, but was
rather a relatively small embayed sea along
the southern margin of the Laurasian con-
tinent. We also document >200 km of Ceno-
zoic north-south shortening across the study
area. The observed shortening distribution

supports models of Tibetan Plateau develop-
ment that involve distributed crustal shorten-
ing and southward underthrusting of Eurasia
beneath the plateau. This India-Asia conver-
gence-related deformation is focused along
the sites of repeated ocean closure. Major
Cenozoic left-slip faults parallel these sutures,
and preexisting subduction-mélange channels
may have facilitated Cenozoic shortening and
continental underthrusting.

INTRODUCTION

Understanding the formation and evolution of
Eurasia—the only continent assembled during
the Phanerozoic (Scotese and McKerrow, 1990;
Sengor and Natal’in, 1996; Sone and Metcalfe,
2008; Zuza and Yin, 2017)—greatly impacts
our knowledge of processes of crustal forma-
tion, large-scale continental deformation (e.g.,
Burchfiel et al., 1989; Tapponnier et al., 2001;
Xiao et al., 2004; Yin, 2010), and crustal growth
(e.g., Windley, 1992; Jahn et al., 2004; Kroner
et al., 2014). The assembly of the Eurasian con-
tinent occurred over a span of approximately
1 b.y., from the Neoproterozoic to the present,
through multiple ocean-closure events and con-
tinental collisions (e.g., Zonenshain et al., 1990;
Yin and Nie, 1996; Sengor and Natal’in, 1996;
Heubeck, 2001; Badarch et al., 2002; Stampfli
and Borel, 2002; Biske and Seltmann, 2010; Wu
et al., 2016). The most recent of these collisions,
between the Indian and Asian continents, led to
the development of the Himalayan-Tibetan oro-
gen and the related Tibetan Plateau (Fig. 1; e.g.,
Yin and Harrison, 2000; Royden et al., 2008;
Yin, 2010).

The construction of much of the Tibetan
Plateau has progressed since the Eocene (cf.
Worley and Wilson, 1996; Murphy et al., 1997),
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Figure 1. Regional tectonic map of the northeastern Tibetan Plateau from Yin and Harrison (2000), Taylor and Yin (2009), Gao et al. (2013), and Zuza et al. (2016). Inset
shows the location of Figure 1 in the context of the India-Eurasian collision. Also shown is the location of Figure 4, and plutonic sample AZ 09-14-14 (8), which was col-
lected outside of the mapping areas. Underlying base map is from GeoMapApp software, available online at www.geomapapp.org (Ryan et al., 2009). Abbreviated early

Paleozoic Qilian ophiolites: A—Aoyougou; Y—Yushigou; D—Dongcaohe; J—Jiugequan; B—Biandukou; L—Laohushan.
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and this mostly Cenozoic feature overprints
several major Proterozoic through Mesozoic
collision and accretion events (e.g., Sengor
and Natal’in, 1996; Heubeck, 2001; Burchfiel
and Chen, 2012; Wu et al., 2016). Observa-
tions from decades of geologic and geophysi-
cal research support the growth of the Tibetan
Plateau by a variety of processes, including:
(1) Cenozoic lithospheric shortening through
pure-shear thickening (e.g., Dewey and Bird,
1970; Dewey and Burke, 1973; England and
Houseman, 1986; Dewey, 1988), (2) under-
thrusting of Indian or Asian lithosphere beneath
the Tibetan crust (Argand, 1924; Willett and
Beaumont, 1994; DeCelles et al., 2002; Kind
et al., 2002; van Hinsbergen et al., 2011, 2012;
Ye et al., 2015; Zuza et al., 2016), (3) removal
of Tibetan mantle lithosphere and subsequent
plateau uplift (e.g., England and Houseman,
1989; Harrison et al., 1992; Molnar et al., 1993),
(4) middle- and/or lower-crustal channel flow
driven by lateral pressure gradients (Zhao and
Morgan, 1987; Bird, 1991; Royden et al., 1997;
Clark and Royden 2000; Royden et al., 2008),
(5) intracontinental subduction coupled with or
without lateral extrusion along major strike-slip
faults (Meyer et al., 1998; Tapponnier et al.,
1990, 2001; Wang et al., 2001), (6) syncollision
magmatic addition (Yin and Harrison, 2000; Mo
et al., 2007), and/or (7) pre-Cenozoic crustal
thickening (Worley and Wilson, 1996; Murphy
et al., 1997; Wallis et al., 2003).

Detailed knowledge of the initial lithospheric
conditions, prior to India-Asian collision at 65—
55 Ma (e.g., Le Pichon et al., 1992; Zhu et al.,
2005; Yin, 2010; van Hinsbergen et al., 2011;
Hu et al., 2015), is required to test these mod-
els and advance our understanding of continen-
tal tectonics. For example, the existence of any
precollisional topography in Tibet (e.g., Murphy
et al., 1997; Kapp et al., 2005, 2007) changes
the predicted timing, style, and magnitude of
Cenozoic deformation required to generate the
present-day morphology of the plateau (e.g.,
England and Searle, 1986; Kong et al., 1997;
Liu-Zeng et al., 2008; Yang and Liu, 2009). In
addition, well-constrained strain markers used
to quantify Cenozoic deformation require an
understanding of the Paleozoic and/or Meso-
zoic structural framework of Central Asia (e.g.,
Zhou and Graham, 1996; Sobel and Arnaud,
1999; Cowgill et al., 2003; Gehrels et al., 2003a,
2003b; Zuza and Yin, 2017).

This issue is particularly significant along
the plateau’s northeastern margin in the Qilian
Shan, to the north of the left-slip Kunlun fault
(Fig. 1). The actively deforming region involved
early Paleozoic orogeny (e.g., Xiao et al., 2009;
Song et al., 2013) and Mesozoic extension (Vin-
cent and Allen, 1999; Chen et al., 2003), and not
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surprisingly, the interaction among Paleozoic,
Mesozoic, and Cenozoic structures is complex
(Sobel and Arnaud, 1999; Gehrels et al., 2003a,
2003b; Yin et al., 2007b; Wu et al., 2017a).
Presently, this region is dominated by the ac-
tive Qilian Shan—Nan Shan thrust belt (Molnar
and Tapponnier, 1975; Gaudemer et al., 1995;
Meyer et al., 1998; Yin and Harrison, 2000;
Cheng et al., 2015; Zuza et al., 2016), which oc-
cupies about one fifth of the Tibetan-Himalayan
orogen (Fig. 1).

The Cenozoic Qilian Shan—Nan Shan thrust
belt and the North Qaidam thrust system to
the south (Yin et al., 2008a, 2008b) expose the
early Paleozoic Qilian suture(s), early Paleozoic
Qilian orogen, southern margin of the Precam-
brian North China craton, and northern Kunlun-
Qaidam continent with Proterozoic basement
(Figs. 1 and 2; Wang et al., 2013; Wu et al.,
2017a). The abundance of ophiolite-bearing
mélange and blueschist assemblages in the Qil-
ian Shan led early workers to suggest that this
region represents the site of the closed Qilian
Ocean (Wang and Liu, 1976; Xiao et al., 1978).
This ocean opened in the Neoproterozoic and
closed during the early Paleozoic Qilian orogen
(e.g., Yin and Harrison, 2000; Gehrels et al.,
2003a, 2003b, 2011; Yin et al., 2007b; Xiao
et al., 2009; Song et al., 2013, 2014; Wu et al.,
2017a). The timing, subduction polarity, and na-
ture of the Qilian arc and Qilian orogen, which
accommodated the closure of the Qilian Ocean,
remain poorly constrained.

In this contribution, we address some of
these issues through an integrated field and
analytical study involving detailed geologic
mapping (~1:50,000 scale), structural analysis,
sedimentology, geochronology, thermochro-
nology, whole-rock geochemistry, and thermo-
barometry across the central Qilian Shan, near
the Shule, Tuo Lai, and Heihe River Valleys

Tectonic evolution of the Qilian Shan

(~38.5°N, ~98.5°E) in the Qinghai and Gansu
Provinces of western China. Our interdepen-
dent goals were to (1) establish the structural
framework and quantify the magnitude of
Cenozoic crustal shortening across the central
Qilian Shan—Nan Shan thrust belt, and (2) im-
prove our understanding of the pre-Cenozoic
geology of northern Tibet and specifically pro-
vide new constraints on the early Paleozoic
Qilian orogen.

REGIONAL GEOLOGY OF
NORTHERN TIBET

The 350-km-wide Qilian Shan—Nan Shan
thrust belt extends for 1300 km across the north-
eastern margin of the Tibetan Plateau (Fig. 1).
Northwest-trending ranges reach elevations of
4-5 km (the highest peaks are 5.7-5.8 km), and
intermontane basins are 3—4 km in elevation.
The Qilian Shan—Nan Shan exhibits a triangular
eastward-tapering map-view pattern that links to
the east with the left-slip Haiyuan fault (Fig. 1;
Gaudemer et al., 1995; Cheng et al., 2015; Zuza
and Yin, 2016). The thrust belt is bounded by
the left-slip Altyn Tagh fault to the west (e.g.,
Burchfiel et al., 1989; Meyer et al., 1998; Yin
et al., 2002; Cowgill et al., 2000, 2003, 2004a,
2004b, 2009), the North Qaidam and Qaidam
Basin thrust systems to the south (e.g., Huang
et al., 1996; Wang et al., 2006; Yin et al., 2008a,
2008b), and the Hexi Corridor foreland to the
northeast (Fig. 1; Wang and Coward, 1993; Li
and Yang, 1998; Métivier et al., 1998; Bovet
et al., 2009; Zuza et al., 2016). Active deforma-
tion consists of a mixed-mode of thrusting and
strike-slip faulting (e.g., Gaudemer et al., 1995;
Meyer et al., 1998; Zuza and Yin, 2016). The
western Qilian Shan consists of thrust and left-
slip faulting along the Altyn Tagh fault (Mol-
nar and Tapponnier, 1975; Peltzer et al., 1989),

whereas the eastern Qilian Shan involves left-
slip faulting on the Haiyuan fault and thrusting
(Fig. 1; Burchfiel et al., 1991; Gao et al., 2013).

Deformational History

Northern Tibet is dominated by exposures of
the early Paleozoic Qilian orogen and related
North Qaidam ultrahigh pressure (UHP) meta-
morphic belt (Figs. 1 and 2; Yin and Harrison,
2000; Yin et al., 2007b; Menold et al., 2009;
Song et al., 2013, 2014). The original configura-
tion of these rocks was modified by Mesozoic
extension, resulting from the closure of the
Meso- and Paleo-Tethys Oceans (Pullen et al.,
2008; Zhang et al., 2014), and Cenozoic intrac-
ontinental deformation associated with the In-
dia-Asia collision (Vincent and Allen, 1999; Yin
and Harrison, 2000; Chen et al., 2003; Gehrels
et al., 2003a, 2003b). Next, we briefly outline
the important Phanerozoic tectonic events that
affected northern Tibet, starting with the early
Paleozoic history and progressing toward
the present.

Paleozoic Tectonics

The early Paleozoic Qilian orogen records the
closure of the Qilian Ocean(s) as the Kunlun-
Qaidam continent collided against the southern
margin of the Tarim—North China cratons (Yin
and Nie, 1996; Sengor and Natal’in, 1996; Sobel
and Arnaud, 1999; Yin and Harrison, 2000;
Gehrels et al., 2003a, 2003b; Yin et al., 2007b;
Xiao et al., 2009; Song et al., 2013, 2014; Wu
et al., 2017a). From north to south, the orogen
consists of the mélange-ophiolite complex of
the Qilian suture(s), the Ordovician—Silurian arc
belt, and the intra-arc North Qaidam UHP meta-
morphic belt (Fig. 2; Yin and Harrison, 2000;
Yin et al., 2007b; Menold et al., 2009, 2016;
Song et al., 2013, 2014). Flysch, arc-type assem-

Figure 2. Simplified sketch of [ T80°E T100°E 40°N |
important continents, cratons, B .
and sutures in northern Tibet, L Central Asian Orogenic System
including the Tarim craton, PR g e TSYS-....
North China craton, and Kun- | "¢ o Tt T
lun-Qaidam continent. Early ]:Zzgengh Study;
Paleozoic ophiolite occurrences [~ Tarim craton SQN maca 35°N |
. . . [~ e ROIO North
(letters in diamonds), locations ~ 3 AlUHP Y= = ntun- RS China
of Silurian high-pressure (HP) * Qaidam ‘-:\\\NQN craton
rocks, and the North Qaidam Ordovician [T "=~ continent M XD
L UHP rocks S Urys SQN
and Altun ultrahigh-pressure J AKM-D "2 N
belts (NQ UHP and Al UHP, ||  Sjlurian HP - Qiangtang T - <. Nac —
respectively) are also shown. blueschist Songpan- "~IT~l
Abbreviated early Paleozoic 7 Ganziterrane "= -- -7 -

Qilian ophiolites (letters in dia-

mond symbols): A—Aoyougou; Y—Yushigou; D—Dongcaohe; J—Jiugequan; B—Biandukou; L—Laohushan. Abbreviated sutures: AKM-D—
Anyimagen-Kunlun-Muztagh-Dabie Shan; J—Jinsha; NQG—North Qinling; NQN—North Qilian; SQN—South Qilian; TSYS—Tian

Shan-Ying Shan.
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blages, ophiolites, and low- to high-grade meta-
morphic rocks are variably exposed throughout
northern Tibet. Several important first-order
problems regarding the development of the Qil-
ian orogen remain unresolved (Fig. 3; Table 1).
(1) How many arcs and what type of arcs (i.e.,
oceanic or continental) were involved in orogeny
(e.g., Xiao et al., 2009; Yang et al., 2009, 2012;
Song et al., 2013)? (2) Was the subduction polar-
ity north- and/or south-dipping (e.g., Sobel and
Arnaud, 1999; Yin and Harrison, 2000; Gehrels
et al., 2003a, 2003b; Yin et al., 2007b; Xiao
et al., 2009; Yang et al., 2009, 2012; Yan et al.,
2010; Gehrels et al., 2011; Song et al., 2013)?
(3) When did continental collision first initiate
(e.g., Liuetal., 2006; Qi, 2003; Tung et al., 2007;
Lin et al., 2010)? (4) When was the final closure
of the Qilian Ocean (i.e., Devonian or Silurian;
e.g., Xiao et al., 2009; Yang et al., 2012)?

Mesozoic Extension

Mesozoic regional extension affected much
of northern Tibet, including the Altyn Tagh
Range, Qaidam Basin, Qilian Shan—Nan Shan,
and Hexi Corridor, from southwest to north-

A North-dipping subduction

Arc on North China or
accretionary wedge

fragments

North China

I
North China

UHP exhumation path

C Bidirectional subduction

Arc on Qilian or
accretionary wedge

North China

Ultramafic/ophiolite

UHP exhumation path

Zuza et al.

east, respectively (Fig. 1; Huo and Tan, 1995;
Vincent and Allen, 1999; Chen et al., 2003;
Yin et al., 2008a, 2008b). This extension was
expressed by the development of extensive
Jurassic and Cretaceous extensional and trans-
tensional basins (Vincent and Allen, 1999;
Chen et al., 2003; Yin et al., 2008a, 2008b;
Zuza et al., 2016). The magnitude of exten-
sion is unconstrained because of the limited
exposure of Mesozoic rocks and structures.
However, early Paleozoic muscovite “Ar/*Ar
ages from the footwall of Cretaceous normal
faults indicate that the magnitude of Cretaceous
normal faulting was relatively small (<10 km;
Chen et al., 2003).

Cenozoic Deformation

Cenozoic shortening in northern Tibet is ac-
commodated across the Qilian Shan—Nan Shan
and North Qaidam thrust belts (Yin et al., 2007a,
2008a, 2008b; Zuza et al., 2016), to the north
and south, respectively (Fig. 1). The thrust
belts are thick skinned, and most thrusts are
northeast-dipping, with the prominent excep-
tion of the southwest-dipping North Qilian Shan

B South-dipping subduction

<— N

Qaidam

Ultramafic/ophiolite
fragments

Slab retreat

frontal thrust system (Fig. 1; Zheng et al., 2010;
Zuza et al., 2016). Cenozoic deformation jux-
taposed Proterozoic—Paleozoic basement rocks
against late Paleozoic through Cenozoic strata
(Gaudemer et al., 1995; Meyer et al., 1998;
Wang and Burchfiel, 2004; Yin et al., 2007a,
2007b; Zheng et al., 2010).

A detailed discussion of existing Cenozoic
shortening estimates across the Qaidam Basin,
North Qaidam, and Qilian Shan—Nan Shan
thrust belts, and the implications for plateau
construction mechanisms were presented in
Zuza et al. (2016). Synthesized estimates sug-
gest that northern Tibet accommodated a mini-
mum of 250-350 km of Cenozoic north-south
shortening (Yin et al., 2007a, 2008a, 2008b;
Zuza et al., 2016), with higher shortening strain
(>50% strain) focused along the northern mar-
gin of the thrust belt compared to the thrust-belt
interior (i.e., >30%—35% strain; Zuza et al.,
2016). Here, we present additional shortening
estimates from the thrust belt interior based on
our new geologic mapping and cross sections.
Because fault offset and slip rate along the west-
ern termination of the Haiyuan fault appear to

<— N

Arc on Qaidam or
accretionary wedge

UHP diapir

emplacement
or subduction
channel return

D Multiple north-dipping arcs

Arc on North China

S. Qaidam

North China

Arc on Qilian or
accretionary wedge

<— N

Island arc

S. Qaidam

/ UHP exhumation
path

Figure 3. Major tectonic models proposed for the development of the early Paleozoic Qilian orogen, including the implied
ultrahigh-pressure (UHP) rock exhumation paths. (A) The north-dipping subduction model requires the Qilian arc to have
been constructed primarily on the North China craton with northward-migrating arc magmatism caused by subduction-
slab shallowing. (B) The south-dipping subduction model requires the Qilian arc to develop along the northern margin
of the Qaidam continent, with northward arc migration caused by slab steepening and rollback. (C) The bidirectional
subduction model requires the Qilian arcs to develop within the Qilian microcontinent. In this scenario, two suture zones
should have developed, including separate collisional orogens and forearc basins. (D) The multiple north-dipping arc model
requires several arc belts, suture zones, and collisional events. The arcs may have developed on the North China craton,
Qilian microcontinent (or North Qaidam), accretionary wedges, and/or oceanic lithosphere. See text and Table 1 for further

discussion and references.
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Tectonic evolution of the Qilian Shan

TABLE 1. TECTONIC MODEL PREDICTIONS FOR THE EARLY PALEOZOIC QILIAN ARC AND OROGEN

Predictions

Spatial relationship
between arc plutons

and suture(s) Arc basement

Explanation for
wide and complex
mélange/ophiolite belt

in Qaidam at
ca. 475 Ma

Northward younging
of magmatism

Dextral shear zone

Explanation for North

Qaidam UHP rocks Key references

North-dipping subduction
Plutons north of suture

North China craton
or accretionary
material

Paleozoic continental
deformation and
Mesozoic/Cenozoic

Unrelated to
Qilian arc

Subduction-slab
shallowing

reorganization of main

suture

South-dipping subduction
Plutons south of main
suture

Qaidam continent
or accretionary
material

Paleozoic continental
deformation and
Mesozoic/Cenozoic

Intra-arc strike-
slip fault

Subduction-slab
steepening and
slab rollback

reorganization of main

suture

Bidirectional subduction

Sutures in surrounding  Qilian

arc belts to the north microcontinent

and south or oceanic
lithosphere

Multiple north-dipping arcs

Distinct belts of sutures Microcontinent

and plutons and/or oceanic
lithosphere

Two Paleozoic collisions
and subsequent later
modification

Several Paleozoic
collisions and
subsequent

Intra-arc strike-
slip fault and/or
collision related

Earlier initiation
of southern
north-dipping
subduction

Intra-arc strike-
slip fault and/or
collision related

Arcs initiated and
progressed at
various times

modification

Subduction of Qaidam

Subduction of North China

Subduction of southern

Variable subduction of

Yang et al. (2001), Song
et al. (2005, 2006,
2013, 2014)

continent and intra-
continental channel
flow exhumation during
collision

Sobel and Arnaud
(1999), Gehrels et al.
(2003a, 2003b), Yin
et al. (2007a)

craton and return along
subduction channel or
via diapirs

Xiao et al. (2009)*
Qaidam and channel flow

exhumation along North

Qaidam suture

Li et al. (1978), Hsu
et al. (1995), Yin and
Nie (1996), Yang
et al. (2002), Yin and
Harrison (2000)

microcontinents and
cratons

Note: These hypotheses and predictions are based on the assumption that Mesozoic and Cenozoic deformation are constrained and restored. UHP—ultrahigh-pressure.
*This work also envisions multiple oceanic arcs, but it is most concerned with bidirectional subduction beneath the Qaidam microcontinent.

be negligible (<15 km; Zuza and Yin, 2016; this
study), east-west translation and modification of
the pre-Mesozoic geology were minimal. How-
ever, the left-slip Altyn Tagh fault truncates the
surface traces of the Qilian orogen and suture
(Fig. 2). Paleozoic UHP and suture zone rocks
in the Altyn Tagh Range (Altun UHP belt; e.g.,
Yang et al., 2006) may correlate with those in
North Qaidam and the Qilian Shan, which indi-
cates ~450 km of left-lateral offset on the Altyn
Tagh fault (Figs. 1 and 2; Sobel and Arnaud,
1999; Yang et al., 2001; Zhang et al., 2001;
Cowgill et al., 2003).

Geology of the Early Paleozoic
Qilian Orogen

The primary tectonic domains of the early
Paleozoic Qilian orogen include, from north to
south (Fig. 2), the (1) southern margin of the
North China craton, including Neoproterozoic
passive-margin strata, (2) the North Qilian
suture, which is a belt of discontinuously ex-
posed ophiolitic material that locally experi-
enced blueschist-facies metamorphism, (3) the
South Qilian suture, which is a belt of variably
exposed ophiolite fragments that do not record
high-grade metamorphism, (4) a wide zone
of arc volcanic and plutonic rocks associated
with the Qilian arc, which respectively overlie
and intrude amphibolite-grade metamorphic
rocks, (5) the North Qaidam UHP metamor-
phic belt, with associated ophiolite complex,
and (6) the Kunlun-Qaidam Precambrian con-
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tinent (e.g., Yin et al., 2007b; Xiao et al., 2009;
Song et al., 2013, 2014; Wu et al., 2017a, and
references therein).

Qilian Shan and North China

The southern margin of the North China
craton consists of Paleoproterozoic (ca. 2.3—
1.8 Ga) basement with a Mesoproterozoic cover
sequence (Xiu et al., 2002; Tung et al., 2007;
Gong et al., 2011; Wan et al., 2013). Some of the
oldest intrusions have ca. 2.3 Ga magmatic zir-
con ages and ca. 2.85 Ga zircon Hf model ages,
which are similar to ages in the Kunlun-Qaidam
continent, and thus the two continents may have
shared a common Proterozoic history (Dan
etal., 2012). The Neoproterozoic opening of the
Paleo-Asian and Qilian Oceans along the north-
ern and southern margins of the North China
craton, respectively, is evidenced by widespread
passive-margin deposits and ca. 825-600 Ma
bimodal volcanic and intrusive rocks (Li et al.,
2005; Tseng et al., 2006, 2007; Xu et al., 2015).

The discontinuously exposed North Qil-
ian suture zone (Fig. 2) consists of ophiolite
complexes, high-pressure metamorphic rocks,
including lawsonite-bearing eclogite and blue-
schist, volcanic arc rocks, a westward-tapering
Silurian flysch basin, and dispersed Devonian
molasse (e.g., Pan et al., 2004; Liu et al., 2006;
Song et al., 2007, 2013; Zhang et al., 2007;
Xiao et al., 2009; Lin et a., 2010; Cheng et al.,
2016). Ophiolite suites along this suture zone,
which consist of gabbro, pillow basalt, diabase
dikes, mafic rocks, and serpentinized peridotite,

are exposed at the Jiugequan, Biandukou, and
Laohushan localities (Figs. 1 and 2). Zircon
ages from gabbroic rocks or diabase dikes range
from ca. 510 Ma to 470 Ma, with numerous in-
herited zircon grains in a single sample (Xia and
Song, 2010; Lin et al., 2010; Song et al., 2013).
The significant zircon inheritance coupled with
a depleted mantle geochemical signatures sug-
gest that the ophiolites are supra-subduction
zone—type ophiolites (e.g., Shervais, 2001;
Wakabayashi et al., 2010; Xia et al., 2012).

The South Qilian suture zone (Fig. 1) con-
sists of suites of serpentinite, altered ultramafic
rocks, gabbro, pillow basalt, and mélange with
marl and chert that are exposed at the Aoyou-
gou, Yushigou, and Dongcaohe localities, from
northwest to southeast, respectively (Figs. 1
and 2; e.g., Yang et al., 2002; Shi et al., 2004;
Tseng et al., 2007; Song et al., 2013). Mag-
matic zircons from gabbroic samples yield ages
ranging from 550 Ma to 490 Ma (Yang et al.,
2002; Shi et al., 2004; Tseng et al., 2007; Song
et al., 2013). This range of inherited zircon ages
is further evidence that these ophiolites may be
supra-subduction zone—type ophiolites.

Whether the North and South Qilian sutures
represent separate suture zones that record
separate ocean closure events is debated (e.g.,
Mattinson et al., 2007; Yin et al., 2007b). Both
“belts” consist of sporadic outcrops of ophio-
lite fragments that are discontinuously exposed
throughout the Qilian Shan (Yin and Harrison,
2000; Song et al., 2013), and their exposure is
directly controlled by Cenozoic thrusting (e.g.,
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Yin et al., 2007b). The surface traces of both su-
ture zones are truncated to the northwest against
the left-slip Altyn Tagh fault (e.g., Sobel and
Arnaud, 1999; Cowgill et al., 2003). The South
Qilian suture trace appears to link to the south-
east with the North Qinling suture zone (Fig. 2;
Yin and Nie, 1996; Tseng et al., 2009).

The Kunlun-Qaidam basement of the Qilian
Shan varies from west to east (Fig. 2). In the
west, Mesoproterozoic cratonal and/or passive-
margin strata, intruded by ca. 960-900 Ma plu-
tons (Gehrels et al., 2003a, 2003b; Wu et al.,
2016; this study), are juxtaposed against an
eclogite-bearing metamorphic complex with
775-930 Ma magmatic zircons (Tseng et al.,
2006; Tung et al., 2007; Xue et al., 2009) and
paragneiss with detrital zircon grains older
than 880 Ma (Tung et al., 2007). In the east-
ern Qilian Shan, Paleoproterozoic crystalline
rocks are intruded by 1190-750 Ma plutons
and overlain by a Neoproterozoic—Cambrian
shelf sequence (Guo et al., 1999; Wan et al.,
2001, 2003; Tung et al., 2007). Volcanic arc
plutons with ages of 516-440 Ma are found
throughout the Qilian Shan (Qian et al., 1998;
Cowgill et al., 2003; Gehrels et al., 2003a; Su
et al., 2004; Wu et al., 2004, 2006, 2010; Hu
et al., 2005; Liu et al., 2006; Quan et al., 20006;
He et al., 2007; Tseng et al., 2009; Dang, 2011;
Xia et al., 2012; Xiao et al., 2012; Xiong et al.,
2012; Tung et al., 2012; Song et al., 2013; Wu
et al., 2016; this study). Silurian syncollisional
plutons are also dispersed throughout the Qilian
Shan (e.g., the ca. 424 Ma Jinfosi pluton dated
by Wu et al., 2010).

North Qaidam Metamorphic Belt

The northwest-trending early Paleozoic
North Qaidam metamorphic belt is located
along the northeastern margin of Qaidam Basin
(Fig. 1). The metamorphic rocks, which locally
experienced UHP metamorphism, are exposed
in the Liiliang Shan, Xitie Shan, and Dulan lo-
calities (Mattinson et al., 2007; Yin et al., 2007b;
Menold et al., 2009, 2016; Song et al., 2014).
This belt is truncated to the northwest by the
Altyn Tagh fault, and it is interpreted to have
been offset ~450 km left-laterally to a position
in the Altyn Tagh Range (Fig. 2). Metamorphic
rocks at the Jianggelesayi and Bashiwake locali-
ties of the Altyn Tagh Range are correlative to
those in the North Qaidam UHP metamorphic
belt (Mattinson et al., 2007; Zhang et al., 2001;
Yang et al., 2001; Yin and Harrison, 2000).
Both metamorphic belts consist of orthogneiss,
paragneiss, and marble, with lenses of eclogite
and ultramafic rocks.

Most of the metamorphic rocks in North Qai-
dam, including the eclogite blocks and ophio-
litic rocks, have experienced regional (epidote-)
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amphibolite facies metamorphism (Menold
et al., 2009). The eclogite-bearing rocks expe-
rienced UHP metamorphism followed by later
pervasive amphibolite-grade overprinting, but the
ophiolite rocks do not show signs of prior UHP
metamorphism (Menold et al., 2009). Because
the ophiolite and UHP rocks are tightly folded
together and their contacts are often transposed,
the two units were probably juxtaposed and
metamorphosed to epidote-amphibolite facies
in the middle to lower crust (Yin et al., 2007b;
Menold et al., 2009). All of the pre-Devonian
metamorphic rocks in the North Qaidam meta-
morphic belt are bounded by north-dipping
Cenozoic thrust faults, and the exposure of the
epidote-amphibolite facies and UHP metamor-
phic rocks was strongly controlled by Cenozoic
deformation (e.g., Sobel and Arnaud, 1999; Yin
et al., 2007b).

Tectonic Models for the Qilian Orogen

Despite many uncertainties, the following
events have been widely accepted about the Qil-
ian orogen. (1) An open ocean(s) existed from
at least ca. 550 Ma to 448 Ma, as evidenced by
the distribution of ophiolite fragments (Smith,
2006; Xiang et al., 2007; Tseng et al., 2007;
Zhang et al., 2007; Xia and Song, 2010; Song
et al., 2013). (2) Arc magmatism, subduction,
and collision occurred from ca. 516 Ma to
ca. 400 Ma, as evidenced by the distribution
of arc-related and syncollisional plutons (Qian
et al., 1998; Cowgill et al., 2003; Gehrels et al.,
2003a; Su et al., 2004; Wu et al., 2004, 2006,
2010; Hu et al., 2005; Liu et al., 2006; Quan
et al., 2006; He et al., 2007; Tseng et al., 2009;
Dang, 2011; Xia et al., 2012; Xiao et al., 2012;
Xiong et al., 2012; Song et al., 2013; Wu et al.,
2016). (3) Metamorphic ages across the Qilian
Shan span the Ordovician: 489-440 Ma U-Pb
zircon rim ages (Song et al., 2006; Zhang et al.,
2007), 466462 Ma garnet Lu-Hf and Sm-Nd
ages (Cheng et al., 2016), and 490470 Ma
in situ Th-Pb monazite ages (this study). Two
distinct pulses of metamorphism are observed
in the North Qaidam UHP rocks: the first at
490-460 Ma, and the second at 440—-420 Ma
(Mattinson et al., 2006; Menold et al., 2009,
2016; Song et al., 2014). (4) High-pressure
blueschist, exposed in the northern Qilian Shan,
yielded cooling ages ranging from 454-442 Ma
(*Ar/*Ar white mica ages of Liu et al., 2006) to
415-413 Ma (P Ar/*Ar glaucophane ages of Lin
et al., 2010).

In the central Qilian Shan, the boundary be-
tween the Qilian arc complex and the North
China craton is expressed as a ductile right-slip
shear zone in high-grade metamorphic rocks
(e.g., Qi, 2003; Xiao et al., 2009) juxtaposed
against a low-grade metamorphosed mafic to

ultramafic mélange, Ordovician forearc strata,
and ophiolite complexes. Silurian flysch de-
posits have been attributed to both a back-arc
(Song et al., 2013) and forearc setting (Yan
et al., 2007, 2010). Based on similar lithologi-
cal assemblages, the Qilian orogen and suture(s)
probably connected with the Qinling orogen to
the southeast (e.g., Xu et al., 2008; Tseng et al.,
2009; Dong et al., 2011; Wu et al., 2016, 2017a),
forming a >1000-km-long early Paleozoic oro-
genic belt (Fig. 2).

Numerous tectonic models have been pro-
posed to account for the geologic observations
described here (Fig. 3; Table 1). Although the
work presented here is focused on the central
Qilian Shan, any viable tectonic model must
also account for the geologic history of the Altyn
Tagh Range, Kunlun Shan, Qaidam Basin, North
Qaidam, and the North China craton (Figs. 1
and 3). This includes eclogite and UHP meta-
morphism of continental and oceanic material
exposed in the Altyn Tagh Range and North
Qaidam (Sobel and Arnaud, 1999; Zhang et al.,
2005; Yin et al., 2007b; Menold et al., 2009;
Song et al., 2014), early Paleozoic arc-related
granitoids throughout northern Tibet, Cambrian-
aged ophiolites including supra-subduction zone
ophiolites (Song et al., 2013), ophiolitic mélange
dispersed throughout the Qilian Shan, and early
Paleozoic blueschist and eclogite in the northern
Qilian Shan and Altyn Tagh Range (e.g., Wu
et al., 1993; Liu et al., 2006; Song et al., 2006,
2007; Zhang et al., 2007; Xiao et al., 2009;
Cheng et al., 2016; Fig. 1).

End-member models for the Qilian arc and
orogen (see further discussions in Mattinson
et al., 2007; Yin et al., 2007b) primarily differ in
the number of arcs involved, the basement upon
which the arc(s) was constructed (i.e., oceanic
or continental crust), subduction polarity, tim-
ing of collision, and the processes responsible
for UHP metamorphism and UHP rock exhu-
mation (Fig. 3; Table 1). For example, a single
south-dipping arc would require the arc plutons
to intrude the Qaidam continent to the south of
the Qilian suture and accretionary wedge (e.g.,
Sobel and Arnaud, 1999; Gehrels et al., 2003a,
2003b), whereas northward subduction would
require the arc to develop north of the main
suture within the North China craton (Figs. 3A
and 3B; Song et al., 2006, 2013, 2014). The
north-dipping-subduction model implies that
the UHP metamorphic rocks were brought to
UHP depths at the subduction zone and were
exhumed hundreds of kilometers to the south
through the Qaidam lithosphere (Figs. 3A and
3B; e.g., Song et al., 2006, 2014). This model
cannot account for early Paleozoic magmatism
within the Kunlun-Qaidam continent, south of
the Qilian suture trace(s).
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GEOLOGIC MAPPING OF THE
CENTRAL QILIAN SHAN

This study focused on the central Qilian
Shan, near the town of Yanglong (~38.5°N,
~98.5°E; Fig. 4). Mapping was conducted along
the Shule, Tuo Lai, and Heihe Rivers, which
drain the Tibetan Plateau to the northwest.
The river valleys, at elevations of ~3500 m, are
bounded by approximately NW-trending ranges
with moderate relief (~0.5-1.0 km); peak eleva-
tions reach >5.5 km. The southernmost range,
just north of Hala Lake, is referred to as the
Shule Nan Shan (Fig. 4). The ranges to the north
have an average range spacing of 30-50 km
and are known as the Tuo Lai Nan Shan, Tuo
Lai Shan, North Qilian Shan (e.g., Zheng et al.,
2010; Zuza et al., 2016), and Yumu Shan (e.g.,
Tapponnier et al., 1990), from south to north, re-
spectively (Fig. 4).

Important geologic relationships and our
detrital zircon geochronology results are sum-
marized in a simplified tectonostratigraphic
column (Fig. 5) and regional-scale geologic
map (Fig. 6). A more detailed lithostratigraphy
for the central Qilian Shan is presented in Fig-
ure 7, along with our new geochronology data.

97°00'E

39°30'N

39°00'N

38°30'N

Tectonic evolution of the Qilian Shan

Geologic maps of the Shule Nan Shan, Tuo
Lai Nan Shan, and Tuo Lai Shan are shown in
Figures 8 and 9.

Map Units

Stratigraphic age assignments of lithologic
units are primarily from Pan et al. (2004), and
the more detailed framework used in this study is
based on Gansu Geological Bureau (1989), Qing-
hai BGMR (1991), a stratigraphic review by
Zhiyi and Dean (1996), our new detrital zircon
data (Fig. 5B), and our own field observations.
Map units range in age from Mesoproterozoic to
Quaternary and are described next in turn.

Sedimentary Units

The oldest sedimentary rocks exposed in the
central Qilian Shan consist of massive-bedded
limestone and dolostone, commonly metamor-
phosed to marble, interbedded with low-grade
metamorphosed basalt and volcaniclastic layers.
The carbonate and marble rocks have a distinct
massive blue/gray or orange appearance. The
stratigraphic thickness of this unit probably ex-
ceeds 3—7 km, but it is poorly constrained because
its basal contact with the underlying metamor-

98°00'E

99°00'E

phosed basement is not observed, and internal
deformation has affected the original stratigraphy
(Fig. 6). The regional geologic map of Pan et al.
(2004) gave this unit a Changchengian age (i.e.,
Paleoproterozoic or Mesoproterozoic) on the
basis of an older regional geologic survey (Gansu
Bureau of Geology, 1974). However, we reassign
a Neoproterozoic age (labeled Z) based on recent
geochronology studies on the widespread basalt
(U-Pb zircon ages of 600-580 Ma; Xu et al.,
2015) that is interbedded with carbonate strata
(Mao et al., 1998; Xia et al., 1999).

Ordovician rocks consist of low-grade meta-
morphosed sandstone, siltstone, and limestone
with minor volcanic and volcaniclastic rocks.
A distinctive blue-gray limestone unit (labeled
O,,) appears to conformably overlie the Ordo-
vician volcano-siliciclastic strata (labeled O).
The lowest part of this unit is intruded by
granitoids and intermediate to mafic dikes. All
Ordovician rocks are variably deformed, and
the original sedimentary relationships are ob-
scured. Although Zhiyi and Dean (1996) stated
that siltstone, volcanic rocks, and volcaniclastic
rocks overlie thick limestone deposits (O,,), this
relationship was not directly observed in this
mapping area and may have been obscured by

100°00°E

Zuza et al. (2016)

Figure 4. Cenozoic tectonic map of northern Tibet after Yin et al. (2007a, 2008a, 2008b), Gao et al. (2013), Zuza
et al. (2016), and our own observations. The underlying base map is from GeoMapApp software, available online
at www.geomapapp.org (Ryan et al., 2009). Boxes indicate the locations of the composite map in Figure 6 and
mapping areas in Figures 8 and 9. Also shown in white are the cross-section lines across the central Qilian Shan-
Nan Shan thrust belt. Cross-section data sources: [1] map presented in Figure 8, [2] map presented in Figure 9,
[3] compiled regional maps (Gansu Geological Bureau, 1989; Qinghai BGMR, 1991; Pan et al., 2004), [4] seismic-
reflection analysis presented in Zuza et al. (2016), and [5] work by Tapponnier et al. (1990).
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Figure 5. (A) Tectonostratigraphy of the central Qilian Shan. Black stars show the position of U-Pb detrital zircon
samples from major units. Map symbols and color scheme correspond to simplified regional units presented in the
Figure 6 regional map. (B) Detrital zircon age spectra of the major tectonic units. Data are from this study, Gehrels
et al. (2003a), and Yang et al. (2009).

later deformation. Ordovician rocks probably
represent a complex mélange of forearc, accre-
tionary wedge, and foreland-basin strata (Zhiyi
and Dean, 1996; Xiao et al., 2009).

Silurian rocks (labeled S) are absent from
the mapping area, but they are found elsewhere
in the Qilian Shan. The rocks unconformably
overlie Ordovician strata and are often isocli-
nally folded with bedding transposed. The strata
consist of minor conglomerate layers interbed-
ded with siltstone, shale, and sandstone (Fig. 6;

Yang et al., 2009; Yan et al., 2010). Conglomer-
ate clasts and the sedimentary rocks are domi-
nated by volcanic and granitic gneiss clasts and
lithic grains, respectively. Most of the observed
sections appear to be turbidite successions with
interfingering conglomerate beds (Yan et al.,
2010). Silurian rocks are considered to repre-
sent a flysch basin that transitions into molasse
deposits (Du et al., 2003).

Devonian strata (labeled D) are mostly absent
from the central Qilian Shan, but where outcrops

exist to the north and south, they unconformably
overlie deformed Proterozoic—early Paleozoic
rocks (Fig. 6). They consist of terrestrial con-
glomerate, sandstone, mudstone, and minor vol-
canic rocks, and deposits do not exceed 300 m
in thickness (Qinghai BGMR, 1991). These
deposits are interpreted to represent molasse
that was deposited in intermontane and/or fore-
land basins during Qilian orogeny (e.g., Xia
et al., 2003; Yan et al., 2007). This unit is dis-
conformably overlain by younger units.
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Figure 6. Regional geologic map of the central Qilian Shan based on a compilation of Gansu Geological Bureau (1989), Qinghai BGMR
(1991), Pan et al. (2004), and our own geologic mapping and structural interpretations. The map units are from a simplified tectonostrati-
graphic scheme presented in Figure 5; location is shown in Figure 4.
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Figure 7. Lithostratigraphy of the central Qilian Shan, specific to the Tuo Lai and Shule Shan. Age assignments are from Qinghai BGMR
(1991), Pan et al. (2004), Xu et al. (2015), and our own observations. Also shown are U-Pb detrital zircon samples of major units (black stars;
see Fig. 5) and geochronology results from Figures 11 and 13. Grain size abbreviations: cl—clay; si—silt; ss—sandstone; cg—conglomerate.

890 Geological Society of America Bulletin, v. 130, no. 5/6



Tectonic evolution of the Qilian Shan

(‘[T 930m300§ 33s] 2an3y siy) Jo dewr pazis-[ny € St [P 2InS1) "UOHBIO] UL UOIIIIS-SSO.ID 10 Y J1ed 39S pue ‘uoissnosip pue suondunsse uondds-sso.rd I0{eul 10§ Jx9) 39S
*BaIE UBYS UBN I[NYS Y} JO UOIIIS SSOID PAI0ISAY (D) "BAIR UBYS UBN [NYS Y} SSOId Uordds ssox)) () “dewr drydeasodoy 391408 3[eds 0000Z: T & woy st uonddfoxd

dew aseq ay I, ‘suonyedadidjul [BINJONI)S UMO INO pue ‘(YjIes 9[3005) pue ‘g pue , jespuer] “3-9) sisA[eue agewr-d13es ‘(1661 AN reysuid) ‘(6861) neaing [ed
-130[095) nsuex) ‘sdewr 21301033 3saury)) paysiqndun woay paidwod (p “31, I3S ‘UONBIO] 10J) UISB(Q e B[BH puk ueys ueN INys 3y} Jo dew J130[095) (V) *§ 2In31q

Bjess SNoJJUOGUED By} J0 BSB] B} MOJaY Wy /~ Je Yjdap JuaLyoRIap € Sjolpaid BuEleq Baly

?
.
e e e ——————
-
z E
- E
0 \
(pauressuooun
uolow auejd-jo-yno)
“ejess |[em-BuiBuey pawuojepun ybnouy) paoerd asuljud () Jiney uen(eg jo uoneual
“yono |lem-BuiBuey peposs o) anp paiojsal st ney ay) uo dis wnwiulp () wy G'Z9~ :ejess (‘1) aissew] Jamo Jo Yyibua| uoioas paio)sal wnwiulpy

“ejen)s ¢-9 ay) Buikpiepun Ayuuojuooun ssamng
|euoiBai ay) Jo Wed s yuou ay} 0} Jno-youid ejeu}s snoseyiuogie) pawnsse ayJ (g)
“gjens ¥ -d Bulkano ay) Jo ajBue au) Wwoyy pauluLe)ap Jel [lem-Buibuey Jo sibuy (z)
“oyju)s Buoje ejep |eanjonis
Bunosloid Aq PaUIEISUOD S1aM B5jeT BIEH JOPUN SPI0} PUE S}NE} JO SaIaW08S) (1)
{(s1equunu pexoq) uoneue|dxs paziway|

) Elens oisseuL JomoT Jo BUIUSHOUS WUy wnf 9y~ ‘elens (1) lsseuL JaMoT Jo LBUS| pausiojeq

%G9z~ :uleas Bujuspoys wnwiuI -
s : = ——
(=) a.\uet\ f 9\ 7 j (3}

N > -
p—— ‘ MR AN

14 -1OMC sysodap | e
assouonen [ el
sysodap [eanjie (paurensuooun
[=] st o] wirsomyo)
Inej uenfie jo voneunsal UBYS UEN 8|NYS 8y} SSOIOE UOIjI8S SS0ID m

uonesaB6exs [Eanien ON

S0 ase pue ‘abuziow susodep

pojuein

© BT o d - o

il ) el

‘8jesawo|Buod feiAn|e oisseuy-iaddn E susodap Jenu feixe E
PUE [EIANY UBIUOABQ anpoe Aiewsiend
[— .

JE1UBUI0D SNOJ3)OGIED

2¥61 0A0¥INd U0 P

3.00 .86

W 0GZ = [EAIB}UI INOJUOD

wy ok S

N.0Z .8¢

N.0€ .8¢

1o Wney dis-ans
obeuresp 1o sony : (eprue uonews pue)
dip ey st 7,

ploymous W\u
sn_a_sxsis_o(v

coun e ouufs

opmme uonelod |y

opne Buppeg g,
soen e aupony 1
ey posenco (mens Bukporo
e Pt o Wosop) Anwoiooun
(posioyu oioun pouser) ___—
enires (3) ooy o

STOqWIAS J[BO[03D

ueys ueiip [enus)
‘ueyg uep ajnyg ayj jo depy o16ojoan

891

Geological Society of America Bulletin, v. 130, no. 5/6



Zuza et al.

([T 910u300j 33s] 3an3y s1y) Jo dewr pazis-[[nj € st 7Y N3] "y 31ed ul pajudsaad d1e saul| Ue1)IIS-SSOI)) *SIJE)S PAI0)SAI PUB PIULIOJIP B Ul UBYS UBN [e] onJ, pue ueys re’J ong, 3y
SSOIOE SUOIJIIS SSO.ID JIF0[099) (F-))) *(uoneur[dxa 10 [T 9)0u)00] 1x33] L103150daY BIR( VSO 395) )E)S SnoJdjiuoq.re)-dad ay) juasaadaa jey) spun judwdseq drydiowrejou 3y) woay
(Sopmynje uonEaUI| pue UOHEI[0] “3°T) Ejep [eanonys papioyun) (9) ‘(.43 PARGE] JNey 3y} “3°1)  J[ney Jo Yynos pue yyrou 3y o} Kjeredas pajjofd due syd0.x JudLdsEq dydIowe)du
Y} WO SHUSWIINSEIW UOHEI[0] puk uoneaul] Surydjons -ansoeied (LJAD) J0SUIL, JUSWOIA] PIOIIU)) [BOLS) 3Y) W0 (6007) ‘T8 19 NYD Aq Paje[no[edas se ‘ueys ueN e ony, oY)
Ul PALINII0 jey) enbylies ¢'s = “I €661 € 10J WISIUBYIIW [8d0j € SI payjord os[y 710z ul paamboe sem jey) aew JAIjes £ yespuer] e st dew aseq Yy, ‘surddewr pafrejop umo
ano pue (166T) YINODC reysutQ ‘sdeur d130[0a3 asaury) paysiqndun uo paseq (p ‘31 39s ‘UoNLIO] 10j) UkyS e'] onJ, pue ueys uey e ony, 3y jo dew 21501039 (V) *¢ 2mM3LY

MS¥8/9Z1 :(dip/exus) uonelo} ueay
6LL7zL (pussyebunid) uoneau ueayy

Elep IV

ejep [eanjoniys
snoiajuoqien-aid papjoyun q

“onsttess o o - susodop
oiagse . SsiouB ool pue ssieu . - _M_ st s suogpues o . susocep e E
2 powein sp e [
paieio4 onoe Aeweien
susodep son E
owoinyd
wigec w0~ eiens (0) snosmjuoqed 3,00 66 357 .86 3.0€ .86 351 .86
S y
oS oo paoRa a ™~ .\Q\:m Q\BQW _@5 WSy D "Y PUe (€}.-21) "M "D ‘(€1.-Z1) B2nZ ‘A v Aq padde
ejeis [m00; powiojopun yBnoi) paveid ou W €9~ BuaouS WK ——— =
o P ) - )
oujo oseq e geoying
o2 o) paSUOD S1 LD SSOI PUR ‘POPOIA BIE
(c1) =
(sioqunu poxoq) (panunuos) uoneueldxa paziuo
N.OE 8¢
o1
o
e |8 duresow SO R B Ee T T
3
v¥
-8
: 4
f -3
-
e -
‘ 4 o
w L~ cEens (0) SnoJoUOQIED J0 UBUB) pesoisy JE—
suopeauy
Buolans
-
-
-~
-
g
LE
25
] 410 Ginos woy
v eiep jemonas
s audiowela (z)
9
— — NGv.8¢
a Gy=u suonelo
_y suoneau
a 84 Gonrons
/ %
o T
6 <
- S,
b QW7
rg S,
5§ 6%
et} \
o2 ~ \ N
| 10 oy woyy
- \ eep jenonas
= / /Aa odiowejapy (1)
N Lo fo o eoen e suputs o N
peoy i
[P ST —— - oo oupany ~/_ |
aeuesp 10 oy
i pousep)
Joozoaed =
%4~ Urens BuoUoUS WK ey pasonos pue p -
o odues azevow gL O
w sldwes Mswowoss & (opmme vones pue) >
H odues uoonz agn ' Uo si0p) Auojucoun =
2 apdwes woorz :43 ososs i pose) z - - NOO 68
oeiuon aBoou — [ v : = N00 o
I : s
° SOqWAS 360055 =——
= g
s o s s o]
ueys uelIp |enuad S
. &, esionun oo
ueys 1eq ony ayj jo dejy 2160joa |

Geological Society of America Bulletin, v. 130, no. 5/6

892



Carboniferous strata (labeled C) overlie
Ordovician—Devonian rocks and other nonsedi-
mentary units as part of a regionally extensive
angular unconformity. A basal coarse-grained
quartz arenite, displaying prominent cross-
bedding, is overlain by quartz sandstone and
interbedded siltstone, with minor carbon-rich
shale and coal. The unit experienced strong
internal but localized deformation along the
shaley coal layers. Carboniferous rocks are
400-500 m thick. Permian strata are mapped
as a single ~1-km-thick unit (labeled P;
Fig. 6). The lower section consists of distinc-
tive pink-red and white-gray coarse sandstone
and interbedded siltstone. The upper section is
made up of arkosic and quartz sandstone inter-
bedded with siltstone and shale, and sandy
limestone.

Conformably overlying these rocks are
Triassic strata, which are thick (>4 km) and
divided into the Lower (R;), Middle (&,), and
Upper (R;) Triassic units. Lower Triassic (R,)
rocks have a basal unit of massive cross-bed-
ded gray sandstone overlain by arkosic and
quartz sandstone, sandy limestone, siltstone,
and calcareous siltstone (Fig. 6). The Middle
Triassic (R;) strata are dominated by basal
sandy conglomerate and cross-bedded arkosic
and quartz sandstone with minor siltstone.
Upper Triassic rocks (R;) consist of a basal
conglomerate with overlying arkosic sand-
stone interbedded with calcareous siltstone,
darker organic-rich shale, and distinctive coal
layers (Fig. 6).

The overlying Jurassic rocks (labeled J) are
generally parallel to Upper Triassic strata, al-
though a regional disconformity between these
two units exists (Yin et al., 2008b). Jurassic
strata are 800 m thick and consist of a basal con-
glomerate overlain by arkosic sandstone inter-
bedded with siltstone, organic-rich shale, and
numerous coal beds (Fig. 6). This unit is gen-
erally restricted to valleys in the central Qilian
Shan and is not cliff forming.

Cretaceous rocks (labeled K) consist of poly-
mictic conglomerate and coarse sandstone that
is reddish in color. This unit is exposed on both
sides of the Tuo Lai Shan, and its absolute thick-
ness is not known. Map-view relationships re-
quire Cretaceous strata to be >270 m thick. In
the Hexi Corridor to the north, Cretaceous rocks
are observed to be >3 km thick (Zhiyi and Dean,
1996; Zuza et al., 2016). They often exhibit a
growth strata geometry and are interpreted to
have been deposited in extensional grabens or
rift basins (Yin et al., 2008b).

Cenozoic rocks are predominantly Miocene
through Pliocene in age (labeled N, for Neo-
gene; Qinghai BGMR, 1991; Zhiyi and Dean,
1996; Bovet et al., 2009), although the south-
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ernmost deposits may be as old as late Oligo-
cene (e.g., Zhuang et al., 2011). They consist of
red fluvial and lacustrine sediments. Conglom-
erate, sandstone, and mudstone have a clay,
marl, or limestone matrix. Gypsum layers are
prevalent. Quaternary sediments consist of allu-
vial, fluvial, and glaciofluvial deposits (Li and
Yang, 1998; Zhao et al., 2002). They are dif-
ferentiated in our mapping as active axial river
deposits (labeled Q,,), active alluvial deposits
(labeled Q,,), and inactive alluvial deposits
(labeled Q,,,).

Ophiolite Sequence Unit

An ophiolite complex, locally referred to as
the Yushigou ophiolite suite (Shi et al., 2004;
Hou et al., 2006; Song et al., 2013), is exposed
in the northern portion of the mapping area. This
complex variably consists of ophiolitic mélange
and fragments of an incipient oceanic arc. The
unit has been assigned a Cambrian age (labeled
€) based on reported fossils (Xiao et al., 1978)
and geochronology data (Shi et al., 2004; Song
et al., 2013; this study). The unit consists of
ultramafic to mafic rocks, pillow basalts, and
limestone and quartzite-sandstone knockers
with chert. In addition, there are outcrops of
massive plagioclase-pyroxene gabbro, which
were mapped separately (labeled ga). There is
significant deformation within the complex, and
the lithologic contacts are highly sheared. Taken
together, this unit represents part of the Qilian
suture zone (Fig. 1), which connects with the
Aoyougou ophiolite (Zhang et al., 2001; Xiang
et al., 2007) to the northwest and the Dongcaohe
ophiolite (Tseng et al., 2007) to the southeast
(Fig. 1).

Metamorphic Rocks

Metamorphosed basement rocks are wide-
spread in the mapping area, and they are di-
vided into three groups: gneiss, paraschist,
and foliated granitoid. The paraschist (labeled
sch) is characterized by mica + garnet schist,
quartzite, foliated garnet amphibolite, marble,
and local phyllite and slate. These rocks have
been interpreted as part of a Proterozoic pas-
sive margin (Gehrels et al., 2003a, 2003b).
Detrital zircon ages (discussed later) confirm a
maximum Mesoproterozoic age (Fig. 5B). The
gneiss unit (labeled gn) is composed of quartzo-
feldspathic gneiss, mylonitic orthogneiss, and
paragneiss. These rocks are inferred to be
Proterozoic in age based on previous geo-
logic maps (Qinghai BGMR, 1991; Pan et al.,
2004). Foliated granitoid bodies (granodiorite
to quartz diorite; labeled gr,) intrude both the
gneiss and schist units. The foliations within
in all of the metamorphic units are parallel
across lithologic contacts, and all units are

variably mylonitized with well-defined stretch-
ing lineations. In certain locations, both quartz
and feldspar grains are ductilely deformed and
recrystallized, indicating crystal plastic defor-
mation. All of these metamorphic rocks were
previously inferred to have Precambrian proto-
lith ages (Qinghai BGMR, 1991; Gehrels et al.,
2003a; Pan et al., 2004). Our geochronologic
results indicate that the foliated granitoids have
magmatic ages spanning 950-900 Ma (Wu
et al., 2017a), providing an early Neoprotero-
zoic minimum-age bound for the protolith of
the metamorphic complex that it intrudes.

Granitoids

Numerous early Paleozoic granitoid plu-
tons are exposed throughout the Qilian Shan
region. These plutons have been assigned ages
ranging from 516 Ma to 345 Ma, and most are
attributed to arc and/or syn- to postorogenic
magmatism (Qinghai BGMR, 1991; Qian
et al., 1998; Cowgill et al., 2003; Gehrels
et al., 2003a; Su et al., 2004; Wu et al., 2004,
2006, 2010; Hu et al., 2005; Liu et al., 2006;
Quan et al., 2006; Zhang et al., 2006; He
et al., 2007; Tseng et al., 2009; Dang, 2011;
Xiaetal., 2012; Xiao et al., 2012; Xiong et al.,
2012; Song et al., 2013; Wu et al., 2017a).
Several large (10-50 km?) and many minor
(1-10 km?) plutonic bodies are exposed in
the mapping area. They range in composi-
tion from alkali feldspar granite to syenite to
quartz monzonite. These bodies intrude the
Proterozoic gneiss and schist complex and the
Ordovician strata, but they are unconform-
ably overlain by Carboniferous and younger
strata. This relationship places a lower-age
bound on plutonism, such that the granitoids
must be older than the Carboniferous. Our
geochronology data indicate that these plutons
crystallized between 474 and 455 Ma. One of
the plutonic bodies had a reported K-Ar age of
345 + 17 Ma (Qinghai BGMR, 1991), but our
new U-Pb zircon ages suggest a crystallization
age of ca. 450 Ma for this granitoid. The units
are mapped as undifferentiated granitoid (gr),
except where a crystallization age has been de-
termined, either from this study or other work.
Minor dikes with compositions similar to the
granitoids were also mapped.

In the Tuo Lai Shan, gabbroic plutonic rocks,
diabase dikes, and basaltic volcanic rocks are
found in Yushigou ophiolitic complex of the
Qilian suture. U-Pb zircon ages from gabbro
range from 555 Ma to 516 Ma (Shi et al., 2004;
Song et al., 2013). Tholeiitic pillow basalts
are also found within this mélange (Fig. 10M),
and whole-rock geochemical data suggest that
they are normal-type mid-ocean-ridge basalts
(N-MORB; Song et al., 2013).
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Figure 10 (on this and following two pages). Field photographs from the central Qilian Shan displaying important geologic
relationships discussed in text. Photograph locations are shown in Figure 9. (A) Broad anticline showing regional uncon-
formity at the base of the Carboniferous strata, which unconformably overlie Ordovician metasedimentary rocks. (B) The
regional unconformity at the base of the Carboniferous strata, which unconformably overlie Proterozoic metasedimentary
rocks. (C) Triassic strata thrust over a valley of Jurassic rocks from both the north and the south. Note that the north-
vergent thrust in the south of this image places Lower Triassic rocks over Jurassic strata and is overturned. See part D for
a close-up view. (D) Overturned thrust fault that originally placed Lower Triassic rocks on Jurassic strata. (E-F) Thrust
faults that place Triassic strata over Neogene sediments.
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Regional Unconformities

Four distinct Phanerozoic unconformities
are recognized in the mapping area (Figs. 5-9),
herein named for the unit that overlies the uncon-
formity (Figs. 5 and 7). These unconformities
are significant because (1) they represent periods
of rock uplift (e.g., deformation), erosion, and/or
other reasons for nondeposition, and (2) they
can be used to illustrate the pre-unconformity
geometries of the older rock units. For example,
Carboniferous and Cretaceous unconformities in
the Tuo Lai Shan both overlie Ordovician strata.
This requires the Ordovician rocks to have been
at or near the surface in both the Carboniferous
and Cretaceous. Thus, these rocks reached the
surface prior to Cenozoic deformation.

Geological Society of America Bulletin, v. 130, no. 5/6
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Figure 10 (continued). (G-I) Fo-

2 Proterozoic

gneiss

Proterozoi
gneiss i -

The oldest unconformity, which is also the
most widespread, consists of Carboniferous
strata (locally Devonian and/or Permian) over-
lying Proterozoic basement and Ordovician—
Silurian strata (e.g., Qilian arc/orogen rocks;
named UC_DC in Figs. 5 and 7). It is prevalent
throughout the Shule Nan Shan, Tuo Lai Nan
Shan, and Tuo Lai Shan (Figs. 10A and 10B),
where Carboniferous strata overlie the Pt, Z, and
O units. This unconformity is a key marker hori-
zon in our balanced cross sections.

In one locality along the southern flank of the
Tuo Lai Nan Shan, Triassic rocks (R,) uncon-
formably overlie Carboniferous and Proterozoic
rocks, including the aforementioned Carbonif-
erous unconformity (Fig. 9; UC_Tr in Figs. 5
and 7). Triassic strata are discordant from

liated granitoid rocks, often
mylonitized, showing a right-
lateral shear sense. Rocks have
a near-vertical northwest-
striking foliation and subho-
rizontal stretching lineations.
(J) Strongly foliated garnet am-
phibolite rocks. Rocks have a
near-vertical northwest-striking
foliation. Note the plagioclase
coronas rimming the garnet
grains, and the shear sense in
these rocks is also right-lateral.
(K) An undeformed early Paleo-
zoic granitoid dike crosscuts
the Proterozoic gneiss. The U-Pb
zircon crystallization age of the
dike constrains the maximum
age of metamorphism of the
gneiss.

NE

the underlying Carboniferous strata by ~10°
(Fig. 9). Just to the south, in an overturned anti-
cline, Permian and Triassic rocks (P-R;) make
up a conformable and continuous sequence.
This suggests that this unconformity surface
projects to at least below Permian strata in the
anticline, and it cuts up section to the north to
its location within the Triassic rocks as a but-
tress unconformity. In this scenario, a thin ve-
neer of Carboniferous strata was deposited on
top of the basement that had topography follow-
ing early Paleozoic Qilian orogeny. Deposition
was restricted to topographic lows. Permian
through Lower Triassic rocks were deposited on
this relatively flat surface, and there was either
a topographic high to the north or the sediment
deposition simply pinched out to the north.
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ultramafic-mélange - ro:

Figure 10 (continued). (L) View of cherty-sandy “knockers” in mélange material. Sketched outlines highlight ap-
proximate location, size, and position of ‘“knockers” within the mélange. Note the dirt roads for approximate scale.
Inset shows outcrop view of limestone “knocker” within mélange. (M) Outcrop of pillow basalts; note the circled
jacket and rock hammer for scale. Inset shows a close-up view of pillow basalt with hammer for scale.

Middle and Upper Triassic rocks were evenly
deposited over the underlying strata.

The last two unconformities—at the base of
Cretaceous and Cenozoic rocks (UC_Mz and
UC_Cz, respectively, in Figs. 5 and 7)—were
caused by regionally extensive tectonic events.
The Mesozoic unconformity was related to the
initiation of widespread extension across north-
ern Tibet (e.g., Vincent and Allen, 1999; Chen
et al., 2003). This unconformity primarily con-
sists of Jurassic and/or Cretaceous rocks angu-
larly unconformably and disconformably overly-
ing Paleozoic and Proterozoic strata. Along the

896

southern flank of the Tuo Lai Shan, Cretaceous
rocks were unconformably deposited on top of
Ordovician rocks and Carboniferous strata. This
observation provides two important constraints.
First, the Ordovician and Carboniferous rocks
were both at or near the surface at the time of
Cretaceous deposition. Second, an event is re-
quired to have tilted the Carboniferous uncon-
formity and Carboniferous—Permian rocks prior
to the deposition in the Cretaceous. This uncon-
formity surface is folded in a northwest-trending
~1-km-wavelength syncline (Fig. 9). Cretaceous
rocks were also deposited unconformably on

Proterozoic—Paleozoic rocks, along the northern
flank of the same range. The Heihe River valley
makes up a large Cretaceous basin that stretches
~140 km to the southeast to the city of Qilian.
Cenozoic rocks, assigned a middle Miocene
age, are only exposed in the southern portions of
the mapping areas (Figs. 8 and 9). They were de-
posited over Jurassic and Upper Triassic strata,
which indicates that prior to Cenozoic deforma-
tion, these Mesozoic rocks were close to the
surface. The development of this unconformity
represents the initiation of Cenozoic deforma-
tion related to the Himalayan-Tibetan orogen.

Geological Society of America Bulletin, v. 130, no. 5/6



GEOCHRONOLOGY METHODS

U-Pb Zircon Geochronology of
Igneous Rocks

Zircon grains were separated by traditional
methods and mounted in epoxy with standard
zircons. Analyses were conducted on two sepa-
rate ion microprobe instruments; analyses were
performed either on the sensitive high resolution
ion microprobe II (SHRIMP-II) at the Beijing
SHRIMP Center, Institute of Geology, Chinese
Academy of Geological Sciences (CAGS) in
Beijing following the procedures of Williams
(1998), or on a CAMECA IMS-270 secondary
ion mass spectrometer (SIMS) at the Univer-
sity of California—Los Angeles (UCLA) using
the analytical procedures of Quidelleur et al.
(1997). Grains were first imaged with a cathode
luminescence (CL) detector on a scanning elec-
tron microscope (SEM) to guide analysis and
aid in age interpretation (Fig. DR3), and more
detailed methodology descriptions can be found
in the GSA Data Repository.'

Our goal in U-Pb zircon dating of the igneous
samples was to determine their crystallization
age. We analyzed 15-25 gains from each sample
(Fig. DR3 [see footnote 1]) and examined the
resulting age distribution of concordant analy-
ses. If multiple age populations existed, the
weighted mean age of the youngest population
of zircon ages was interpreted as the crystalli-
zation age (Fig. 11), although we realize each
plutonic body may consist of multiple intrusive
pulses (e.g., Coleman et al., 2004). Distinctly
older age populations were generally attributed
to inheritance (Fig. 11). Younger zircon ages are
less straightforward to interpret but are probably
the result of Pb loss due to a younger reheating
event. Additional criteria for excluding specific
analyses are given along with the full isotopic
data and spot locations in the GSA Data Reposi-
tory (see footnote 1). Most of analyzed zircon
grains are early Paleozoic in age, and we report
their 2°Pb/*#U ages (Table 2). For samples that
yielded Neoproterozoic ages, we report their
206pb/27Ph ages (Table 2).

U-Pb Detrital Zircon Geochronology
of Sedimentary Samples

Randomly mounted detrital zircon grains
from sedimentary samples were analyzed on an
Agilent 7500a quadrupole—inductively coupled

'GSA Data Repository item 2017370, including
full-size map figures, expanded geochronology meth-
ods, whole-rock geochemistry data, thermobarometry
methods and sample descriptions, discussion of meta-
morphic basement attitude rotation, and seismicity in
northern Tibet, is available at http://www.geosociety
.org/datarepository/2017 or by request to editing@
geosociety.org.
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plasma—mass spectrometer (Q-ICP-MS) with
an ArF laser-ablation system at the Institute of
Tibetan Plateau Research, Chinese Academy
of Science, following the analytical procedures
outlined in Xie et al. (2008). An expanded meth-
odology description, isotopic data for analyses,
and concordia diagrams for each detrital zircon
sample are in the GSA Data Repository (see
footnote 1). We only considered analyses that
were <30% discordant or <5% reversely discor-
dant (e.g., Gehrels et al., 2011).

In Situ Th-Pb Monazite Geochronology

To constrain the age of metamorphism, we con-
ducted in situ Th-Pb dating of monazite. Mona-
zite grains appear in metasedimentary rocks near
the garnet isograd (Smith and Barreiro, 1990).
Monazite dating can be complicated because
monazite is a relatively reactive phase that read-
ily grows new age domains during progressive
or repeated metamorphism (e.g., Foster et al.,
2000; Catlos et al., 2002; Pyle and Spear, 2003;
Pyle et al., 2005; Kohn et al., 2005; Rasmussen
and Muhling, 2007; Williams et al., 2007; Bosse
et al., 2009). In situ dating allows for determina-
tion of the relationship between monazite grains
and the tectonic fabric (Harrison et al., 1995), and
when monazite grains are included in porphyro-
blasts (e.g., garnet or staurolite), they are shielded
from Pb loss and/or dissolution during retrograde
metamorphism (Montel et al., 2000; Kohn et al.,
2005; Gasser et al., 2012; cf. Martin et al., 2007).
Thus, the ages of included grains should repre-
sent the timing of peak metamorphism (Harrison
et al., 1997), assuming a single garnet-growth
event. Matrix ages may or may not equal these
ages (Catlos et al., 2002). Combining the inter-
preted monazites ages with estimated pressure-
temperature (P-T) conditions (e.g., Spear, 1993)
allows for the metamorphic evolution of the rock
to be constrained.

Monazite grains were too small (~5-50 pum)
to be clearly identified on an optical microscope
(Fig. 12). Doubly polished thin sections were
examined first with a petrographic microscope
to determine the metamorphic textures. Samples
with synkinematic garnet growth were targeted
because the age of a monazite included in gar-
net should constrain the timing of garnet-in re-
actions during a regional shearing event (Smith
and Barreiro, 1990). Thin sections were exam-
ined with a SEM in backscatter mode (Fig. 12;
Scherrer et al., 2000). Monazite grains, which
appear brighter than most other phases in
backscatter, were observed in the matrix and
included in garnet. Their identity was qualita-
tively confirmed with energy-dispersive X-ray
spectroscopy on the SEM. Chosen mona-
zite grains were relocated on a reflected-light

microscope and photographed at 10x and 20x
to aid identification on the ion probe optics. The
thin sections were cut, and target regions were
mounted in epoxy and coated with gold, along
with monazite standards.

Grains were dated in situ, following the
procedure of Harrison et al. (1995, 1999) and
Catlos et al. (2002) on the CAMECA IMS-270
SIMS at UCLA. A 10-15 nA O beam was fo-
cused to a diameter of 15-20 um. The interele-
ment fractionations among U, Th, and Pb dur-
ing analysis were corrected by using a linear
calibration curve for Pb/Th versus ThO,/Th for
the monazite standards. Two monazite standards
were used during two separate analytical ses-
sions; the first session used monazite standard
44069 (thermal ionization mass spectrometry
[TIMS] age of 424.9 + 0.4 Ma and a sensitive
high-resolution ion microprobe [SHRIMP] age
of 426 + 3 Ma; Aleinikoff et al., 2006), and the
second used monazite standards 44069 and
554 (TIMS age of 45.3 + 1.4 Ma; measured by
M. Tatsumoto, as cited in Harrison et al., 1999).
The complete listing of isotopic data is given in
Table 3, and interpreted Th-Pb monazite age re-
sults are shown in Figure 13.

GEOCHRONOLOGY SAMPLE
DESCRIPTIONS AND RESULTS

U-Pb Zircon Geochronology of
Igneous Rocks

Thirteen samples were analyzed: six slightly
deformed to undeformed samples from the early
Paleozoic Qilian arc, two mafic dike samples
from the ophiolite complex, one tonalitic dike
sample that crosscuts Ordovician rocks, and
four foliated granitoid samples from the meta-
morphic basement (Table 2). All of the samples
were collected from the primary mapping area
(Fig. 9), except for one that was collected from
a large pluton ~300 km to the east (Fig. 1;
Table 2). Concordia diagrams showing the re-
sults of single-shot zircon analyses and relative
probability plots of the ages for each sample are
shown in Figure 11. The interpreted crystalliza-
tion ages for the igneous samples are summa-
rized in Table 2.

All of the undeformed and some of the de-
formed plutonic bodies exposed throughout the
central Qilian Shan (e.g., Figs. 8 and 9) were
previously inferred to be early Paleozoic in age
(e.g., Qinghai BGMR, 1991; Pan et al., 2004;
Wauetal., 2016, 2017a). We analyzed six of these
granitoid samples to constrain the timing of lo-
cal magmatism (Table 2). Two samples were
collected from a large undeformed alkali feld-
spar granite body in the Tuo Lai Nan Shan that
intrudes the foliated Proterozoic gneiss (Fig. 9).
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Figure 11 (on this and following three pages). U-Pb concordia diagrams showing results of single-shot zircon analyses (see
spots in Fig. DR3 [see text footnote 1]) and relative probability plots of zircon ages for each sample. Error ellipses are 2o,
and gray shaded ellipses show individual analyses that were excluded from weighted mean calculations. Only concordant
ages are plotted in probability distributions, and crossed out peaks were not included in weighted mean calculation. All
weighted mean ages are U-Pb ages (unless specified) at the 95% confidence level. See text for further discussion of rationale
and Figure 9 for sample locations. Note that tonalitic dike analysis shown in Figure 11M shows a scattered spread of ages;
calculated weighted mean ages of two age clusters provide age constraints on the basement that the dike intrudes. Plots were
created with Isoplot 4.1 of Ludwig (2003). MSWD—mean square of weighted deviates.
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Figure 11 (continued).
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Figure 11 (continued).

Sample AZ 07-17-13 (4) was collected on the
southern flank of that range. Fifteen zircons were
analyzed, and U-Pb ages range from 314 Ma to
680 Ma (Fig. 11A). The weighted average of
12 concordant analyses is 449 + 13 Ma (mean
square of weighted deviates [MSWD] = 0.99).
The other analyses were excluded because of
discordance or low radiogenic Pb. Sample RR
05-03-12 (6) was collected ~6.5 km northeast
of the previous sample. Twenty-five grains were
analyzed, yielding ages that range from 451 Ma
to 510 Ma (Fig. 11B). Twenty-two grains define
the youngest age population, and the weighted
mean of these ages is 457 + 2 Ma (MSWD =
3.5). This same plutonic body was previously

assigned a K-Ar age of 345 + 17 Ma on a re-
gional 1:200,000 scale geologic map (Qinghai
BGMR, 1991).

Sample AZ 04-30-12 (11) was from an un-
deformed syenogranite located along the north-
eastern bank of the Tuo Lai River in the Tuo Lai
Shan (Fig. 9). The pluton intrudes the Protero-
zoic metamorphic unit, including a strongly
foliated granitoid, and it is unconformably
overlain by Carboniferous strata. Ordovician
metasedimentary rocks are thrust over the plu-
ton ~500 m to the northeast of the sample loca-
tion. Twenty-five zircons were analyzed yield-
ing 22 concordant ages that range from 441 Ma
to 522 Ma (Fig. 11C). The four older grains are

interpreted to be inherited, and the weighted
mean of the younger population of 19 analyses
is 450 + 1 Ma (MSWD = 0.92).

Sample AZ 05-04-12 (7) was part of a gran-
ite sill that intrudes the medium- to low-grade
metamorphosed unit in the Tuo Lai Shan
(Fig. 9). Twenty-five grains were analyzed, and
all yielded concordant ages ranging 420 Ma
to 511 Ma (Fig. 11D). Two ages are distinctly
younger (ca. 418 Ma), which may have re-
sulted from Pb loss during younger metamor-
phism, and one population of ages is distinctly
older due to older zircon-grain inheritance. The
weighted mean of the average population of 19
ages is 474 £ 3 (MSWD = 3.4), which we in-
terpret as the best estimate of a crystallization
age. Sample RR 05-05-12 (5) was from a NE-
SW-oriented undeformed quartz monzonite
dike (Fig. 9) that crosscuts the foliations of a
Proterozoic gneiss (Fig. 10K). We analyzed 19
zircons; 18 analyses gave concordant U-Pb ages
that range from 435 Ma to 520 Ma (Fig. 11E).
The oldest grains are interpreted to be inherited.
The youngest population of 17 analyses yielded
a weighted mean age of 445 + 3 Ma (MSWD =
0.38), which is interpreted as the crystallization
age of this granite dike.

Sample AZ 09-14-14 (8) was collected from
a granite pluton located ~300 km to the east of
the main mapping area (Fig. 1). The large plu-
ton is exposed in a restraining bend of the left-
slip Haiyuan fault. Nine grains were analyzed;
one was normally discordant, and one was re-
versely discordant (Fig. 11F). The remaining
seven grains yielded concordant ages that range
from 438 Ma to 508 Ma. The weighted mean
age of these concordant ages is 462 + 14 Ma
(MSWD = 1.2).

We analyzed 25 zircons from two medium-
grained diabase bodies that intrude the internally
deformed ophiolite complex: AZ 05-06-12 (2)
and AZ 05-03-12 (11). Sample AZ 05-06-12 (2)
yielded 25 concordant ages that range from

TABLE 2. SUMMARY OF ZIRCON GEOCHRONOLOGY RESULTS

Latitude Longitude Elevation Interpreted age

Sample Rock type (°N) (°E) (m) (Ma) MSWD n

RR 05-05-12 (5) Quartz monzonite dike 38°34.698" 98°31.760" 4584 445+ 3 0.38 17 out of 19
AZ 07-17-13 (4) Alkali feldspar granite 38°28.546" 98°49.882’ 4290 449 + 13 0.99 12 out of 15
AZ 04-30-12 (11) Syenogranite 38°34.473 98°58.035 3911 450 £ 1 0.92 19 out of 25
RR 05-03-12 (6) Alkali feldspar granite 38°29.415 98°54.218’ 3982 457 £ 2 3.5 22 out of 25
AZ 09-14-14 (8)* Granite 37°37.658’ 101°49.904’ 3198 462 + 14 1.2 7 outof 9
AZ 05-04-12 (7) Granite 38°41.752 98°45.627" 3850 474 £3 3.2 19 out of 25
AZ 05-06-12 (2) Diabase dike 38°36.800 98°58.482’ 4509 5212 1.3 20 out of 25
AZ 05-03-12 (11) Diabase dike 38°36.640 98°59.398’ 4442 5416 10.1 15 out of 25
RR 05-04-12 (2) Foliated granitoid 38°32.708’ 99°00.082’ 4060 868 + 167 0.79 19 out of 25
AY 09-21-11 (4) Foliated granitoid 38°41.418’ 98°37.762 3551 905 + 7t 1.3 24 out of 25
AZ 04-30-12 (4)3 Tonalitic dike 38°33.522 98°55.447" 3778 912 £ 217 0.053 3 out of 16
AZ 07-24-13 (9) Weakly foliated granitoid 38°42.472 98°38.763’ 3554 921 + 107 1.8 8 out of 8
AZ 05-01-12 (1) Foliated granitoid 38°39.452 98°41.372 3624 961 + 12t 24 24 out of 25

Note: MSWD—mean square of weighted deviates.
*Sample collected outside of primary study area.
Pb-Pb age (all others are U-Pb ages).

SRange of ages picked up by intrusion; interpreted age is a well-defined age population.
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Figure 12. Scanning electron microscope (SEM) images of representative garnet and monazite grains from the
garnet-mica schist samples that were targeted for in situ Th-Pb monazite dating. (A-B) Synkinematic garnet
with an included monazite grain. (C-D) Matrix monazite grains. Note the size difference between matrix and
included-in-garnet monazite grains.

511 Ma to 566 Ma (Fig. 11G). We interpret the
weighted mean of the youngest population of
20 analyses to best represent the crystallization
age, which yields a mean age of 521 + 2 Ma
(MSWD = 1.3). Analyses of zircon grains from
sample AZ 05-03-12 (11) yielded 20 concor-
dant yet diverse ages, ranging from a U-Pb
age of 501 Ma to a Pb-Pb age of ca. 1670 Ma
(Fig. 11H). There are several distinct age popu-
lations and significant zircon inheritance. If
we assume that the oldest age population is
inherited grains, the weighted mean age of the
middle population of ages (n = 15) may best
represent the crystallization age of the diabase:
541 = 6 Ma (MSWD = 10.1). The youngest set
of ages may be the result of Pb loss, as fluid
infiltration and mineral modification may have
occurred within the highly deformed and altered
ophiolite complex. Alternatively, these young
511-501 Ma ages may reflect later pulsed intru-
sion or slow cooling.

The two previously discussed samples are
part of Yushigou ophiolite suite (e.g., Hou et al.,
2006; Song et al., 2013), which includes tholei-

902

itic pillow basalts (Hou et al., 2006; Song et al.,
2013). The prevalence of inherited zircon ages in
both intrusive samples suggests that these mafic
intrusions are not related to MORB generated
within the oceanic lithosphere. Zircon ages from
gabbro samples in this complex yielded con-
cordant ages ranging from 566 Ma to 530 Ma
(Song et al., 2013), and similar inherited zir-
con ages were also observed in the Dongcaohe
and Jiugequan ophiolite suites (Fig. 1; Xia and
Song, 2010; Xia et al., 2012; Song et al., 2013).
In light of these observations, we believe that
the Yushigou ophiolite may have formed in a
supra-subduction zone setting (Shervais, 2001;
Wakabayashi et al., 2010), and these zircon ages
may record a period of early subduction ini-
tiation (e.g., Stern, 2004). Similar conclusions
have been made regarding the Jiugequan ophio-
lite complex that is exposed ~25 km to the north
(Fig. 2; Xia and Song, 2010).

The high-grade metamorphic unit is in-
truded by several large foliated granitoid bodies
(Fig. 9). Granitoid foliations (Figs. 10G-10I),
ranging from weakly foliated to mylonitized,

are parallel to foliations of the high-grade
gneiss, schist, and amphibolite rocks into which
they intrude. The original crystallization age
of this plutonic body places a minimum age
on the protolith age of the basement unit. Two
samples were collected from a mylonitized
granitoid (quartz diorite to granodiorite) along
the southern bank of the Tuo Lai River in the
Tuo Lai Nan Shan: AZ 05-01-12 (1) and AY
09-21-11 (4) (Fig. 9). The mylonitized granite
has near-vertical NW-SE-striking foliations
and subhorizontal stretching lineations, which
are parallel to structures found throughout the
Tuo Lai Nan Shan metamorphic belt (Fig. 9).
Twenty-five zircons were analyzed from sam-
ple AZ 05-01-12 (1), and one was normally
discordant (Fig. 11I). The remaining analyses
yielded Pb-Pb ages that range from 941 Ma to
1016 Ma, with a majority of the ages clustering
at ca. 960 Ma. The weighted mean Pb-Pb age of
24 grains is 961 + 12 Ma (MSWD =2.4). Seven-
teen grains were analyzed from sample AY 09-
21-11 (4), and all of the ages were concordant
(Fig. 11J)). Individual Pb-Pb zircon ages range
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TABLE 3. MONAZITE ISOTOPIC DATA FOR CENTRAL QILIAN SHAN SAMPLES

Age (Ma) Isotopic ratios

Mz ~ 2®Pb/ 206pp/ 2Pb* 208ppyyy 205Pp*/ 207Pp*/ 27Pp*/ ThO,/
Spot loc.*  22Th 16 238 16 (%) 22Th 16 238 16 25 16 205Pp Th
Sample AZ 04-18-12 (4b): 38.50647°N, 98.69933°E (4314 m)
16m3_1 m 4339 202 4002 413 994  0.02170 0.00102 0.00681 0.4822 0.0513 0.05460 0.000606 0.00681  2.56
21m3_14 m 7745 1260 4009 797 991  0.03906 0.00650 0.01320 0.4894 0.1010 0.05532 0.000961 0.01320  1.50
22m3_13 m 4414 163 4617 445 987  0.02208 0.00082 0.00742 05602 0.0562 0.05472 0.000544 0.00742  2.92
24m3_19 m 4544 204 3987 394 991  0.02273 0.00103 0.00650 0.4858 0.0498 0.05522 0.000692 0.00650  2.59
25m3_15 m 4589 196 4484 46.0 97.7  0.02296 0.00099 0.00765 0.5572 0.0604 0.05610 0.001070 0.00765  2.67
26ag3_18 g 4958 479 3133 53.0 944  0.02483 0.00243 0.00863 0.3902 0.0689 0.05683 0.001720 0.00863  1.79
26g3_16 g 4921 2741 2763 349 959  0.02464 0.00137 0.00565 0.3264 0.0430 0.05406 0.001150 0.00565  2.31
Sample AY 09-21-11 (2): 38.71306°N, 98.60619°E (3514 m)
10g2_3 g 5260 317 5358 932 959  0.02636 0.00161 0.01570 0.6988 0.1590 0.05848 0.007710 0.01570 223
1292_4 g 5678 338 6859 814 769  0.02849 0.00172 0.01400 0.8445 0.3350 0.05456 0.019400 0.01400 2.34
1am1_2 m 5292 273 5538 76.0 97.8  0.02653 0.00139 0.01280 07251 0.1070 0.05863 0.001810 0.01280  2.39
1m1_1 m 5267 244 5437 637 97.8  0.02640 0.00124 0.01070 0.7055 0.0875 0.05815 0.001190 0.01070  2.54
20g3_12 g 5289 243 4435 486 965  0.02651 0.00123 0.00807 0.5678 0.0686 0.05782 0.002330 0.00807  2.57
3m1_3 m 4220 190 3731 354 974  0.02110 0.00096 0.00581 0.4781 0.0489 0.05819 0.001670 0.00581  2.60
591_4 g 5321 209 5257 483 971  0.02667 0.00106 0.00814 0.6415 0.0702 0.05476 0.002710 0.00814  2.93
7mi_7 m 5755 307 5895 841 986  0.02888 0.00156 0.01430 07412 0.1110 0.05614 0.000734 0.01430 2.35
8m2_9 m 5545 331 5640 877 97.6  0.02781 0.00168 0.01480 0.6903 0.1140 0.05475 0.001500 0.01480 2.22
9m2_6 m 5779 353 6124 102 98.2  0.02900 0.00180  0.01740 0.7970 0.1400 0.05801 0.001070 0.01740 219
Session #1 calibration: 0.096x — 11.234 (+0.727)
Sample AY 09-21-11 (2): 38.71306°N, 98.60619°E (3514 m)
11g1_0 g 4691 152 957  0.02348 0.000772 0.45
3m1_1 m 4892 120 93.7  0.02450 0.000610 0.40
15m1_2 m  488.4 5.0 98.8  0.02446 0.000253 0.33
4m1_3 m 4720 3.8 99.7  0.02363 0.000191 0.39
10m2_0 m 4398 199 87.3  0.02200 0.001010 0.38
23m2_1 m  479.0 5.5 99.8  0.02398 0.000280 0.38

Session #2 calibration: 0.0300x + 0.19 (+0.009)

*Monazite (Mz) location: matrix (m) or included in garnet (g).

from 884 Ma to 948 Ma, and the weighted mean
age is 905 = 7 Ma (MSWD = 1.3). Across the
Tuo Lai River, 3 km to the northeast, the base-
ment granitoid is only weakly foliated (Fig. 9).
Sample AZ 09-24-13 (9) was collected from this
weakly foliated granitoid (Fig. 9), and eight zir-
cons were analyzed, yielding a range of Pb-Pb
zircon ages from 891 Ma to 949 Ma (Fig. 11K).

The weighted mean age of all of the analyses is
921 + 10 Ma MSWD = 1.8).

A body of strongly foliated granitoid is ex-
posed ~20 km to the east in the Tuo Lai Shan.
Twenty-five zircons were analyzed from sample
RR 05-04-12 (2), which was collected from
this unit (Fig. 9), yielding a wide range of ages
(Fig. 11L). The youngest grain has a U-Pb age

Normalized probability

of 655 + 6 Ma and a distinctly low Th/U ratio
(0.04; Table DR1 [see footnote 1]), which may
be related to multiple zircon growth episodes
or later metamorphism. By excluding both this
youngest age and the significantly older in-
herited ages (ca. 1.2-1.0 Ga), we obtained a
weighted mean Pb-Pb age from 19 grains of
868 + 16 Ma (MSWD = 0.79). These ca. 950—
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Figure 13. In situ Th-Pb monazite dating results from metapelite samples; note that one analysis is a U-Pb age, as discussed in the
text. Analyses from sample AY 09-21-11 (2) are shown with solid black lines, and those from sample AZ 04-18-12 (4b) are shown
with black-outlined rectangles. (A) Weighted mean ages of the entire population, the included-in-garnet grains, and the matrix
grains. Also shown is the apparent U-Pb zircon crystallization age of the dike that crosscuts the foliation of the metamorphic com-
plex. (B) Normalized probability density plot of the monazite ages of the included-in-garnet grains, matrix grains, and the total
population. Interpretations of the three significant age populations are indicated. MSWD—mean square of weighted deviates.
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850 Ma Neoproterozoic ages for the foliated
granitoid rocks indicate that the protolith for the
paragneiss and paraschist units must be older
than ca. 0.85 Ga because the plutons intrude
these metasedimentary rocks.

Sample AZ 04-30-12 (4) is from an E-W-
trending leucocratic tonalite dike that intrudes the
Ordovician metasedimentary rock (Fig. 10A).
Sixteen zircons were analyzed, and only six pro-
vided concordant ages, ranging from ca. 1.9 Ga
to ca. 0.9 Ga (Fig. 11M). Although no mean-
ingful crystallization age can be determined,
two concordant age clusters yielded weighted
Pb-Pb mean ages of 1837 + 18 Ma (n = 2) and
912 + 21 Ma (n = 3), which must reflect inheri-
tance of wall-rock zircons of the Proterozoic
basement. Two best-fit discordia lines intercept
concordia at ca. 0.9 Ga. The first discordia line
has a lower-intercept age of 916 + 70 Ma and
may represent older inherited grains that fell off
the concordia as a result of Pb loss or metamor-
phic mineral overgrowth at ca. 0.9 Ga, whereas
the second has an upper-intercept age of 915
+ 69 Ma, which probably represents an original
crystallization event at ca. 0.9 Ga with subse-
quent Pb loss that caused younger ages to fall
of the concordia (Fig. 11M). These observations
are consistent with the dike intruding through
Proterozoic basement.

U-Pb Detrital Zircon Geochronology
of Sedimentary Samples

Ten detrital zircon samples were analyzed
from eight different units with distinct deposi-
tional ages that range from Proterozoic to Cre-
taceous (Fig. 5). The results are presented in
Figure 5B as normalized probability plots. De-
tailed stratigraphic and provenance analysis for
each sample and geologic unit is in preparation
and will be presented elsewhere (Y. Zhang, Oct.
2016, personal commun.). Here, we briefly dis-
cuss important age constraints provided by the
detrital zircon data.

Sample AY 09-21-11 (1) is a garnet—mica
schist collected along the Tuo Lai River valley
from the Proterozoic schist unit (i.e., Pt[sch];
Fig. 8). The sample has prominent age peaks at
1.43 Ga, 1.7 Ga, and 1.75 Ga, and minor Paleo-
proterozoic age peaks. The sample possesses
Archean zircon grains with concordant ages
(Fig. 5B; Fig. DR4 [see footnote 1]). The three
youngest grains with overlapping ages have a
weighted mean age of 1272 + 20 Ma (MSWD =
1.8), which suggests a Mesoproterozoic age for
the Pt(sch) rock unit (Wu et al., 2017a).

Ordovician metasedimentary sample AY 09-
26-11 (7E) shows a dominant zircon-age peak
at 450-500 Ma (Fig. 5B), which is consistent
with Ordovician strata being deposited in a
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forearc setting. Minor Neoproterozoic zircon
grains were probably shed from the Qilian-
Qaidam basement that experienced widespread
volcanism at this time (Tung et al., 2007; Tseng
et al., 2007). Silurian strata—including sample
AY 09-26-11 (9B) and data from Yang et al.
(2009)—show a prominent Ordovician age
peak and small populations of Proterozoic ages
(Fig. 5B). The appearance of older Proterozoic
grains in the Silurian samples suggests the un-
roofing of older basement by the time of Silu-
rian strata deposition.

The Devonian and Carboniferous samples
(i.e., AY 09-26-11 [12] and AY 09-22-11 [1])
are both dominated by 450-500 Ma age signa-
tures, which are probably associated with the
Qilian arc (Fig. 5B). The Permian and Meso-
zoic detrital zircon samples display minor peaks
associated with early Paleozoic Qilian orogeny
(i.e., 450-500 Ma) and a larger zircon age popu-
lation at 300-230 Ma (Fig. 5B). This Permian—
Triassic peak may either be associated with the
Kunlun arc to the south (e.g., Pullen et al., 2008;
Wauetal.,2016) or an arc along the northern mar-
gin of the North China craton to the north (e.g.,
Xiao et al., 2003; Wu et al., 2017b). The Trias-
sic samples (and overlying Cretaceous sample)
show a pronounced Paleoproterozoic zircon age
peak that the Permian sample lacks (Fig. 5B),
suggesting a reorganization of the source rocks
or drainage systems. The Permian—Triassic tran-
sition also corresponds to an observed minor
unconformity (UC_Tr in Figs. 5 and 7), which
corroborates that this area was locally deformed
or otherwise affected during this time.

In Situ Th-Pb Monazite Geochronology

Two garnet-mica schist samples were se-
lected for in situ monazite geochronology: AY
09-21-11 (2) and AZ 04-18-12 (4) (for sample
locations, see Fig. 9). Both samples are com-
posed garnet, biotite, white mica, minor chlorite,
quartz, and plagioclase, with minor amounts of
spinel, rutile, tourmaline, zircon, and monazite.
The inclusion trail patterns in many of the garnet
grains indicate synkinematic growth (Fig. 12).
Our thermobarometry data indicate that al-
though these samples are located ~25 km apart,
they experienced similar overlapping amphibo-
lite-grade P-T conditions. Observed matrix
monazite grains are relatively large (15-50 um
in diameter), whereas grains included in garnet
are very small (<15-20 pm in diameter). Many
grains (~100) were identified and documented,
but only 23 were analyzed, including seven
grains that were included in garnet and 16 that
were found in the matrix.

Both samples yielded similar and overlapping
Th-Pb ages populations for both included-in-

garnet and matrix monazites (Fig. 13; Table 3).
Because the individual monazite ages from both
samples span similar ranges, we herein analyze
and discuss all of the ages together. Although
the apparent Th-Pb monazite ages can be biased
by varying Th content in the unknown analy-
ses as compared to the standard-grain analyses
(Stern and Berman, 2001), the ages show no
correlation between Th or U concentrations
(Table 3). In addition, the U-Th-Pb systematics
were concordant on a plot of 28Pb*/2%Pb* ver-
sus >ThO/>*UO (plot not shown; e.g., Harrison
et al., 1995). All of the in situ Th-Pb monazite
ages range from 772 Ma to 421 Ma (Table 3).
The oldest single age analysis has large un-
certainties (i.e., 772 + 131 Ma), but this same
sample yielded a concordant U-Pb age of 401
+ 80 Ma (Table 3). For this analysis only, we
used the U-Pb age, and therefore the modified
monazite-age range of the entire population is
576 Ma to 421 Ma (Fig. 13).

Monazite age populations from both the
matrix and those included in garnet overlap
within error (Fig. 13A). The weighted mean
ages of included-in-garnet and matrix mona-
zite grains are 505 £ 18 Ma (MSWD = 2.1) and
477 + 11 Ma (MSWD = 4.3), respectively. The
spread of overlapping age populations suggests
protracted monazite and garnet growth during
the Ordovician (Fig. 13). The weighted mean
age of all analyses, 479 £ 9 Ma (MSWD = 3.5;
Fig. 13A), broadly constrains the timing of pro-
grade metamorphism. However, the relatively
high MSWD values suggest that either the ana-
lyzed monazites record multiple age populations,
or the analytical errors are too small. Given that
individual analysis uncertainties are ~5%—10%,
it is probable that the monazite analyses repre-
sent multiple monazite age populations, reflect-
ing protracted growth.

Examination of normalized probability den-
sity plots of the monazite ages—divided into
groups of included-in-garnet grains, matrix
grains, and the total population (Fig. 13B)—
reveals three distinct age populations. The
lack of a correlation between age and Th or U
concentrations suggests that these differences
in apparent age are not due to monazite-grain
composition variation (e.g., Stern and Berman,
2001). Included-in-garnet grain ages are all
older than ca. 460 Ma, and they show two age
peaks at ca. 475 Ma and ca. 535 Ma. The oldest
age peak correlates with a subtle age population
in the matrix monazite analyses that broadly
spans ca. 550-530 Ma. The weighted mean age
of all monazite grain analyses in this popula-
tion is 538 + 20 Ma (MSWD = 0.5; Fig. 13B).
These grains may represent the first generation
of monazite growth, possibly caused by crustal
thickening and/or heating associated with the
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initial subduction and arc activity within the
Qilian arc. The youngest age population of the
included-in-garnet monazite grains correlates to
a similar age population in the matrix monazite
grains (Fig. 13B). This ca. 490470 Ma signa-
ture is the largest age population of all of the
analyses. The weighted mean age of this popu-
lation is 478 £ 5 Ma (MSWD = 1.3; Fig. 13B).
Because these monazite grains are included in
garnet, they have been shielded from reactions
with other phases, Pb loss, and overgrowth (e.g.,
DeWolf et al., 1993; Foster et al., 2000; Catlos
et al., 2002; cf. Martin et al., 2007). We inter-
pret the 478 + 5 Ma age to best represent the
age of synkinematic garnet growth and peak
prograde metamorphism. The 478 + 5 Ma age
overlaps with the overall weighted mean age of
all analyses, 479 £ 9 Ma (MSWD = 3.5). The in-
cluded-in-garnet monazite grains were variably
located across the garnet grains, and the signifi-
cant zonation observed in the analyzed garnets
(Fig. DR6 [see footnote 1]) implies large tem-
perature changes during prograde growth. Thus,
the monazite growth history is probably more
complicated than a single population of mona-
zite grains, but for the purpose of this study,
we document prograde amphibolite-grade (see
Thermobarometry section) metamorphism dur-
ing the Early to Middle Ordovician.

Last, there is a minor population of younger
ages from the matrix monazite grains at
ca. 440 Ma (Fig. 13B). The weighted mean age
of this population is 437 + 17 Ma (MSWD =
0.34). These younger matrix monazite ages
may either represent late-stage monazite over-
growth or Pb loss during fluid infiltration. This
age range coincides with late-stage magmatism
and/or the collision age of the Qilian orogen.
An undeformed ca. 445 Ma dike crosscut-
ting the foliation of the metamorphic com-
plex (Figs. 10K and 13) indicates that ductile
shearing and prograde metamorphism were
complete by this time, at least locally. This sug-
gests that the youngest monazite age population
(i.e., ca. 437 Ma) probably does not represent
prograde growth, but rather late-stage Pb loss
or pluton intrusion and monazite overgrowth.
Note that this youngest age population over-
laps within error with some of the youngest
magmatic zircon ages; for example, sample AZ
05-04-12 (7) has two zircons with a U-Pb age
cluster of ca. 420 Ma.

WHOLE-ROCK GEOCHEMISTRY

Major- and trace-element geochemical data
were obtained from plutonic bodies to deter-
mine their source and tectonic setting, and from
several metamorphic rock samples to constrain
protoliths. Three samples were analyzed by
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inductively coupled plasma—optical emission
spectrometry (ICP-OES) and ICP-MS at Activa-
tion Laboratories in Ontario, Canada, whereas
the other samples were analyzed by X-ray fluo-
rescence (XRF) at Pomona College, California.
Complete detailed methods and full geochemi-
cal analyses can be found in the GSA Data Re-
pository (see footnote 1).

Here, we present the geochemical evidence
that supports the interpretation that both the
early Paleozoic (i.e., the Qilian arc) and 0.90—
0.95 Ga granitoid samples were formed in a
continental arc setting, which is consistent with
field and regional geologic relationships dis-
cussed earlier herein (e.g., Song et al., 2013;
Wau et al., 2017a). More thorough discussion of
these plutonic rocks, the diabase dike and ser-
pentinite samples (i.e., AZ 05-05-12 [7] and AZ
05-03-12 [13]), and metamorphic rock samples
(i.e., garnet amphibolite and garnet-mica schist
samples) is presented in the GSA Data Reposi-
tory (see footnote 1).

The undeformed early Paleozoic granitoid
samples RR 05-03-12 (6), AZ 04-30-12 (11),
and AZ 07-17-13 (4) are classified as alkali
feldspar granite, granite (syenogranite), and al-
kali feldspar granite, respectively, based on their
normative quartz—alkali feldspar—plagioclase
mineralogy (for sample locations, see Fig. 9).
Their geochemical classifications span quartz
monzonite to granite based on their weight per-
centage of silica and alkaline elements (SiO, vs.
Na,0+K,0; Table DR3 [see footnote 1]). The
Neoproterozoic granitoid rocks—samples AZ
07-21-13 (7) and AY 09-21-11 (3) (for sample
locations, see Fig. 9)—are classified as alkali
feldspar granite and quartz diorite, respectively,
based on their normative quartz—alkali feld-
spar—plagioclase mineralogy and granite based
on their weight percentage of silica and alkaline
elements (SiO, vs. Na,O + K,O; Table DR3 [see
footnote 1]).

All samples are felsic (SiO, 63-75 wt%),
highly peraluminous (Al,O5/[Na,0 + CaO +
K,O] > 1.30; Table DRS5 [see footnote 1]), and
calc-alkaline (Fig. 14A). On the granite classifi-
cation diagrams of Pearce et al. (1984; cf. Snow,
2006), samples plot mostly in the volcanic arc
field, with minor overlap on the syncollisional
and within-plate boundaries (Fig. 14B). Rare
earth element data (REE) suggest that the gran-
itoids were sourced from a continental arc set-
ting based on light REE enrichment and nega-
tive Ba, Nb, P, and Ti anomalies (Fig. DRS [see
footnote 1]). More rigorous geochemical analy-
sis is not within the scope of this study, but our
geochemistry data are consistent with both the
early Paleozoic and Neoproterozoic granitoids
being derived from a continental arc.

THERMOBAROMETRY

To determine the metamorphic conditions of
the high-grade rocks in the central Qilian Shan,
thermobarometric studies were conducted on
representative garnet-mica schist, garnet am-
phibolite, and garnet-bearing gneiss samples.
These samples were either part of, or adjacent
and graded into, the right-slip ductile shear zone
that is exposed throughout the mapping area
(Figs. 9 and 10). The goal in constraining the P-T'
histories of these samples was to address two
questions: (1) is there any significant variation in
peak metamorphic grade to indicate that present-
day rock exposures are part of a tilted section
of the Qilian orogen, and (2) what part of the
Qilian orogen and arc do these rocks represent?
Map relationships indicate that these metamor-
phic rocks were intruded by early Paleozoic arc
granites (Fig. 9), and thus they should represent
part of the country rock of the Qilian arc and the
basement of the Kunlun-Qaidam continent.

Methods

The metamorphic samples were first exam-
ined through petrographic microscope to char-
acterize the representative mineral assemblages
and asses the phases that grew together in equi-
librium. A JEOL JXA-8200 electron microprobe
at UCLA was used to make X-ray compositional
maps and measure phase compositions. P-T esti-
mates were determined from the chemical data
using the average P-T mode in THERMOCALC
3.37 (Holland and Powell, 1998), with the most
up-to-date, internally consistent thermodynamic
data set (i.e., data set 62; Holland and Powell,
2011). Additional geothermometers provided
further constraints, including the fluid-inde-
pendent Ti-in-biotite calibration of Henry et al.
(2005) and the hornblende-plagioclase ther-
mometer of Holland and Blundy (1994) cali-
brated for silica-saturated rocks. More detailed
pressure-temperature-time (P-7-t) analysis,
including pseudosection modeling and ther-
mochronology analyses, are in preparation and
will be presented elsewhere. Our thermobarom-
etry methods broadly followed those of Cooper
et al. (2010), and a complete methodology and
our analytical data, including detailed sample
descriptions, X-ray garnet maps, and phase-
composition data, can be found in the GSA Data
Repository (see footnote 1).

Results
Seven samples were examined from the
Precambrian basement unit (Fig. 9): two gar-

net-mica schists (i.e., AY 09-21-11 [1A] and
AZ 04-17-12 [4b]), a quartzofeldspathic gneiss
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(i.e., RR 05-05-12 [8]), three garnet amphibo-
lites (i.e., AY 09-21-11 [6], RR 05-05-12 [12],
and AZ 07-21-13 [5]), and one garnet-epidote
amphibolite gneiss (i.e., AZ 0-4-18-12 [4]).
Estimated peak P-T conditions for the selected
samples reached (epidote-)amphibolite grades,
spanning pressures of 8-5 kbar and tempera-
tures of 550-700 °C (Fig. 15; Table 4). These
estimates are consistent with the observation of
mostly to entirely dynamically recrystallized
quartz in all of the samples. Garnets in samples
AY 09-21-11 (1A), RR 05-05-12 (8), and AZ 07-
21-13(5) (i.e., a metapelite, quartzofeldspathic
gneiss, and garnet amphibolite, respectively)
showed prograde growth zoning with decreas-
ing Mn and increasing Fe and Mg from core to
rim (Fig. DR6 [see footnote 1]), which suggest
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that these samples experienced temperatures
<650 °C. The Ti-in-Bt thermometer (Henry et al.,
2005) suggests that the metapelite and gneiss
samples recorded temperatures of 552 + 24 °C to
662 + 24 °C and 678 + 24 °C to 692 + 24 °C, re-
spectively (not plotted; Table 4). Garnets from the
other garnet amphibolite samples show relatively
flat compositional zoning (Fig. DR6 [see footnote
1]), which suggests diffusional reequilibration at
temperatures >600 °C. All of the samples display
signs of minor retrogression, including higher
Mn along the rims (outer 15-25 pm) of garnet
grains (Fig. DR6 [see footnote 1]) and minor
chlorite overgrowth in the metapelite sample.

In summary, the metamorphic basement
samples analyzed here experienced tempera-
tures of 550-700 °C and were exhumed from

indistinguishable depths of 20-30 km, which
is consistent with typical continental geother-
mal gradients of 20-35 °C/km. Thus, there is
no evidence that these rocks represent different
structural levels of the Qilian orogen, and they
were probably at similar depths during prograde
metamorphism (i.e., the present-day exposures
do not represent any tilting of the metamorphic
basement). Based on our monazite geochronol-
ogy results, we interpret that the basement rocks
experienced amphibolite-grade conditions in
the Ordovician (Fig. 13), although their timing
of exhumation is not constrained. Unmetamor-
phosed Carboniferous strata unconformably
overlie these metamorphic units (Fig. 9), which
indicates that these rocks were at or near Earth’s
surface prior to the Carboniferous.

STRUCTURAL GEOLOGY

Structures dominantly trend northwest, in-
cluding the strike of sedimentary units, strike of
foliations within the metamorphic units, trend
of the ranges, and surface trace of faults. Defor-
mation can be categorized into three distinct re-
gimes: (1) Cenozoic folds and faults, (2) early
Paleozoic folds, faults, and unit juxtapositions,
and (3) early Paleozoic ductile shearing and
metamorphism. There is no direct evidence of
Mesozoic deformation or normal faulting, but
our field observations are consistent with earlier
work that suggests that Jurassic and Cretaceous
sedimentation was caused by regional extension
(Vincent and Allen, 1999; Chen et al., 2003;
Yin et al., 2008b), including fining-upward se-
quences and growth strata relationships.

We interpret deformation of Carbonifer-
ous and younger strata to be Cenozoic in age
based on the following observations: (1) most
observed faults and folds of Carboniferous and
younger rocks merge with present-day range-
bounding thrusts; (2) these faults truncate Ceno-
zoic terrestrial deposits and Quaternary allu-
vium; (3) deposition of parallel shallow-marine,
lacustrine, and continental shelf Carboniferous
through Triassic strata was not associated with
any deformational structures during these time
periods; and (4) Jurassic and Cretaceous strata
are extension related (e.g., Vincent and Allen,
1999; Chen et al., 2003; Yin et al., 2008a,
2008b), so contractional structures involving
these rocks must be Cenozoic in age. This also
implies that folding and duplication of the Car-
boniferous unconformity occurred in the Ceno-
zoic. Next, we present a detailed structural
analysis of each range, including juxtaposition
geometries, map-view relationships, kinematic
indicators, and alternative interpretations, start-
ing with the Shule Nan Shan in the south and
progressing to the ranges to the north (Fig. 4).
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Figure 15. Thermobarometry results, plotted as 26 error ellipses for
each sample. Aluminosilicate triple junction, greenschist-amphib-
olite-epidote amphibolite stability field (Evans, 1990), and granu-
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Shule Nan Shan

The ranges bounding Hala Lake to the north-
east and northwest expose Ordovician and
Proterozoic basement rocks overlain by Car-
boniferous through Triassic strata (Fig. 8). The
Shule Nan Shan range is bounded to the south-
west by NW-striking thrust faults (Fig. 8) that
place Proterozoic—Paleozoic rocks over Neo-
gene—Quaternary rocks in the Hala Lake Basin.
Structures under Hala Lake were inferred by
projecting along-strike geometric relationships
and bedding attitudes observed to the northwest
of the lake. For convenience of description, the
NW- to W-striking thrust faults are labeled fa
through ff, from south to north, respectively
(Fig. 8), and they are discussed in this order next.

Faulta

The WNW-striking fa fault dips 70° to the
NE, juxtaposes Triassic rocks (R,-R;) against
Permian-Triassic strata (P-R,), and truncates
overlying Neogene sediments (Fig. 8). The ob-
served juxtaposition must have accommodated
<100 m of slip. The fault trace to the east is ob-
scured by Hala Lake.
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Fault b

The WNW-striking fb-fault dips 60° NNE
and places Carboniferous rocks (C) against
Permian strata (P; Fig. 8). Units beneath Car-
boniferous rocks are not exposed, which con-
strains the maximum fault offset on fb to hun-
dreds of meters.

Fault ¢

This S-dipping fc fault has a variable E-ENE
strike. In the west, the fault places an ~8-km-
wide hanging-wall anticline of Permian strata
(P) over a footwall syncline of Permian—Trias-
sic rocks (P-R; Fig. 8). Map-view relationships
suggest that offset increases to the east, but ex-
posure is obscured by Hala Lake and the sur-
rounding basin. This fault appears to either be
truncated by, or merge with, fd, although this
relationship is not directly observed (Fig. 8).

Faultd

The trace of the fd NE-dipping fault is readily
identified in satellite images as a conspicuous
fault scarp that cuts across abandoned Quater-
nary alluvial fans. It also uplifts Neogene sedi-
ments (Fig. 8), and it is probably an active struc-

ture. The fault merges with fe to the east and
is assumed to be north-dipping and merge with
both fe and ff at depth.

Fault e

This NW-striking, NE-dipping, range-bound-
ing fe-fault of the Shule Nan Shan places Car-
boniferous rocks over Permian strata and overly-
ing Neogene sediments (Fig. 8). The fault merges
to the east with the Haiyuan fault (Fig. 8) and rep-
resents the westernmost termination structure of
this major strike-slip fault. Kilometer-scale folds
are observed in the hanging wall of this fault, ex-
posing Carboniferous—Late Triassic rocks (C-Rs;
Fig. 8). Although no direct fault kinematic mea-
surements were made for this fault, the fold axes
are parallel to the fault strike, which may suggest
that this fault is primarily a dip-slip structure.
Fault offset must be <1 km based on the map-
view relationships, and the tight (~1 km wave-
length) hanging-wall folds accommodate a simi-
lar magnitude of shortening. This fault is possibly
a splay of ff, which accommodates larger-mag-
nitude offset associated with the growth of the
Shule Nan Shan range (Fig. 8).

Fault f

This NE-dipping ff-thrust places the Protero-
zoic schist unit (Pt[sch]) over Permian rocks (P).
The gently NE-dipping (15°-20°) Carbonifer-
ous—Triassic strata are interpreted to parallel the
hanging-wall flat of this south-directed thrust
fault, and thus parallel the dip of the fault. A mi-
nor fault splay ff, links with ff to the east and
truncates an Ordovician granitoid and overlying
Carboniferous strata. Fault ff, cuts the granit-
oid and overlying sedimentary strata, but offset
diminishes within the granitoid. The fault trace
of ff, to the east is covered by Quaternary sedi-
ments, but it is assumed that the fault merges to
the east with ft at depth.

Tuo Lai Nan Shan

The Tuo Lai Nan Shan range bounds the Shule
River valley to the north (Fig. 9). Neogene out-
crops are exposed along the margins of the valley,
unconformably overlying Triassic strata (Fig. 9).
Proterozoic—Paleozoic rocks are juxtaposed
against the Neogene deposits by south-directed
Cenozoic thrust faults. Discussion of these faults,
which are labeled f/ through f4 from south to
north, respectively (Fig. 9), is given next.

Fault 1

This WNW-striking, N-dipping thrust fault
places Triassic rocks over Neogene sedi-
ments and other Triassic strata (Fig. 9). Here,
we denote the western and eastern traces
off these faults as fla and f1b, respectively.
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TABLE 4. PRESSURE-TEMPERATURE (P-T) DATA FROM THERMOCALC FOR SELECTED METAMORPHIC ROCKS

T P
Sample Location* Minerals® (°C) S.D. (kbar) S.D. Corr®
AY 09-21-11 (1A) grt3b_p Grt Bt Ms Pl 490 83 7.4 1.4 0.813
Garnet—mica schist grt3a_p Grt Bt Ms PI 591 80 8.3 1.3 0.729
[38.71625°N, Grt Bt Ms PI 531 90 7.8 1.5 0.757
98.59714°E, 3503 m] grt4_p Grt Chl Ms PI H,0O* 555 19 6.2 1.0 0.595
grts_p Grt Bt Ms PI 450 153 7.0 2.6 0.865
Ti-in-Bt** 569 24 - - -
Weighted average (95% confidence)* 552 35 7.2 1.2 0.724
*Xi20= 0.68; no water yields 561 + 72 °C and 5.1 + 1.1 kbar
AZ 04-18-12 (4b) grti_p Grt Bt 589 23 - -
Garnet—mica schist grt4_p Grt Bt 674 23 - -
[38.50647°N, grti Ti-in-Bt** 572 24 - -
98.69933°E, 4314 m] grtd4 Ti-in-Bt** 662 24 - -
Weighted average (95% confidence) 625 23
RR 05-05-12 (8) grti_p Grt Bt Ms PI H,0O 714 27 6.1 1.1 0.722
Quartzofeldspathic gneiss 730 29 6.5 1.1 0.727
Ti-in-Bt** 692 24 - - -
[38.58889°N, grt2_p Grt Bt Ms PI Kf H,O 748 29 7.4 1.1 0.716
98.54025°E, 4215 m] 733 28 6.7 1.1 0.722
Ti-in-Bt** 678 24 - - N
grt3_p Grt Bt Ms PI Kf H,O 728 27 7.0 1.1 0.726
Weighted average (95% confidence)* 725 85 6.8 1.0 0.723
AY 09-21-11 (6) grti_p Grt Pl Qtz Hbl 748 93 7.8 1.5 0.607
Garnet amphibolite 872 101 9.8 1.6 0.725
[38.65617°N, grt2_p Grt Pl Qtz Hbl 685 73 7.6 1.2 0.635
98.60970°E, 664 89 7.2 1.5 0.698
3853 m] 699 72 7.9 1.2 0.635
738 80 8.1 1.3 0.645
grtd_p Grt Pl Qtz Hbl 638 65 6.4 1.0 0.585
799 90 9.0 1.4 0.673
838 95 9.7 1.5 0.689
Weighted average (95% confidence) 725 53 7.9 0.9 0.655
grt1_c Grt Pl Qtz Hbl 635 68 6.7 1.2 0.664
638 69 6.7 1.2 0.659
grt2_c Grt Pl Qtz Hbl 591 63 6.8 1.1 0.670
634 68 6.5 1.1 0.641
grt2_c 601 64 7.6 1.2 0.672
601 64 8.2 1.3 0.671
grtd_c Grt Pl Qtz Hbl 607 65 7.9 1.2 0.675
Weighted average (95% confidence) 614 49 7.2 0.9 0.665
RR 05-05-12 (12) grt1_c Grt Pl Qtz Hbl 629 135 6.7 22 0.555
Garnet amphibolite 613 161 6.0 2.6 0.515
[38.66431°N, 605 157 6.3 2.6 0.531
98.56219°E, 3725m] grtd_c Grt Pl Qtz Hbl 669 67 7.3 1.1 0.540
Weighted average (95% confidence) 650 100 7.0 1.7 0.535
grti_p Grt Pl Qtz Hbl 772 91 9.0 1.5 0.683
825 96 10.1 1.6 0.644
grtd_p Grt Pl Qtz Hbl 788 138 7.8 21 0.591
772 123 7.9 1.9 0.589
grt1 Hbl-PIt 695 35 - - -
Weighted average (95% confidence)* 791 110 8.9 1.7 0.627
grt1_r Grt Pl Qtz Hbl 667 68 6.3 1.1 0.558
grtd_r Grt Pl Qtz Hbl 658 67 6.0 1.1 0.550
Weighted average (95% confidence) 662 95 6.2 1.6 0.554
Overall weighted average (95% confidence) 696 41 7.3 0.8 0.575
AZ 07-21-13 (5) grtl_c Grt Pl Qtz Hbl 574 102 4.6 1.8 0.590
Garnet amphibolite grt1_p 574 71 5.2 1.3 0.587
[38.73502°N, grti_r 578 68 6.1 1.3 0.573
98.52050°E, 3459 m] Weighted average (95% confidence) 576 88 5.4 1.6 0.583
AZ 04-18-12 (4) grtb1_p Hbl-PItt 611 24 - -
Garnet-epidote amphibolite gneiss grtla_p Grt Pl Qtz Hbl Ep 686 133 8.2 1.9 0.867
grtib_p Grt PI Qtz Hbl Ep 683 145 8.1 2.0 0.873
[38.50647°N, 98.69933°E, 4314 m] Weighted average (95% confidence) 615 47 8.1 2.7 0.870

*Location within the thin section (e.g., the specific garnet grain); r—retrogressed rim, p—inferred peak-metamorphism position based on
garnet compositional zoning, and c—early metamorphism recorded in the core of the garnet grain.

tMineral abbreviations: Grt—garnet, Bt—Biotite, Chl—Cholorite, Ms—muscovite, Pl—Plagioclase, Kf—Alkali feldspar, Qtz—Quartz,
Hbl—Hornblende, Ep—Epidote.

SCorr is correlation coefficient from THerMocALc (Holland and Powell, 1998).

*Average of THERmocALC data only.

**Ti-in-biotite geothermometer of Henry et al. (2005).

*Geothermometer for coexisting hornblende and plagioclase of Holland and Blundy (1994).
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Fault fla places an anticline of Triassic strata
(R;), which is likely cored by P-TR, as in the
east, over Neogene sediments. A minor (~100 m
wavelength) hanging-wall anticline forms in
the hanging wall of this steeply dipping thrust
fault. In the east, f1b branches into several fault
splays, which variably place Triassic (R;) rocks
over Neogene sediments and other Late Trias-
sic rocks (R;; Figs. 10E-10F). Offset on this
fault is minor, as evidenced by minor map-view
offset of the R;—R, contact and the duplication
of similar-aged units. This fault is inferred to
merge to the east with the range-bounding f3.
The geometry of f1b at depth is constrained by
the focal mechanism (thrust dipping 27°N) from
a 1993 M,, = 5.9 event that has been relocated by
Chu et al. (2009) to have occurred at a depth of
~7 km (Fig. 9). In light of this observation, it is
apparent that f1b is an active structure.

Fault 2

The WNW-striking faults are anomalous in
the mapping area because they involve a north-
ward transport direction. In the west, this fault
is labeled as f2a (Fig. 9). It is south-dipping
and places a hanging-wall anticline of Triassic
strata (R;) over Jurassic rocks. Jurassic strata in
the footwall of f2a are internally deformed, with
numerous 100-m-wavelength folds and faults.
Fault 2a must be relatively low angle (10-20°S)
based on its map trace (Fig. 9).

In the east, this fault is labeled as f2b. This
fault merges to the west and east with f3. There
is a prominent ~5-km-wide anticline in the hang-
ing wall of f2b, just to the south of the surface
trace of f2b, which is referred to as the Shule
anticline because it is exposed along the northern
bank of the Shule River (Fig. 9). The anticline
is overturned and north-verging; its northern
limb is overturned to the south, and its southern
limb dips to the south (50-60°S; Fig. 9). Fault
2b truncates this anticline, and cuts up section to
the northwest through Lower Triassic to Upper
Triassic rocks (R,—R;). This truncation relation-
ship suggests that f2b is a south-dipping thrust,
the Shule anticline is the hanging-wall anticline
of this thrust, and fault 25 accommodated top-
to-the-north motion. However, where this fault is
exposed in a north-trending drainage along the
northern overturned limb of the Shule anticline,
the fault dips to the north (Figs. 9 and 10D). At
this locality, the fault surface dips 60°N, Jurassic
strata in the hanging wall are parallel to the fault,
and Triassic rocks in the footwall are oblique to
the fault surface (Fig. 10D). This geometric re-
lationship alone would suggest a hanging-wall
flat-footwall ramp in a north-dipping normal
fault. Alternatively, this fault juxtaposition may
be part of an overturned thrust that was originally
S-dipping and placed Triassic rocks over Jurassic
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strata. Following this interpretation, the Triassic
rocks make up a hanging-wall ramp, whereas
the Jurassic strata are part the footwall flat, and
the fault was overturned by south-directed shear.
The north-verging Shule anticline and map-view
truncation relationships support this second in-
terpretation (Fig. 9), and the south-directed f3
may have caused this overturning of f2b. A field
photograph in Figure 10C shows the overturned
thrust f2b and south-directed f3.

Fault 3

This NW-striking fault dips to the north and
juxtaposes Triassic (R,) through Proterozoic
rocks over Cenozoic—Triassic strata (N-R;). The
laterally continuous fault crosses the entire map-
ping region (Fig. 9). The hanging wall consists
of Middle Triassic strata (R,) unconformably
overlying Proterozoic basement rocks (Pt[sch]
and Pt[gn]). There is a thin veneer of Carbon-
iferous rock beneath the Triassic strata, which
also unconformably overlie the Proterozoic
rocks (Fig. 9). In the west, this fault juxtaposes
Triassic rocks (R,) over Jurassic—-Neogene strata
(J-N). Here, the fault either merges with or trun-
cates f2a (Fig. 9). The eastern portion of this
fault cuts both up and down section through the
Shule anticline, which requires this fault to be
out-of-sequence with respect to north-verging
f2b. These two faults either merge above the
erosional surface, or f3 crosscuts f2b; the sec-
ond option, and the duplication of f2b, is not
observed in the mapping area.

Fault 4

This N-dipping fault places metamorphic
basement rocks over a syncline of Triassic strata
(R,-Rs). The surface trace of f4 is readily iden-
tifiable along the southern flank of the highest
peaks of the Tuo Lai Nan Shan, as this fault de-
fines a sharp change in slope; Triassic rocks in the
footwall are less resistant than the metamorphic
rocks in the hanging wall. The Triassic footwall
syncline is truncated by f4, and map relationships
suggest that this syncline is overturned in the
west, above the erosional surface. Fault 4 splits
into two fault splays in the west: f4a and f4b.
Fault 4a places undifferentiated marble and schist
rocks over the southern limb of the Triassic syn-
cline (Fig. 9). Based on its surface trace, f4b must
be relatively low angle (10-20°N). This fault jux-
taposes Proterozoic schist and gneiss against un-
differentiated marble and schist rocks. There are
no constraints as to whether this fault is Cenozoic
in age or older. Northeast-dipping (35-45°NE)
Carboniferous—Permian strata unconformably
overlie the Pt(sch) along the southern bank of the
Tuo Lai River (Fig. 9), which indicates that this
this unconformity horizon continues above the
erosional surface to the southeast.

Tuo Lai Shan

The Tuo Lai Shan is bounded by the Tuo Lai
River to the south and Heihe River to the north
(Fig. 9). This range was constructed primar-
ily by south-directed thrusting of early Paleo-
zoic rocks over Cretaceous and younger strata
(Fig. 9). Numerous fault splays within nonbed-
ded and highly deformed units make precise
interpretation of these faults difficult, but we
discuss three major thrust faults here. These are
labeled f5 through f8, from south to north re-
spectively (Fig. 9).

Fault 5

The NW-striking, NE-dipping thrust fault
consists of Ordovician strata and early Paleo-
zoic granitoid rocks in its hanging wall (units
O, Olgr], and gr) and Proterozoic metamorphic
rocks (Pt[sch], Pt[gn], and Pt[gr]) in its footwall
(Fig. 9). The main fault and related splays dip
~35-60°NE. The fault is covered by Quaternary
river deposits in the west, and its eastern extent
is unknown (Fig. 9).

Fault 6

This label is given to the major thrust fault(s)
that place Precambrian and/or high-grade meta-
morphic rocks (Z and sch) over strongly de-
formed Ordovician strata and early Paleozoic
granitoid rocks (units O, Olgr], and gr; Fig. 9).
In the west, the label f6a specifically refers to the
fault that juxtaposes Z(sch) against Ordovician
strata that are intruded by early Paleozoic plutons
(Fig. 9). This NE-dipping thrust fault also has
Cretaceous and Carboniferous rocks in its foot-
wall. It merges to the east with f6b, which specifi-
cally places the undifferentiated sch unit over the
combined Ordovician strata—pluton unit (O and
gr; Fig. 9). This fault is also N-dipping and has a
syncline of Carboniferous and Cretaceous rocks
in its footwall. Fault 6b also places the ophiolite
complex over Ordovician strata in the farthest
east portion of the mapping area (Fig. 9). To the
south of the ophiolite complex, several splays of
f6b duplicate a suite of Ordovician rocks that are
intruded by O(gr) and overlain by Carbonifer-
ous—Permian rocks (Fig. 9).

Fault 7

This NW-striking, SW-dipping fault places a
complex of Neoproterozoic marble and schist
and Cambrian ophiolitic rocks (Z and €) over
Ordovician and late Paleozoic strata (O, C,
and P; Fig. 9). Where observed, this fault dips
40°SW (Fig. 9). This fault is inferred to be a
back thrust of f6, and thus they are expected
to merge at depth. Footwall strata (C and P)
are variably folded at wavelengths of ~2-3 km.
Fault 7 merges to the west with f6a and f8.
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Fault 8

This major NE-dipping fault brings Neo-
proterozoic marble and schist rocks (Z[sch]
and Z[mb]) over footwall rocks that include
Neoproterozoic and Ordovician rocks uncon-
formably overlain by Carboniferous—Permian
strata (Fig. 9). These late Paleozoic footwall
strata are folded at a kilometer scale. In the
west, several fault splays duplicate series of
Neoproterozoic schist overlain by Carbonifer-
ous strata (Fig. 9). Hanging-wall rocks of f§
are unconformably overlain by Mesozoic strata
(J and K; Fig. 9). Several faults observed in the
hanging wall of f§ are entirely within Paleo-
zoic or older rocks, and the timing of their ac-
tivity is unconstrained.

Structural Data from the
Metamorphic Basement

The Proterozoic schist and gneiss units have
strongly developed foliations and stretching lin-
eations. These fabrics are inferred to have de-
veloped in the early Paleozoic as a result of the
Qilian arc and orogen at amphibolite-grade con-
ditions as documented in this study (Fig. 15).
Our geochronologic analyses suggest that this
broad shear zone was active in the Early Ordo-
vician, and shearing ceased by ca. 445 Ma. Fo-
liations are defined by mica layering in the mica
+ garnet schist rocks, gneissic banding with
relatively mafic (biotite and amphibole) and fel-
sic (plagioclase and quartz) layers, plagioclase
layering in foliated garnet amphibolite rocks, or
weak-to-strong mineral alignment (mostly mica
and amphibole grains) in the foliated granitoid
rocks. Stretching lineations are observed within
the foliation surface, and stretched quartz or
plagioclase is most evident in many outcrops.
Kinematic indicators, including S-C fabric and
mantled porphyroclasts (e.g., 0- and 0-clasts),
suggest apparent right-lateral shear (Figs. 6 and
10G-10I).

The foliation and stretching lineation data
from the metamorphic basement rocks were
compiled and analyzed in several stereonets
(Fig. 9) using Stereonet 9 (software by Rick
Allmendinger). In the metamorphic rocks to the
north of f4 in the Tuo Lai Nan Shan (Fig. 9),
the foliations are all roughly parallel, near verti-
cal, and strike northwest. Stretching lineations
within these units are subhorizontal and trend
northwest. South of f4, the data are more di-
verse. Foliations are variable, generally NW
striking, and most lineations are SE trending
and subhorizontal (Fig. 9).

Because this metamorphic unit has been
affected by later deformation (e.g., Cenozoic
folding and thrust faulting), it is possible that
these foliation and lineation attitudes were
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modified from their original early Paleozoic
configuration. For example, the near-vertical
foliations and subhorizontal lineations could
have originally been part of a major early
Paleozoic thrust fault with dip-slip stretch-
ing lineations. To constrain their original ori-
entation, the foliation and lineation attitudes
were rotated back to a pre-Carboniferous
state by rotating the data so that the Carbon-
iferous strata are horizontal (Fig. 9B; further
explanation is in the GSA Data Repository
[see footnote 1]). The average foliation atti-
tude and lineation plunge-trend observations
from the corrected pre-Carboniferous data
sets are 126/84 SW and 12/119, respectively
(Fig. 9B). Considering the observed right-
lateral shear sense across this broad zone
(Figs. 10G-10I), our observations suggest
that the sheared basement rocks were part of
an early Paleozoic right-slip strike-slip shear
zone (Fig. 6).

The Cambrian ophiolite (i.e., fragments
of the Yushigou ophiolite) and mélange units
(Figs. 10L-10M) are only juxtaposed against
the Neoproterozoic marble unit, and, where
observed, the Neoproterozoic unit is always
structurally beneath the ophiolite suite (Fig. 6).
Although this tectonic contact may have been
reactivated in the Cenozoic, this relationship
suggests that the Neoproterozoic strata were
originally thrust beneath the obducted ophiolite
suite during the Qilian orogen.

Early Paleozoic slightly deformed to unde-
formed plutonic rocks are common throughout
the mapping area (Figs. 8 and 9). These gran-
itoids, which range in composition from alkali
feldspar granite to quartz monzonite, intrude
basement rocks and early Paleozoic strata.
Furthermore, these plutons intrude the contact
between the Ordovician and Proterozoic base-
ment units (Fig. 9), which requires that Ordovi-
cian sediments were deposited on Proterozoic
basement prior to intrusion. The plutons also
intrude the northern schist unit in the Tuo Lai
Shan (Fig. 9), which presently has no indepen-
dent age constraints, suggesting that this schist
is similar to the Proterozoic schist in the Tuo
Lai Nan Shan (Fig. 9). It is important to note
that the Ordovician plutons do not intrude Neo-
proterozoic rocks that are inferred to be part of
North China’s passive continental margin (e.g.,
Xu et al., 2015).

Carboniferous strata unconformably overlie
these plutonic rocks, Proterozoic rocks, and
early Paleozoic strata (Figs. 8 and 9), which
indicates that following early Paleozoic Qilian
orogeny, all of these units were at or near the
surface. We also use this unconformity sur-
face as a marker horizon for cross-section
restoration.

DISCUSSION

Pre-Cenozoic Deformation in
Northern Tibet

Early Neoproterozoic (i.e., ca. 1.0-0.9 Ga)
plutonism across northern Tibet (e.g., Wu et al.,
2016, 2017a) was followed by local deforma-
tion. Leucogranites and metamorphic zircon
rims have been reported with ages of ca. 0.9—
0.85 Ga in the Tian Shan, Tarim, and Qilian
Shan (Gehrels et al., 2003b; Zhu et al., 2011;
Kroner et al., 2013; Wang et al., 2014; Kéafiner
et al., 2017). This age signature is associated
with the inferred collision between North and
South Tarim along the Tarim suture (Guo et al.,
2005; Zuza and Yin, 2017).

In the late Neoproterozoic, rifting led to the
opening of the Qilian Ocean (e.g., Song et al.,
2013). Cambrian-aged ophiolites are found
throughout the Qilian Shan, and many are supra-
subduction zone types with zircon ages ranging
from 540 to 500 Ma (Xia and Song, 2010; Song
et al., 2013; this study). Continental volcanic arc
magmatism began by at least ca. 520 Ma, and
arc-related plutons have ages that range from
ca. 520 Ma to 440 Ma (e.g., Dang, 2011; Xia
et al., 2012; Xiao et al., 2012; Song et al., 2013;
Wau et al., 2016). Supra-subduction zone ophio-
lite formation and subduction initiation may cor-
respond with the oldest monazite age population
obtained in this study (i.e., 538 Ma; Fig. 13).

The earliest recorded local magmatism oc-
curred at ca. 475 Ma (Table 2), which overlaps
with the main population of included-in-garnet
monazite ages at ca. 485475 Ma (Fig. 13).
Peak prograde metamorphism at this time and
right-slip shearing were operating at depths of
20-30 km (Figs. 15 and 16). Ductile shearing of
these rocks ceased by ca. 445 Ma, when the foli-
ated metamorphic rocks were crosscut by an un-
deformed granitoid dike with a U-Pb age of 445
+ 3 Ma (Figs. 10K and 13; Table 2). The depth
of dike emplacement is not constrained, but it
must have occurred somewhere between when
the intruded gneiss was at amphibolite-grade
conditions at ca. 480 Ma and when the Qilian
basement was exposed at the surface during the
deposition of Devonian sediments.

Intrusions with ages ranging from 450 to
440 Ma are widespread throughout the Qilian
Shan (e.g., Song et al., 2013; Wu et al., 2016,
2017a). Such extensive plutonism may have
resulted from the collision between the North
China and Kunlun-Qaidam continents (Wu
et al., 2017a), although this cannot be directly
confirmed in the study area. This pulse of mag-
matism also corresponds to the youngest matrix
monazite ages in the analyzed metapelite sam-
ples (Fig. 13).
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Figure 16. Estimated depth history for the metamorphic basement rocks of the central Qilian Shan from the
Neoproterozoic to the present. The oldest population of monazite ages (ca. 540 Ma) may correspond to the earliest
stage pressure-temperature (P-7') estimates. Subduction and arc magmatism thickened the continent, resulting
in peak P-T conditions and the main population of included-in-garnet monazite ages (ca. 480 Ma). Magmatism
continued throughout the Silurian, and late P-T conditions record shallow crustal depths, possibly as a result of
erosion. Metamorphic foliations were truncated by undeformed granite at ca. 445 Ma. Devonian molasse was
unconformably deposited on basement rocks, which requires that the basement rocks were exhumed to near the
surface by this time. Continuous shallow-marine to lacustrine Carboniferous-Triassic sedimentation suggests that
these rocks remained near Earth’s surface. Jurassic and Cretaceous extension led to progressively shallower to
terrestrial sedimentation, and Cenozoic deposits are entirely terrestrial during intracontinental shortening. Ab-
breviations: mz—monazite; avg—average; NeoPt—Neoproterozoic; Cam.—Cambrian; Ord.—Ordovician; S.—
Silurian; Dev.—Devonian; Carb.—Carboniferous; Trias.—Triassic; Juras.—Jurassic; Ceno.—Cenozoic.

Prior to and during continental collision in the
Qilian orogen, there was deposition of Silurian
turbidite sequences to the north and south of the
central Qilian Shan (e.g., Yan et al., 2010; Yang
et al., 2012). These strata were likely depos-
ited in back-arc and forearc-to-foreland basin
settings as the Qilian arc transitioned to a col-
lisional orogen. They were strongly deformed
during the protracted continental collision. This
collision brought basement rocks toward the
surface, and Silurian strata and Devonian terres-
trial sediments were deposited unconformably
over the exposed basement rocks.

Widespread and laterally continuous Carbon-
iferous shallow-marine deposition indicates that
much of the Qilian Shan was at or just below
sea level at this time (Fig. 16). Nearly uninter-
rupted shallow-marine sedimentation continued
into the Triassic. The sedimentary facies do not
vary significantly in the Carboniferous—Trias-
sic sections, which requires either subsidence
of the postorogenic Qilian Shan or eustatic
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sea-level rise to accommodate the deposition of
these strata.

Jurassic extension exhumed these rocks to-
ward the surface, and Jurassic strata were de-
posited in a marginal marine to swamp setting
(Fig. 7). Extensive Jurassic-aged coal deposits
are widespread across the Qilian Shan. Regional
extension continued into the Cretaceous, and
subaerial sedimentation requires that local re-
gions of the Qilian Shan were above sea level at
this time (Fig. 16). Terrestrial late Oligocene to
Miocene deposits record the initiation of short-
ening across the central Qilian Shan.

Nature of the Early Paleozoic Qilian Arc

In several of the reconstructions of the Qil-
ian orogen and suture zone, the exposures of
discontinuous UHP metamorphic rocks, ophio-
lite and mélange complexes, arc plutons, and
blueschist rocks have been used as evidence to
suggest that the Qilian orogen resulted from the

collision of multiple arcs along multiple sutures
in the early Paleozoic (Table 1; Li et al., 1978;
Hsii et al., 1995; Yin and Nie, 1996; Yin and
Harrison, 2000; Xiao et al., 2009; Gehrels et al.,
2011; Song et al., 2013, 2014). However, we
note that the effects of Ordovician arc construc-
tion, protracted Silurian-Devonian continental
collision, Mesozoic extension, and Cenozoic
intracontinental deformation modified the origi-
nal geological configuration.

Any viable model for the Qilian arc must
explain the following key observations (Fig. 3;
Table 1): (1) northward younging magmatism
across northern Tibet (e.g., Zuza et al., 2015;
Wau et al., 2016), (2) Cambrian supra-subduction
zone—type ophiolite and mélange material dis-
persed throughout the Qilian Shan, (3) the spa-
tial and temporal overlap between arc magma-
tism and UHP metamorphism in North Qaidam
(e.g., Yin et al., 2007b), and (4) high-pressure
blueschist rocks exposed in the northeastern
Qilian Shan (e.g., Song et al., 2013; Fig. 2). The
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temporal and spatial distribution of arc plutons
could fit with any of the Qilian arc models except
the north-dipping subduction model, because no
Ordovician plutons intrude the North China cra-
ton (Fig. 3; Table 1). Given that most of the ophio-
lite complexes are supra-subduction zone-type
ophiolites (e.g., Meng et al., 2010; Xia and Song,
2010; Song et al., 2013), these rocks may have
been variably obducted onto the continental arc
and/or underthrust beneath the Kunlun-Qaidam
continent. This suggests the ophiolite fragments
were initially scattered throughout the Kunlun-
Qaidam continent even before Qilian orogen-
related collision, which means that the bidirec-
tional or multiple-arc models are not required to
account for the extensive ophiolite-mélange dis-
tribution across the Qilian Shan (Fig. 3).

In light of these considerations, we be-
lieve that a single south-dipping subduction
system operated along the northern margin
of the Kunlun-Qaidam continent (Sobel and
Arnaud, 1999; Gehrels et al., 2003a, 2003b).
The distribution of Cambrian ophiolites and
strata throughout the Qilian Shan may be the
result of complex mélange/ophiolite obduc-
tion or ophiolite underthrusting. For example,
the Mesozoic North American Cordilleran arc
involved both complicated supra-subduction
zone ophiolite obduction of the Coast Range
ophiolite (e.g., Wakabayashi et al., 2010) and
significant mélange underthrusting/underplat-
ing as far east as the Rand Schist outcrops
(e.g., Grove et al., 2003; Chapman et al.,
2016). Across the Qilian Shan, the wide belt of
arc plutons that generally young to the north-
northeast (e.g., Zuza et al., 2015; Wu et al.,
2016, 2017a) can be explained by northward
rollback of the Qilian oceanic slab. This also
explains why Ordovician arc plutons intrude
older Ordovician forearc sediments (Figs. 6
and 9). The blueschist rocks in the northeast
Qilian Shan were generated in this subduction
system. The 466—462 Ma Lu-Hf and Sm-Nd
garnet ages from the blueschist record Ordovi-
cian subduction (Cheng et al., 2016), and the
younger Early Silurian and/or Devonian blue-
schist cooling ages either record peak meta-
morphism or exhumation, respectively (e.g.,
Liu et al., 2006; Lin et al., 2010).

Lateral Extent of the Qilian Suture

Based on similar lithological assemblages
and geologic histories, it has been argued that
the Qilian orogen and suture(s) were later-
ally continuous with the Qinling suture(s) to
the southeast (Figs. 1 and 17; e.g., Xu et al.,
2008; Tseng et al., 2009; Dong et al., 2011; Wu
et al., 2017a; Zuza and Yin, 2017). However,
the northwestern termination of this orogen
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and suture is not known. Three geometrically
plausible models exist for its continuation
(Fig. 17): (i) it may continue into Tarim and
be currently covered by Mesozoic—Cenozoic
sediments (i.e., the contiguous South Tarim—
Qaidam continent model) (e.g., Yu et al.,
2017); (ii) it may veer to the south of Tarim
and be overprinted by the Cenozoic West-
ern Kunlun and Pamir thrust belts (i.e., the
separate South Tarim and Qaidam continents
model), although evidence for this suture in
the Altyn Tagh Range suggests that the suture
cannot be that far to the southwest (e.g., Sobel
and Arnaud, 1999); or (iii) the Kunlun-Qaidam
continent may have only partially separated
from Tarim, and the abrupt western termina-
tion of the Qilian suture represents the western
extent of the Qilian Ocean (i.e., the peninsular
Kunlun-Qaidam continent model).

Each of the aforementioned configurations
has implications for the nature of the Kunlun-
Qaidam continent, including its size, geometry,
origin, and tectonic relationships between con-
stituent blocks (Fig. 17C). For example, the con-
tiguous South Tarim—Qaidam continent model
requires the southern portion of Tarim to have
linked with the Kunlun-Qaidam continent in the
Precambrian and that an early Paleozoic suture
traverses Tarim. The separate South Tarim and
Qaidam continents model is the only one that
predicts the Kunlun-Qaidam continent to be an
individual entity surrounded entirely by oceans,
and therefore presently surrounded by suture
zones, whereas the peninsular Kunlun-Qaidam
continent model requires a Precambrian linkage
between Qaidam and Tarim.

The Precambrian basement of Kunlun-
Qaidam is similar to that of Tarim—North China
(Hu et al., 2000; Gehrels et al., 2003b; Tung
etal., 2007; Long et al., 2010; Zhao et al. 2012;
Wu et al., 2016; Yu et al., 2017; Zuza and Yin,
2017), which indicates that these two conti-
nents may have been contiguous prior to Neo-
proterozoic rifting. In addition, no Phanerozoic
sutures or amalgamation structures have been
reported between the Kunlun-Qaidam and
Tarim continents (Fig. 2), which further bol-
sters their Precambrian connection. Some re-
searchers have argued that the Kunlun-Qaidam
continent was connected to the South China
craton in the Neoproterozoic based on correla-
tive ca. 1100-900 Ma granites. However, this
age signature is not unique among Precambrian
continents, as similar-aged plutons are found
within North China, Tarim, the Tian Shan, and
the Central Asian microcontinents (e.g., Han
et al., 2011; Rojas-Agramonte et al., 2011; Ma
et al.,, 2012; KéBner et al., 2017; Wu et al.,
2017a; Zuza and Yin, 2017). Based on these ob-
servations, we tentatively support the peninsu-

lar Kunlun-Qaidam continent model (scenario
iii in Fig. 17C), although we emphasize that this
issue is still unresolved.

Mesoproterozoic—Paleozoic Tectonic
Evolution of Northern Tibet

Here, we present a self-consistent tectonic
model for the Mesoproterozoic to Paleozoic tec-
tonic evolution of northern Tibet that conforms
to our present understanding of the Qilian Shan
(Fig. 18). In the Mesoproterozoic, passive-mar-
gin, continental-shelf, and/or continental-slope
sediments were deposited along the southern
edge of the linked North Tarim—North China
craton (Fig. 18A). This margin faced the Tarim
(or paleo-Qilian) Ocean, and the sediments con-
sisted of ca. 1.8 Ga and ca. 1.45 Ga detrital zir-
con grains derived from the North China craton
(i.e., sample AY 09-21-11 [1] in Fig. 5B; see
also Gehrels et al., 2003a; Wu et al., 2017a).
At ca. 1.0 Ga, north-dipping subduction along
the southern margin of the North Tarim—North
China continent accommodated the conver-
gence of the continuous South Tarim—Qaidam
continent and the closure of the Tarim Ocean
(Fig. 18B; e.g., Guo et al., 2005; Xu et al.,
2013). The 1.0-0.9 Ga granitoid belt that is
exposed throughout Qaidam, the Qilian Shan,
the Altyn Tagh Range, Tarim, and Tian Shan is
evidence for the existence of the Tarim Ocean
and Tarim arc (Fig. 18B). This subduction sys-
tem generated Precambrian blueschist rocks that
are presently observed near Aksu in Tarim (e.g.,
Liou et al., 1996; Zhu et al., 2011). The inferred
suture associated with the collision of the South
Tarim—Qaidam and North Tarim—North China
continents is exposed at Aksu and partially par-
allels and overlaps with the Qilian and Qinling
sutures to the southeast (Guo et al., 2005; Wu
et al., 2016).

In the late Neoproterozoic, rifting of this
joined continent initiated at variable times, re-
sulting in the opening of the Paleo-Asian, Qil-
ian, and Tethys Oceans, from north to south,
respectively (Fig. 18C; Wu et al., 2016). The
earliest phase of rifting and the opening of the
Tethys Ocean initiated during or immediately
following the aforementioned collision; bi-
modal volcanism and rift-basin development
occurred at 900-870 Ma (Wang et al., 2015a,
2015b) along South Tarim’s southern margin.
The ca. 825 Ma Jinchuan ultramafic intrusion
(Li et al., 2005) and deposition of the Han-
mushan Group passive-margin strata may have
been associated with the opening of the Paleo-
Asian Ocean to the north of the North China
craton (Fig. 18C; e.g., Wu et al., 2016). A-type
ca. 820 Ma granites in the central Qilian Shan
have been related to postorogenic extension fol-
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(B) Restored position of the Kunlun and Qilian sutures, after removal of the effects of Cenozoic shortening across
the Qimen Tagh, Qaidam Basin, North Qaidam, and Qilian Shan thrust belts, and offset along the Altyn Tagh
fault. Note that the Qilian suture aligns with the Altyn Tagh suture (i.e., the Lapeiquan suture of Sobel and Arnaud,
1999), and that the trace of the Qilian suture may either (i) continue across central Tarim to the northwest, (ii) veer
south of the Tarim craton, or (iii) terminate near the Altyn Shan. (C) Three possible geometric configurations of
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lowing ca. 0.9 Ga orogeny (Wu et al., 2017a).
The opening of the Qilian Ocean was preceded
by bimodal volcanism from ca. 775 Ma to
600 Ma and the deposition of the passive-mar-
gin Baiyangguo/Daliugou Group (Fig. 18C;
Tseng et al., 2006, 2007; Xu et al., 2015). This
rifting occurred subparallel to the early Neo-
proterozoic Tarim suture zone. Because there
are no observed Phanerozoic sutures or amalga-
mation structures between Qaidam and Tarim,

Geological Society of America Bulletin, v. 130, no. 5/6

we infer that these continents remained con-
nected during the opening of the Qilian Ocean
(Fig. 17C). The Kunlun-Qaidam continent
may have rotated away from North China as a
peninsula that led to the opening of a westward-
tapering Qilian Ocean. This interpretation also
suggests that the Qilian Ocean was a relatively
small sea and not a through-going ocean sepa-
rating Laurasia and Gondwana (cf. Stampfli
and Borel, 2002). The duration of Qilian arc ac-

tivity can place bounds on the minimum width
of the Qilian Ocean. Given the arc was active
for at least ~40 m.y. (i.e., 490-450 Ma), and
observed modern subduction rates are typically
1-5 cm/yr (e.g., Clift and Vannucchi, 2004;
Stern, 2011), there must have been between
400 and 2000 km of the Qilian Ocean to be
consumed in the Qilian arc. These widths are
reasonable given that the Kunlun-Qaidam con-
tinent was 21000 km long (Fig. 17C).
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In the Cambrian, the Qilian Ocean reached
its maximum extent, and subduction initiated
along the southern bounds of this ocean. During
nascent arc formation, the Qilian supra-subduc-
tion zone ophiolites were generated (ca. 540—
500 Ma) to the north of the Kunlun-Qaidam
continent (Fig. 18D). Inherited zircon ages
during this time recorded a complex process of
recycling and influence of underlying and adja-
cent continental crust. Continental subduction
began in the Early Ordovician as Qilian oceanic
lithosphere dipped southward beneath the Qai-
dam continent. The Qilian supra-subduction
zone ophiolite obducted onto Qaidam and was
also simultaneously underthrust beneath the
continent (Fig. 18D; e.g., Grove et al., 2003;
Chapman et al., 2016). These dispersed ophio-
lites are observed throughout the present-day
Qilian Shan and North Qaidam.

In the Ordovician, volcanic arc magmatism
began as the Qilian Ocean subducted beneath
the Kunlun-Qaidam continent (Fig. 18E). Ordo-
vician strata were deposited in back-arc and
forearc settings, to the south and north of the
Qilian arc, respectively. During this time, frag-
ments of the Kunlun-Qaidam continent were
brought to UHP depths via the subduction
channel (e.g., Yin et al., 2007b; Menold et al.,
2016; Sievers et al., 2017). The UHP rocks were
later exhumed to the middle crust via either
diapiric or subduction-channel flow (e.g., Mat-
tinson et al., 2007; Yin et al., 2007b; Menold
et al., 2009, 2016), where they were juxtaposed
against amphibolite-grade supra-subduction
zone ophiolite rocks (Menold et al., 2016). Ob-
servations of subduction-fluid metasomatism
suggest that the UHP rocks interacted with
the subduction channel during metamorphism
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and exhumation (Menold et al., 2016; Sievers
et al., 2017), thus refuting diapir-flow models.
A trench-parallel intra-arc right-slip strike-slip
fault developed within the Qilian arc, which is
evidenced by the right-lateral shear zone that is
exposed in the central Qilian Shan (Fig. 9). Ages
from monazite grains included in garnet indicate
that this shear zone was operating at ca. 480 Ma
(Fig. 13). We envision that this strike-slip fault
was similar to the present-day Sumatra strike-
slip fault (e.g., Fitch, 1972; Diament et al.,
1992). The kinematics of the Qilian strike-slip
fault suggest right-lateral obliquity during the
subduction of the Qilian Ocean, which is consis-
tent with counterclockwise closure of the Qilian
Ocean (Figs. 17C and 18E).

Northward slab rollback at the south-dipping
Qilian arc subduction zone can explain three key
observations (Fig. 18F): (1) the northeastward-
younging trend of arc magmatism throughout
the Qilian Shan (e.g., Zuza et al., 2015; Wu
et al.,, 2016, 2017a); (2) the observation that
late Ordovician arc plutons intrude Ordovi-
cian forearc strata (Figs. 6 and 9); and (3) the
position of ophiolite fragments and UHP rocks
within and behind the Qilian arc. The arc may
have propagated northeast over these features
(Figs. 18F and 18G).

By ca. 445-440 Ma, the Tarim—North China
cratons collided with the Kunlun-Qaidam con-
tinent (Fig. 18F). The timing of collision is not
well constrained, but diffuse ca. 445-440 Ma
plutonism was followed by relatively little
magmatism (e.g., Wu et al., 2017a). Also, the
youngest pulse of monazite ages corresponds to
this time period (Fig. 13). Silurian strata have
been classified as flysch deposits that transition
to Devonian molasse rocks. During this colli-

sion, North China’s passive-margin strata were
juxtaposed against the accretionary wedge,
mélange rocks, and ophiolite complex of the
Qilian arc (Figs. 9 and 18G). Protracted con-
vergence led to shortening and exhumation of
the early Paleozoic granitoids, UHP rocks, and
ophiolite suites in the Devonian.

This protracted history of two major ocean-
closure events in the Neoproterozoic and early
Paleozoic was reactivated in the Cenozoic by
focused strike-slip and thrust faulting. The major
left-slip faults of northern Tibet parallel Phanero-
zoic sutures (Taylor and Yin, 2009; Zuza and
Yin, 2016; Zuza et al., 2017), and the Haiyuan
fault parallels the surface trace of the Qilian-
Qinling suture zone (Fig. 1). In addition, the
Neoproterozoic north-dipping and early Paleo-
zoic south-dipping subduction zones suggested
in this work would provide subduction-mélange
channels to focus Cenozoic shortening in north-
ern Tibet. This may explain why significant
crustal shortening across the Qilian Shan—Nan
Shan thrust belt occurs nearly 1500 km north of
the Himalayan collisional front (Fig. 1).

Cenozoic Deformation and
Shortening Estimates

Shortening Across the Central Qilian Shan
Our detailed mapping and structural analy-
sis, presented in the form of several balanced
cross sections, provide quantitative estimates of
Cenozoic deformation that has affected north-
ern Tibet and the central Qilian Shan. Although
cross sections developed from surface geology
alone are nonunique tectonic models (e.g., Yin
et al., 2010; Judge and Allmendinger, 2011),
their uncertainty can be minimized by conform-
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ing to direct field observations, including bed-
ding truncations, fault cutoffs, unit juxtaposi-
tions, and fault-geometry requirements.

The ultimate goal of our balanced cross-sec-
tion construction was to restore the sections to
an undeformed state to estimate the minimum
magnitude of Cenozoic shortening. Because of
thick-skinned deformation and large variations/
uncertainties in stratigraphic thicknesses, we
used the line-balancing method to restore defor-
mation, as opposed to an area balance (Cham-
berlin, 1923; Mitra and Namson, 1989; Judge
and Allmendinger, 2011). Parallel folding was
assumed to be accommodated by flexural slip
along bedding horizons (Elliott, 1983; Suppe,
1983). Unlike the area balance technique, line-
length balancing requires well-constrained
knowledge of bedding geometry, particularly
at depth below the erosional surface. We used
the kink-band technique (Dahlstrom, 1969;
Suppe, 1983) to approximate these geometries,
and we adhered to the observed map relation-
ships (e.g., the along-strike projection of map
relationships aids in interpretation of structures
at depth) and empirical cross-section “rules”
(Bally et al., 1966; Dahlstrom, 1969; Boyer and
Elliott, 1982; Elliott, 1983; Suppe, 1983). By
choosing cross-section profile lines along tra-
verses with the best exposure of bedded strata
and a high density of bedding measurements,
we strived to reduce dip-domain spacing to ap-
proximate circular folds. Bedding thickness was
kept constant, except where geologic observa-
tions showed otherwise (e.g., the pinching out of
specific units). When hanging-wall cutoffs were
eroded, minimum fault offset was assumed.

The balanced and restored cross-section
models are presented in Figures 8 and 9. The de-
formed-state cross sections adhere to the map-
view relationships and structural observations
discussed above. The restoration of these sec-
tions involved restoring slip along the mapped
faults to reposition the middle-to-late Paleozoic
unconformity surfaces (e.g., the Carboniferous
unconformity horizon) back to horizontal. Pin
lines were placed through undeformed strata.
Additional cross-section—specific explanations
are presented along with each cross section in
Figures 8 and 9. A detachment depth of at least
~14 km below Earth’s surface was calculated
using area-balance methods for the Shule Nan
Shan cross section (Fig. 8). Crustal seismicity
suggests that the brittle crust in northern Tibet
is approximately ~17 km thick (~14 km below
sea level; Chu et al., 2009; Sloan et al., 2011;
see also GSA Data Repository [see footnote 1]),
and therefore the thrust faults may sole into a
major décollement at or near the brittle-ductile
transition zone (see similar assertion by Lease
et al., 2012). We note that geophysical studies
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show that multiple horizontal detachment sur-
faces exist in the crust (Gao et al., 1999, 2013;
Ye et al., 2015).

The minimum magnitude of shortening esti-
mated from cross-section restoration is, gener-
ally from north to south, 16.5 km (26.5% strain),
15.5 km (47% strain), 6.3 km (38% strain), and
11 km (35% strain) for profiles A-A’, B-B,
C-C’, and D-D’, respectively (Figs. 4, 8, and 9).
The summation of these estimates—ignoring
section C-C’, which is parallel to section D-D’
(Fig. 9)—suggests that the mapping area ac-
commodated a minimum of 43 km of Cenozoic
shortening or ~35% strain.

The section that spans E-E” in Figure 4 (i.e.,
across the southern North Qilian Shan range)
is totally unconstrained because we have not
mapped this region in detail, and very few post-
Silurian bedded strata are exposed to constrain
fault and fold geometries (Fig. 6). That said, we
can provide a first-order shortening estimate by
applying the average strain estimate (i.e., 35%)
for the central Qilian Shan, taken from sections
A-A’ through D-D’, to the ~35-km-long section
E-E’ (Fig. 4). This approach yields a minimum
shortening magnitude of ~19 km.

The combination of these balanced and re-
stored cross sections across the central Qilian
Shan—Nan Shan thrust belt, from Hala Lake in
the south to just south of the northern frontal
Qilian Shan thrust system (i.e., sections A-A’,
B-B’, C-C’, and E-E’, which has a deformed-
section length of 118.5 km; Figs. 1 and 4), indi-
cates that the region has accommodated a mini-
mum of ~62 km Cenozoic shortening (~34%
strain). The initiation age for this deformation
is not constrained. The most direct evidence for
shortening initiation is the truncation of Mio-
cene terrestrial strata by thrust faults (Figs. 9,
10E, and 10F). Based on sedimentological evi-
dence, Zhuang et al. (2011) suggested an early
to middle Miocene (i.e., ca. 23—15 Ma) defor-
mation initiation age. Using this age yields
a long-term shortening rate across the cen-
tral Qilian Shan-Nan Shan thrust belt of 4.1—
2.6 mm yr~'. Alternatively, if deformation initi-
ated earlier at ca. 50 Ma, as in southern Qilian
Shan and North Qaidam thrust belts (Yin et al.,
2008a; Zhuang et al., 2011; Bush et al., 2016),
the shortening rate would be ~1.2 mm yr.
Given the range of initiation ages, the central
Qilian Shan-Nan Shan thrust belt experienced
strain rates of 7.4 x 1071 571 t0 2.2 x 1016 57,

Shortening Across the Northeastern
Tibetan Plateau

The ~62 km value of Cenozoic shortening
(~34% strain) estimated via the restoration of
balanced cross sections along our ~118.5 km
traverse (Fig. 4) is comparable to regional

shortening estimates across the region (Meyer
et al.,, 1998; Yin and Harrison, 2000). Zuza
et al. (2016) estimated a minimum of ~50 km
of shortening (53% strain) across the North
Qilian thrust system to the north (Fig. 4). The
combined results of this study and those of Zuza
et al. (2016) suggest that deformation is con-
centrated along the northern Qilian Shan—Nan
Shan margin (53% strain), and the thrust-belt
interior has experienced more modest shorten-
ing (30%-35% strain). Because the thrust-belt
geometry and deformational style to the south-
west of Hala Lake appear be similar to our map-
ping area (Figs. 1 and 4), we suggest that the
observed regional ~34% bulk strain can be ex-
trapolated across the entire ~350-km-wide cen-
tral Qilian Shan—Nan Shan thrust belt (Fig. 1),
with the exception of the ~40-km-wide North
Qilian Shan thrust system, which has experi-
enced higher strain (Zuza et al., 2016). Follow-
ing this assumption, we calculated a minimum
shortening of ~210 km (38% strain) across the
entire central Qilian Shan—Nan Shan thrust belt,
from the North Qaidam thrust belt in the south
to the Hexi Corridor in the north (Figs. 1 and 4).

The north-south shortening rate across the
North Qilian Shan thrust system since ca. 10 Ma
i8 3.3 0.6 mm yr~! (Zuza et al., 2016), which is
comparable to shortening rates estimated across
other frontal Qilian Shan thrust systems to the
east-northeast (e.g., Champagnac et al., 2010;
Daout et al., 2016). These relatively high rates
account for ~60% of the geodetic shortening
rate across the entire Qilian Shan—Nan Shan
thrust belt (i.e., 5.5 mm + 1.5 yr™'; Zhang et al.,
2004). The remaining convergence (~2.2 mm/yr)
must be accommodated within the interior of the
Qilian Shan—Nan Shan thrust belt (Fig. 4). Our
shortening estimates suggest geologic time-scale
shortening rates across the thrust-belt interior,
depending on the initiation age, ranging from
~1.2 mm yr! (i.e., ca. 50 Ma initiation age) to
~4.1 mm yr' (ie., ca. 15 Ma initiation age).
Assuming that shortening rates have remained
constant during this time, this suggests that
shortening may have started prior to ca. 15 Ma
(i.e., ~4.1 mm yr~' shortening rate), and possi-
bly before ca. 23 Ma (i.e., ~2.6 mm yr~' short-
ening rate), because younger deformation ini-
tiation ages necessitate shortening rates that are
higher than geodetically observed today (i.e.,
>2.2 mm yr~'). However, these rates may have
varied in the past, and range-specific cooling
and/or fault initiation ages are necessary to fur-
ther constrain rates. Other fault and shortening
rate data sets from across the interior of the Qilian
Shan—Nan Shan thrust belt are consistent with
rates of <2.5 mm yr~! (Hetzel et al., 2004; W.J.
Zheng et al., 2009, 2013; D. Zheng et al., 2010;
Yuan et al., 2011; Craddock et al., 2014), whereas
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the northern frontal thrust systems generally have
shortening rates of >3 mm yr' (Champagnac
etal., 2010; Zuza et al., 2016; Daout et al., 2016).

The shortening magnitude and rate distribu-
tion across the central Qilian Shan—Nan Shan
thrust belt corroborate the inference presented by
Zuza et al. (2016) that the northern Tibetan Pla-
teau, from the Kunlun fault to the Hexi Corridor
(Fig. 1), has experienced bulk north-south short-
ening of >250 km accommodated by southward
underthrusting of the Asian mantle lithosphere
beneath the northern margin of the plateau and
a similar magnitude of upper-crustal shortening
and pure shear crustal thickening. Strain ob-
served away from the margins of the northeast-
ern plateau is >35%, which is enough to thicken
an initially ~40-km-thick crust to the observed
present-day crustal thickness (i.e., 65-55 km;
Yue et al., 2012; Ye et al., 2015) by distributed
crustal shortening and pure shear thickening.
Along the northern plateau margin, localized
higher strain (>53%) results from southward
underthrusting of the Asian mantle lithosphere
to a position beneath the northern Qaidam Basin
(e.g., Feng et al., 2014; Ye et al., 2015).

Our refined shortening estimates are a step to-
ward reconciling the apparent disparity between
India-Asia convergence and crustal shortening
across the Himalayan-Tibetan orogen (e.g., van
Hinsbergen et al., 2011; Webb, 2013; Yakovlev
and Clark, 2014; Ingalls et al., 2016). There has
been 2000-2500 km of convergence between
India and Asia since the onset of collision at
65-55 Ma (e.g., Molnar and Tapponnier, 1975;
Dewey et al., 1989; Le Pichon et al., 1992; Mol-
nar and Stock, 2009; Zhu et al., 2005; van Hins-
bergen et al., 2011). The documented crustal
shortening across the Himalayan-Tibetan orogen
is significantly less: shortening estimates are
600-1300 km in the Himalaya (DeCelles et al.,
2002; Robinson et al., 2006; Yin et al., 2010;
Long et al., 2011; Webb, 2013) and 300-400 km
across all of Tibet (e.g., Yakovlev and Clark,
2014). However, integration of the shortening
estimates presented here with existing syntheses
suggests that that observed minimum shortening
across the Himalayan-Tibetan orogen may be up
to 1900 km, which is nearly compatible with the
2000-2500 km of convergence between India
and Asia predicted by plate circuit reconstruc-
tions and paleomagnetic data (e.g., Molnar and
Stock, 2009; van Hinsbergen et al., 2011).

Implications for the Western Termination
of the Haiyuan Fault

The Shule Nan Shan is the western termina-
tion of the left-slip Haiyuan fault, and strike-slip
faulting, shear, or offset is not observed to the
west of this range (Figs. 1, 4, 8, and 19; Burch-
fiel et al., 1989; Meyer et al., 1998; Duvall et al.,
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2013; Zuza and Yin, 2016). The range-bounding
SSW-directed thrust faults in Shule Nan Shan,
Tuo Lai Nan Shan, and Tuo Lai Shan ranges
merge to the southeast with the Haiyuan fault
(Fig. 4). This geometric relationship between
the strike-slip and thrust faults suggests a kine-
matic linkage between shortening and strike-
slip faulting (i.e., there are no truncational rela-
tionships to suggest one fault system crosscuts
the other). Because left-lateral motion ceases
to the west of the Shule Nan Shan, all of the
lateral motion must be accommodated within
these termination thrust faults (Fig. 19). Thus,
the dip-slip shortening documented in this study
across each range-bounding thrust system can
be used as an indirect estimate for the maximum
magnitude of left-slip offset along the western
segment of the Haiyuan fault. This is a maxi-
mum estimate, because these thrust faults may
accommodate more dip-slip shortening that is
not a component of Haiyuan-fault—derived left-
lateral shear (Fig. 19).

The SW-directed shortening documented in
each range is ~10-15 km (Figs. 8 and 9), which,
given the angle between shortening and the
Haiyuan fault, equals a total of ~11 km of left-
lateral offset (Fig. 19). This preliminary estimate
of fault slip along the Haiyuan fault provides
constraints on the slip rate and fault offset gra-
dients. The central segment of the Haiyuan

Figure 19. Sketched relation-

ship between dip-slip short- A
ening and strike-slip faulting

at the western termination Shule
of the left-slip Haiyuan fault. gﬁgn

(A) Fault map of the west-
ern termination structures of
the Haiyuan fault, including
the range-bounding dip-slip
thrusts faults in Shule Nan
Shan (a), Tuo Lai Nan Shan (b),
and Tuo Lai Shan (c) ranges. @
Note that no strike-slip offset is
observed west of the Shule Nan
Shan. (B) Simplified geometric
relationships between Haiyuan
strike-slip offset (x) and short-
ening (sh) across the central
Qilian Shan thrust faults, as-
suming some angle (0) between
the strikes of the thrust faults
and the Haiyuan fault. Because
no strike-slip shear is observed

Western extent /
of left-slip faulting

sh i
0=207"2 0=25° *
6=10° —=

sh xsin (0) =x
(@) ~12 km x sin (20°) +
) ~15 km x sin (10°) +
(€) ~11 km x sin (25°) =

fault experienced ~95 km of left-lateral offset
(Gaudemer et al., 1995) and has an estimated
global positioning system—based slip rate of
11-19 mm yr~! (Gaudemer et al., 1995; Lasserre
et al., 1999, 2002). If the Haiyuan fault initiated
at ca. 17-12 Ma in the west (Duvall et al., 2013),
our estimates suggest that the local slip rate is
<1l mm yr! (i.e., ~11 km divided by 17-12 Ma).
Thus, the offset magnitude and slip rate decrease
significantly from the central fault segment to
its western termination in the Shule Nan Shan
(e.g., Zuza and Yin, 2016). This offset pattern
is inconsistent with extrusion-fault models for
the Haiyuan fault (e.g., Tapponnier et al., 1982;
Peltzer and Tapponnier, 1988; Avouac and Tap-
ponnier, 1993; Cheng et al., 2015). Instead, these
observations are consistent with models where
the Haiyuan fault either assists with strain trans-
fer between thrust systems (e.g., Burchfiel et al.,
1991; Zhang et al., 1991; Duvall and Clark,
2010) or accommodates clockwise rotation
of northern Tibet and bookshelf faulting (e.g.,
England and Molnar, 1990; Zuza and Yin, 2016).

CONCLUSIONS

The Qilian Shan, North Qaidam, and Qaidam
Basin of northern Tibet experienced two major
arc/collisional events in the Neoproterozoic and
early Paleozoic. Through an integrated investi-

Tuo Lai
Nan Shan

\
Tuo Lai Shan
}@\ MBS

P
—

Haiyuan fault

B Dip-slip shortening vectors (s#)

[b]

sh sh

Strike-slip offset (x)

~11 km

to the west of the Shule Nan Shan, all of x must be accommodated within these termination-
thrust faults. The observed dip-slip shortening across each range (e.g., Figs. 8-9) translates
to a summed maximum strike-slip fault offset of ~11 km. Inset shows vector relationships
between shortening (s/) and strike-slip offset (x) directions; /; and /; are the initial and final
lengths of a deformed section, respectively, at a termination-thrust fault.
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gation of the magmatic and deformational his-
tory of the central Qilian Shan, together with
existing work across northern Tibet, we have
developed a coherent tectonic model that de-
scribes the evolution of the southern margins of
the continuous Tarim—North China craton from
ca. 1.0 Ga to the present.

(1) Early Neoproterozoic subduction accom-
modated the convergence and collision between
the South Tarim—Qaidam and North Tarim—
North China continents. Arc-related plutons
associated with this subduction system (ca. 1.0—
0.9 Ga) are exposed across the Qilian Shan,
North Qaidam, Tarim, and Tian Shan regions.

(2) Late Neoproterozoic rifting partially
separated a peninsular Qaidam from North
China and opened the Qilian Ocean as an em-
bayed marginal sea; this separation broadly
followed the trace of the early Neoproterozoic
suture zone.

(3) South-dipping subduction along the
northern margin of the Kunlun-Qaidam con-
tinent initiated in the Cambrian, which led to
the formation of the Yushigou supra-subduc-
tion zone ophiolite (which links along strike
with the supra-subduction zone Aoyougou and
Dongcaohe ophiolites) and the formation of the
Qilian arc.

(4) Subduction, arc magmatism, and the con-
vergence between Qaidam and North China
continued throughout the Ordovician, with a
trench-parallel intra-arc strike-slip fault system
that is presently represented by the high-grade
metamorphic rocks showing a pervasive right-
lateral shear sense.

(5) The closure of the Qilian Ocean occurred
following the counterclockwise rotation of the
peninsular Kunlun-Qaidam continent toward
North China, which is supported by the right-
lateral kinematics of the intra-arc strike-slip
fault and the westward tapering map-view ge-
ometry of Silurian flysch basins. Collision oc-
curred at ca. 445-440 Ma, which led to wide-
spread plutonism across the Qilian Shan.

This tectonic model implies the parallel clo-
sure of two oceans along the Qilian suture zone
since ca. 1.0 Ga (Wu et al., 2016). In addition,
the Qilian Ocean was not the Proto-Tethys
(i.e., the earliest through-going ocean separat-
ing Gondwana from Laurasia) as suggested by
earlier studies, but rather represented a smaller
marginal sea along the southern margin of the
Laurasian continent.

Cenozoic deformation resulting from India-
Asia collision and convergence is focused along
these sites of repeated past ocean closure. The
major left-slip faults parallel these sutures, and
Cenozoic shortening and continental under-
thrusting may have been assisted by the sub-
duction-mélange channels. We document a
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minimum of 210 km of Cenozoic north-south
shortening across the Qilian Shan-Nan Shan
thrust belt, and we extrapolate this estimate to
suggest that northern Tibet, between the Kun-
lun fault in the south and the Hexi Corridor in
the north, has accommodated >250-350 km of
Cenozoic shortening. The observed strain dis-
tribution across the northern Tibetan Plateau—
i.e., >50% across the plateau margin and >35%
within the Qilian Shan-Nan Shan thrust belt
interior—suggests that the dominant processes
of plateau construction operating in northern
Tibet are a combination of distributed crustal
shortening, pure shear thickening, and south-
ward underthrusting of the Asian mantle litho-
sphere. Our refined shortening estimates repre-
sent a step toward reconciling the strain deficit
between the 2000-2500 km of convergence be-
tween India and Asia (e.g., Molnar and Stock,
2009; van Hinsbergen et al., 2011) and crustal
shortening observed across the Himalayan-
Tibetan orogen (Yakovlev and Clark, 2014;
Ingalls et al., 2016). The integration of our
shortening estimates with existing syntheses
suggests that at least ~1900 km of Cenozoic
upper-crustal shortening has been accommo-
dated across the Himalayan-Tibetan orogen.
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