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ARTICLE INFO ABSTRACT
Keywords: The northern Qilian Shan, located along the northeastern margin of the Tibetan Plateau, experienced multiple
Orogenic plateau phases of orogeny throughout the Phanerozoic, culminating in fold-thrust and strike-slip deformation associated

U-Pb zircon dating

Tectonic history

Sediment provenance analysis
Basin development

with the Cenozoic India-Asia collision. Earlier phases of deformation in the Qilian Shan have been severely
reactivated or transformed by the most recent Cenozoic strain. To better understand the tectonic evolution of this
complex region, we conducted an integrated investigation of field observations, U-Pb dating of igneous and
detrital zircons, and a synthesis of previously published data to constrain and reconstruct the pre-Cenozoic
history of the northern Qilian Shan. This effort reveals five major age populations important to the history of
this region: 2550-2350, 1850-1750, 1050-950, 500-435, and 320-240 Ma. Using this dataset, we identified
three major depositional shifts and/or variations in drainage patterns that affected sediment provenance of the
northern Qilian Orogen. Observed regional geologic constraints, the magmatic history, and new geophysical
observations of the deep structure allow us to propose a coherent tectonic model for the pre-Cenozoic evolution
of the northeastern margin of the Tibetan Plateau. (1) Late Neoproterozoic to Cambrian rifting opened the Qilian
Ocean. (2) Early Cambrian subduction initiation along the margins of Qaidam and North China-Tarim continents
resulted in Cambrian-Ordovician bivergent subduction, arc magmatism within these two continents, and con-
sumption of the Qilian Ocean. (3) Final ocean closure and continental collision occurred at ca. 440 Ma and was
associated with syn- and post-orogenic magmatism. (4) Collisional orogeny variably eroded the basement rocks,
reorganized drainage networks, and altered sedimentary provenance for the lower Paleozoic to upper Paleozoic
deposits. (5) Mesozoic extension led to the development of thick Jurassic—Cretaceous terrestrial basins. This pre-
Cenozoic history resulted in preexisting weaknesses and/or low-friction detachment horizons that played a
decisive role in controlling the pattern, distribution, and timing of Cenozoic deformation across the northern
Tibetan Plateau.

1. Introduction Heubeck, 2001; Yin et al., 2007a, 2007b; Stampfli et al., 2013; Zhu et al.,
2013; Wu et al., 2016, 2017a; Zuza et al., 2018; Liu et al., 2018a, 2019).

The Qilian Shan (Shan = Mountains in Chinese) tectonic belt, located Although extensive studies had focused on the evolution of these two
along the northeastern margin of the Tibetan Plateau, marks the tran- tectonic domains, relatively limited research has been devoted to
sitional zone between the Himalayan-Tibetan Orogen to the south and investigating the tectonic history of their transitional boundary in the
the North China Craton to the north (Fig. 1; e.g., Yin and Harrison, 2000; Qilian Shan, which is comprised of intervening oceanic and continental
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Fig. 1. Geologic map of the northern Tibetan Plateau (Modified form Wu et al., 2017a). Abbreviated early Paleozoic Qilian ophiolites (letters in square symbols): A—Aoyougou; B-Biandukou; D-Dongcaohe;
J-Jiugequan; L-Laohushan; Y-Yushigou. Section line A-A’ corresponds to the deep structures based on the magnetotelluric (MT) method explored in Fig. 10. Existing data are from 1) Wu et al., 2017a; 2) Xu et al.,

2010a; 3) Yang et al., 2009; 4) Zuza et al., 2018; 5) Song et al., 2019.
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fragments (e.g., Yin et al., 2007a, 2007b; Xiao et al., 2009; Song et al.,
2013; Wu et al., 2017a; Zuza et al., 2018; Liu et al., 2019). A major
challenge in deciphering the origin and geologic history of the Qilian
Shan is that the region experienced multiple phases of orogeny since the
Neoproterozoic, and earlier tectonic features were severely overprinted
or reactivated by the later phases of Mesozoic extension and Cenozoic
crustal shortening (Yin and Harrison, 2000; Chen et al., 2003, 2004;
Cowgill et al., 2003; Yin, 2010; Gao et al., 2013; Zuza et al., 2018, 2019;
Li et al., 2020).

In particular, the early Paleozoic Qilian Orogen was a major tectonic
event that involved ocean closure and collisional orogeny, and how the
Qilian Orogen impacted the Cenozoic deformation history of the Tibetan
Plateau is poorly resolved. This has in turn led to questions regarding the
spatiotemporal framework of the early Paleozoic Qilian Orogen,
including the initial timing of continental collision (e.g., Song et al.,
2004; Wu et al., 2006; Tung et al., 2007; Lin et al., 2010; Wu et al.,
2016), and age and distribution of the ophiolites suture zones (e.g., Song
etal., 2013, 2014, 2019). There are multiple hypotheses for the polarity
of subduction leading to the closure of the Neoproterozoic—early
Paleozoic Qilian Ocean, including north-dipping, south-dipping, and
bivergent subduction (e.g., Yin and Harrison, 2000; Yang et al., 2002;
Wu et al., 2006; Gehrels et al., 2003a, 2003b, 2011; Yin et al., 2007a,
2007b; Xiao et al., 2009; Song et al., 2013, 2014; Xu et al., 2015; Zuza
et al., 2018; Chen et al., 2019a; Liu et al., 2019). Improved under-
standing of this tectonic framework has led to a new appreciation of how
these pre-Cenozoic structures influence Cenozoic intracontinental
deformation in the northern Tibetan Plateau as part of the Himalayan-
Tibetan orogen (Zuza et al., 2018; Li et al., 2019, 2020; Wu et al.,
2019a; An et al., 2020; Bian et al., 2020). Favorably oriented crustal-
scale preexisting weaknesses derived from the early Paleozoic Qilian
subduction system and orogen may have caused deformation to initiate
in the Qilian Shan shortly after the initial India-Asia collision in the
Eocene (e.g., Allen et al., 2017; Zuza et al., 2018; Bian et al., 2020; Li
et al., 2020). Earlier models for northern Tibet deformation considered
Qilian Shan deformation to occur later, resulting from the expansion of a
central plateau with high gravitational potential energy (e.g., England
and Houseman, 1989; Molnar et al., 1993), possibly exploiting preex-
isting subduction systems (Tapponnier et al., 2001).

To better constrain the orogen, we conducted an integrated investi-
gation of field observations, U-Pb dating of igneous and detrital zircons,
and a synthesis of previously published data including the distribution of
major suture zones, magmatism, and new geophysical observation of the
deep structures across the Qilian Shan. Our new field and analytical
observations allow us to reconstruct the pre-Cenozoic evolution of the
northern Qilian Shan, and outline the influence on Cenozoic deforma-
tion in northern Tibet.

2. Geologic setting

The present-day triangular map-view pattern of the Qilian Shan,
extending for >1000 km across the northeastern margin of the Tibetan
Plateau (Fig. 1A), 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; Chen
et al., 2003; Cowgill et al., 2000, 2003; Wu et al., 2019b), Qaidam Basin
to the south (e.g., Wang et al., 2006; Yin et al., 2008a, 2008b; Cheng
et al., 2015; Wu et al., 2019b; Zuza et al., 2019), and Hexi Corridor
foreland to the northeast (Fig. 1B; Wang and Coward, 1993; Métivier
et al.,, 1998; Bovet et al., 2009; Zuza et al., 2016). This NW-trending
tectonic belt can be divided into the northern Qilian Orogenic Belt,
central Qilian Terrane, and southern Qilian Terrane (Wu et al., 1993;
Gehrels et al., 2003a; Yue et al., 2005; Bovet et al., 2009; Xiao et al.,
2009; Wu et al., 2017a; Yan et al., 2019). The Qilian Shan is dominated
by exposures of the early Paleozoic Qilian Orogen (Figs. 1B; Yin and
Harrison, 2000; Yin et al., 2007a, 2007b; Song et al., 2013, 2014, 2017;
Zuza et al., 2018; Liu et al., 2019). The original configuration of this
orogen has since been transformed and overprinted by Mesozoic
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extension with a pulse of compressional strain in the early Cretaceous (e.
g., Chen et al, 2019a) and Cenozoic multi-phase intracontinental
deformation resulting from the India-Asia collision and continued
convergence (e.g., Yin and Harrison, 2000; Jolivet et al., 2001; Qi et al.,
2016; Zuza et al., 2019; Li et al., 2020).

2.1. Paleozoic orogen

The Qilian Orogen records the closure of the Qilian Ocean during the
collision between Kunlun—Qaidam Terrane and the North China Craton
(Sengor and Natal’in, 1996; Sobel and Arnaud, 1999; Yin and Harrison,
2000; Gehrels et al., 2003a, 2003b; Yin et al., 2007a, 2007b; Xiao et al.,
2009; Wu et al., 2016; Zuza et al., 2018; Chen et al., 2019a). The orogen
is composed of early Paleozoic ophiolitic mélange, Ordovician-Silurian
granitoid plutons and arc belts, Silurian flysch sequences, Devonian
molasse, and Carboniferous to Permian sedimentary rocks. The ophiolite
mélange, commonly referred to as the North and South Qilian suture
zones (Fig. 1B; e.g. Song et al., 2013, 2017; Xiao et al., 2009; Xia et al.,
2012), is evidence for the existence of the Neoproterozoic-Ordovician
Qilian Ocean between Qaidam and North China (e.g., Tseng et al., 2007;
Xia and Song, 2010; Song et al., 2013, 2014, 2017, 2019; Li et al., 2017;
Zuza et al., 2018). Continued oceanic subduction and related arc mag-
matism led to the convergence of these terranes (Qian et al., 1998;
Cowgill et al., 2003; Gehrels et al., 2003a; Shi et al., 2004; Wu et al.,
2004, 2006, 2010; Hu et al., 2005; Quan et al., 2006; He et al., 2007;
Tseng et al., 2009; Dang, 2011; Xia et al., 2012; Xiong et al., 2012; Song
etal.,, 2013, Huang et al., 2015; Zuza et al., 2018), which resulted in the
formation of the fragmented Qilian suture zones during the collision
(Fig. 1B). The orogen probably involved prolonged intracontinental
deformation after Late Ordovician-Early Silurian ocean closure (e.g.,
Song et al., 2004, 2006; Lin et al., 2010).

2.2. Mesozoic extension

The northern Tibetan Plateau, including the Qilian Shan, underwent
Mesozoic regional extension or transtension, which led to the deposition
of Jurassic—Cretaceous terrestrial strata (Chen et al., 2003, 2004, 2019a;
Yin et al., 2008a, 2008b; He et al., 2019; Shao et al., 2019; Zuza et al.,
2019). This phase of deformation was possibly triggered by the far-field
effects of subduction and closure of the Paleo-Tethys Ocean along the
Kunlun-Anyemaqgen suture zone (e.g., Cheng et al., 2019a). Limited
extensional structures have been directly observed across the Qilian
Shan (e.g., Shao et al., 2019; Zuza et al., 2019), possibly suggesting most
of the Mesozoic tectonic features have been reactivated and/or over-
printed by the subsequent contractional deformation since early Ceno-
zoic (Cheng et al., 2019a, 2019b; Zuza et al., 2019; An et al., 2020; Li
etal., 2020). This region may have also experienced a local pulse of early
Cretaceous contractional strain, resulting in the development of Creta-
ceous folds and thrusts in Yumu Shan, in the northern Qilian Shan,
supported by geologic mapping and seismic profile interpretation (Chen
et al., 2019b). This phase of deformation is important for the history of
the Qilian Shan but is poorly understood at present.

2.3. Cenozoic deformation

The Cenozoic Qilian Shan thrust belt is comprised of thrust and
strike-slip faults, which help accommodate India-Asia convergence
along the northeast margin of the Tibetan Plateau (Tapponnier et al.,
2001; Duvall et al., 2013; Yuan et al., 2013; Yin et al., 2008a, 2008b;
Zuza and Yin, 2016; Li et al., 2019). Cenozoic deformation appears to
have propagated to northern Tibet by 50-40 Ma (e.g., Jolivet et al.,
2001; Clark et al., 2010; He et al., 2018; Cheng et al., 2016a; An et al.,
20205 Li et al., 2020) involving thrust-related deformation, followed by
a pulse of deformation starting at 20-15 Ma. This second phase of
deformation resulted in the development of major thrust and strike-slip
fault systems, including Haiyuan and Kunlun left-slip faults (Fig. 1B; e.
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g., Duvall et al., 2013; Zheng et al., 2017; Li et al., 2019; Yu et al., 2019;
Wang et al., 2020a), which led to rapid mid-Miocene regional exhu-
mation, crustal shortening, and the formation of a major geomorphic
boundary between the northern Tibetan Plateau and its northern
foreland.

2.4. Stratigraphy and sediment characteristics

The study area is mainly located in the northern Qilian Shan and
includes the Yumu Shan in the north (~38-39°N, ~98-100°E; Fig. 1B).
Sub-parallel early Paleozoic suture belts and Cenozoic thrust faults
constitute significant parts of the NW-trending Qilian Shan. Older Pro-
terozoic to Mesozoic rocks were thrusted over younger Mesozoic and
Cenozoic strata. Below we describe the major stratigraphy and sediment
characteristics (Fig. 2).

Sedimentary rocks with ages ranging from Ordovician to Quaternary
are exposed throughout the northern Qilian Shan (Fig. 1B). Ordovician
rocks consist of low-grade metamorphosed and strongly deformed
sandstone, siltstone, and limestone with minor volcanic rocks (Figs. 2
and 3A), which probably represent a complex tectonic mingling of
forearc, accretionary wedge, and foreland-basin strata (e.g., Xiao et al.,
2009). Silurian strata consist of deformed turbidite sequences with
interfingering conglomerate beds (Figs. 2 and 3B), which are interpreted
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Fig. 2. Tectonostratigraphy of the northern Qilian Shan. Also shown are U-Pb
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from 1) Zuza et al., 2018; 2) Song et al., 2019; 3) Yang et al., 2009; 4) Xu et al.,
2010a; 5) Wu et al., 2017a. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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to represent a flysch basin that transitions into molasses deposits (Du
etal., 2003). Devonian strata consist of epicontinental deposits of pebble
conglomerate, sandstone, mudstone, and minor volcanic rocks
(Figs. 3C-D). These sediments are interpreted as molasse deposited in
intermontane and/or foreland basins during the Qilian Orogeny (Yan
et al.,, 2007; Xu et al., 2010b; Xia et al., 2012; Song et al., 2013).
Carboniferous strata, composed of conglomerate, quartz arenite, arkosic
sandstone, and siltstone, with minor carbon-rich shale and coal, un-
conformably overlie the Ordovician-Devonian rocks and metamorphic
rocks. The Permian rocks consist of limestone, coarse sandstone, and
interbedded siltstone.

Triassic strata, consisting of interbedded limestone, arkosic sand-
stone, siltstone, and shale (Fig. 3E), conformably overlie Permian rocks.
The lithology of Jurassic strata consists of interbedded quartz arenite,
siltstone, and coal-bearing shale (Fig. 2), which conformably overlie
upper Triassic sequences. The Cretaceous strata are composed of
conglomerate and quartz arenite. They exhibit growth strata geometry
in the northern Qilian Shan (Fig. 3F) and might have been deposited in
extensional grabens or rift basins (Yin et al., 2008b).

Neoproterozoic and early Paleozoic plutons are exposed throughout
the Qilian Shan (Fig. 1B; e.g., Gehrels et al., 2003a, 2011; Yin et al.,
2007a, 2007b; Chen et al., 2012; Song et al., 2013; Huang et al., 2015;
Wu et al., 2017a, 2017b; Zuza et al., 2018; Liu et al., 2019). Neo-
proterozoic plutons consist of earlier arc-related granitoids (e.g., Tung
etal., 2012, 2013; Wu et al., 2017a; Liu et al., 2018b) and subsequent A-
type granitoids that may have originated during post-collision conti-
nental rifting (e.g., Tung et al., 2013; Wu et al., 2017a). These plutons
intruded into the older Proterozoic metamorphic basement. The early
Paleozoic plutons, ranging in composition from alkali feldspar leucog-
ranite to syenite to quartz monzonite, are attributed to Cambrian-middle
Ordovician subduction-related and/or late Ordovician-early Devonian
syn-collisional to post-collisional magmatism with ages spanning 516 to
374 Ma (e.g., Gehrels et al., 2003a; Tseng et al., 2009; Huang et al.,
2015; Zuza et al., 2018; Liu et al., 2019; Wang et al., 2020b). These
plutons intruded the Proterozoic gneiss and schist complex and some-
times Ordovician strata (Fig. 2), and are overlain by Carboniferous and
younger strata (Zuza et al., 2018).

3. Geochronology methods

Zircon grains were separated from whole-rock samples (about 4-6
kg) by standard methods in the Hebei Institute of Geology and Mineral
Resources in China. Zircon crystals were randomly selected, mounted in
epoxy resin with zircon standards for U-Pb analysis by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). Cath-
odoluminescence (CL) images were collected to identify the internal
texture of the zircon grains and guide age interpretation (Fig. 4). Most
zircons of these samples were analyzed on the Thermo Fisher Ltd.
Neptune multiple-collector ICP-MS with ESI Ltd. New Wave 193 nm FX
ArFexcimer LA system at the Isotopic Laboratory, Tianjin Institute of
Geology and Mineral Resources of China Geological Survey following
the procedures described of Geng et al. (2011). One sample (i.e.,
DL200717) was analyzed by LA-ICP-MS at the University of Texas at
Austin UTChron laboratory using a PhotonMachine Analyte G.2 excimer
laser with a large-volume Helex sample cell and a Thermo Element2
ICP-MS. The detailed analytical methods employed for analyses are
described in Gehrels et al. (2011).

For igneous rocks, the goal in U-Pb zircon dating was to determine
their crystallization ages. We analyzed approximately 20-30 zircon
gains from each sample and examined the age distribution of concordant
analyses (Fig. 5). In general, the primary population of younger ages was
interpreted as the crystallization age, and older grains were attributed to
grain inheritance. For rare samples with a distinct individual young
analysis, we either did not consider them further if they were discordant
or attributed them to Pb loss due to a subsequent metamorphic and/or
reheating event. Older zircon ages were attributed to grain inheritance.
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Fig. 3. Field photographs from the Qilian Shan dis-
playing important geologic relationships. (A) Outcrop
of overturned Ordovician pillow basalt exposed in the
northern Qilian Shan. (B) Outcrop of south-dipping
overturned Silurian slate from the Yumu Shan,
north of Qilian Shan. (C) Angular unconformity be-
tween the Cretaceous strata and underlying Devonian
strata exposed in the Yumu Shan. (D) Depositional
contact between the Devonian strata and Eocene
strata along the northern margin of the northern
Qilian Shan. The sandstone sample LQL2018-44(1)
from Devonian strata is indicated. (E) Outcrop of
the east-dipping Triassic sandstone and sample
CQL2017-L2-1. (F) Growth strata of Cretaceous strata
along the Black River north of Qilian Country. (G-H)
Outcrop of the granitoids samples CQL2016-159(1)
and B1139. Note the attitudes reported in the fig-
ures are in the form of strike and dip.
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The concordia diagrams and weighted mean ages were calculated and
plotted using Isoplot 3.0 (Ludwig, 2003). For detrital zircon U-Pb
dating, we aimed to determine sediment provenance and reconstruct the
tectonic setting on a regional scale (e.g., Fedo et al., 2003; Cawood et al.,
2012). Approximately 100 zircon grains were analyzed for each sand-
stone sample. The cumulative distribution diagram and normalized
probability density plots (Fig. 6) of detrital zircon samples were calcu-
lated and plotted by detritalPy by Sharman et al. (2018).

The reported ages for zircon analyses (i.e. best age) were determined
from the 2°°Pb/238U for analyses with an age younger than 1000 Ma and
from 207Pb/2%pb for analyses with an age older than 1000 Ma (e.g.,
Gehrels et al., 2011). Reported uncertainties including measurement
errors for age determination of individual grains are at the 1c level. To
determine the crystallization ages for the igneous rocks, only examined
analyses with discordance of <10% are considered. We focused on the
dominant signatures of younger analyses and interpreted the weighted

s -
copglon'i'ér CH
sandstone

Cretaceous

Black River ey

mean age of the youngest cluster as the sample’s crystallization age (e.g.,
Davis, 1997). For detrital zircon data, analyses with <30% discordance
or >5% reverse discordance are considered (e.g., Gehrels et al., 2011).
The geochronologic age data for each sample with errors and related
raw data are presented in the Supplementary material.

4. Sample descriptions and results
Five granitoid samples and five sandstone samples were collected

across the Qilian Shan and adjacent areas. Detailed sample locations and
lithology are listed in Table 1 and also shown in Figs. 1B and 2.

4.1. U-Pb zircon geochronology of granitoids

Five granitoid samples were analyzed, including four granite samples
and one granodiorite sample (Table 1). U-Pb concordia diagrams
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Fig. 4. Representative cathodoluminescence (CL) images of zircon dated from granitic rock in this study. Yellow circles are analyzed spots for U-Pb dating. Scale bar
in B applies to all panels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

showing the results of single-shot zircon analyses, weighted mean age
calculation, and interpreted crystallization ages for each sample are
showed in Fig. 5 and Supplemental file Table S1.

In previous studies, most of the exposed plutonic rocks throughout
the Qilian Shan were inferred to be early Paleozoic in age (Fig. 1B; e.g.,
Pan et al., 2004; Wu et al., 2010; Song et al., 2013; Wu et al., 2016,
2017a; Liu et al., 2019). We analyzed five of these granitoids to
constrain the timing of local magmatism associated with the Qilian
Orogen. Sample CQL2016-159(1) was collected from the Zoulang Nan
Shan pluton, one of the largest plutonic bodies in the northern Qilian
Shan (Figs. 1B and 3G). Twenty-five zircon grains were analyzed, and
U-Pb ages range from 492 to 1517 Ma. Th/U ratios of this sample range
from 0.09-0.70. The weighted average of 11 concordant analyses is 520
=+ 3 Ma (mean square of weighted deviates [MSWD] = 0.6; Fig. 5A). The
other analyses were excluded because of discordance and/or low
radiogenic Pb.

Sample WQL2017-179(1) is a granite collected from the central
Qilian Shan (Fig. 1). Twenty-five zircons were analyzed with U-Pb ages
ranging from 396 to 584 Ma. Th/U ratios of the sample range from
0.40-0.75. The weighted mean age of concordant analyses (n = 16) is
229 + 2 Ma (MSWD = 1.9; Fig. 5B).

Granodiorite sample CQL2016-14(4) was collected in Beida Shan,
north of Hexi Corridor (Fig. 1B). Twenty-five zircons were analyzed,
yielding diverse U-Pb ages ranging from 440 to 1100 Ma, with Th/U
ratios ranging from 0.10 to 0.85. The weighted mean U-Pb age of 14
concordant analyses is 444 + 2 Ma (MSWD = 0.8; Fig. 5C).

Sample B1139 was collected from an undeformed monzonitic granite
located ca. 80 km south of Hala Lake, in the southern Qilian Shan
(Figs. 1B). The pluton intrudes into the Silurian unit, and it was denude-
planned by the subsequent early Cenozoic deformation (Fig. 3H; Jia
et al., 2018). Twenty-nine grains were analyzed, and U-Pb ages range
from 424 to 751 Ma. The Th/U ratios of this sample range from 0.16 to
1.06. Twenty-one concordant ages define the best age population, and
the weighted mean of these ages is 430 + 1 Ma (MSWD = 1.3; Fig. 5D).

Granite sample DL200717 was collected from north of the Buguote
Shan, north of Qaidam basin (Fig. 1B). We analyzed 21 zircons, and most
were high-U zircons (>500 ppm U). Of these analyses, 13 analyses gave
concordant U-Pb ages that ranged from 129 to 273 Ma, with Th/U ratios
ranging from 0.31 to 1.14. Spot 3 yielded a distinct younger age (129
Ma; Table S1). The other youngest population of 12 analyses yielded a
weighted mean age of 253 + 7 Ma (MSWD = 38), which is interpreted as
the crystallization age of this granite sample (Fig. S5E). We note that this
sample may have experienced metamictization, evidenced by the high U
and pervasive discordance, which may explain the unusually high
MSWD value. Therefore, we acknowledge that this Permian-Triassic age
should be treated with caution. However, the tight cluster of analyses at
ca. 250 Ma (Fig. 5E) suggests that this age may be significant since
similar pluton ages have been found along strike (e.g., Wu et al., 2016).

4.2. U-Pb detrital zircon geochronology

Five sandstone samples were collected to fill in gaps in regional



B. Lietal

data-point error ellipses are 2c

0.32
540
0.28 530
520 =
024 | °°
500 Mean age = 520 + 3 Ma
1200 -
- 020 MSWD = 0.6
2 n=11
Q
el 1000
o o6 ﬂ
& X
L
0.12 ///‘7”"
/(ﬂ%/ Granite
PP A
0.8 ‘ lﬁ‘%}f ZQL2016-159(1)
400 "~
0.04 " . . .
0 1.0 2.0 3.0 4.0 5.0
207Pp /235
data-point error ellipses are 2¢
0.22
464
460
456
452 1100 (Ma)=>
ot | 2
440
436
P Granodiorite
g;’ 0-14 Mean age = 444 £ 2 Ma CQL2016'14(4)
5 MSWD =0.8
a n=14
< 0.10
0.06
- e
0.0 0.4 0.8 1.2 1.6 2.0 24
207pp/235
data-point error ellipses are 2¢
0.05
Granite
DL200717
Mean age = 253 £ 7 Ma|
0.04 250 (Ma) MSWD = 38
@ n=12
o]
2
&
5 0.03
ﬁ (%
@
g ﬂ
290
270 1 1 i |
0.02 Lt '
250 it = +
= 'l
230 I
210 E
0.01 L L n L
0.0 0.2 0.6 0.8

04
207pp/235

Palaeogeography, Palaeoclimatology, Palaeoecology 562 (2021) 110091

data-point error ellipses are 2¢

0.10 +

0.09 +

0.08 +

206pp/238y

0.07 +

0.06 +

WQL2017-179(1) I_
B

0.05
0.4 0.5 0.6 0.7 0.8 0.9 1.0

207pp /235y

data-point error ellipses are 2c

0.080

438

0078 | .,

NIRRT
0.076 | a0 ! I I l
422 |

0.074 |. 4.
Mean age =430 £ 1 Ma
0.072 MSWD =1.3
n=21

206pp/238Y

0.070 |

0.068 |
Granite
B1139

0.066 |

D

0.44 0.48 0.52 0.56 0.60 0.64
207ph/235Y

0.064
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coverage of detrital zircon data from Devonian to Cretaceous strata in
the northern Qilian Orogen (Fig. 2). The integrated dataset spans Neo-
proterozoic to Cretaceous strata, which allows the characterization of
sediment provenance during the Pre-Cenozoic evolution of the Qilian
Orogen. The results are presented as zircon U-Pb concordia plots and
normalized relative probability plots in Fig. 6 and Supplementary
Table S2, respectively. To further characterize zircon provenance, we

use zircon Th/U ratios to constrain whether the grains are magmatic
(Th/U > 0.1) or metamorphic (Th/U < 0.1) in origin (e.g., Belousova
et al., 2002; Rubatto, 2002; Cheng et al., 2019c¢). Analyzed zircon age vs.
Th/U ratios are showed in Fig. 7, indicating the predominant magmatic
origin of all the analyzed samples.

The two Devonian sandstone samples (2018TKD-3(3) and LQL2018-
44(1)) suggest distinct zircon ages distributions (Figs. 6A-B and 7D-E).
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Fig. 6. U-Pb Concordia plots for detrital zircon grains of each sample.

Sample 2018TKD-3(3) is dominated by two Paleoproterozoic aged peaks
at ca. 1950 and ca. 2272 Ma, with a smaller population at ca. 450-500
Ma. Zircon ages of sample LQL2018-44(1) are Cambrian-Devonian,
primarily clustered at 400-520 Ma with two peaks at 431 and 480
Ma. Numerous minor age populations extend from the Neoproterozoic
to Paleoproterozoic (Fig. 7D-E). The Th/U ratios of sample 2018TKD-3
(3) range from 0.14 to 1.87, with three exceptions of 0.03 (1838 Ma),
0.04 (1925 Ma) and 0.09 (1957 Ma) and the Th/U ratios of sample
LQL2018-44(1) range from 0.13 to 1.74, with a single exception of 0.06

(1211 Ma) (Fig. 7D-E). The high Th/U ratios indicate a magmatic source
for the Devonian samples.

The two Triassic arkosic arenite samples (CQL2017-L2-1 and
LQL2018-43(1)) suggest similar zircon age distributions (Figs. 6C-D).
Mesozoic-dominated zircon-age signatures were observed in these
samples of CQL2017-L2-1 and LQL2018-43(1): 240-500 Ma, with peaks
at ca. 256 and ca. 278 Ma, respectively. Minor Paleoproterozoic age
populations are also present. Several grains yielded > 2.5 Ga Archean
ages. Sample CQL2017-L2(1) yielded five ca. 225-235 Ma ages from
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Table 1

Summary of U-Pb zircon geochronology samples in this study
Sample Latitude (N) (°N) Longitude (E) (°E) Elevation (m) (m) Age’ Lithology
Zircon geochronology samples of granitoids
CQL2016-159(1) 38°38'24.50” 99°20'13.61” 3496 520 + 3 Ma Granite
WQL2017-179(1) 38°21'05.46" 99°21'41.42" 3525 491 + 5 Ma Granite
CQL2016-14(4) 39°38'57.00” 100°41'09.66" 1567 444 + 2 Ma Granodiorite
B1139 37°48°18.90” 97°22°37.20" 4371 430 + 1 Ma Granite
DL200717 37°08’41.50” 98°27°45.40" 3711 253 + 7 Ma Granite
Detrital zircon geochronology samples of sedimentary rocks
2018TKD-3(3) 38°42/26.00” 98°38'59.50" 3589 Devonian Quartz arenite
LQL2018-44(1) 39°41'18.70" 97°43'39.40" 2570 Devonian Arkosic arenite
CQL2017-L2-1 37°53'51.54" 99°02/03.00" 4384 Triassic Arkosic arenite
LQL2018-43(1) 39°41'15.70” 97°43'55.50” 2585 Triassic Arkosic arenite
CQL2017-1L5-2 38°12/50.70" 100°08'55.80" 2791 Cretaceous Quartz arenite

2 Interpreted U-Pb age for igneous samples and reported stratigraphic age of samples from sedimentary rocks. Reported uncertainties of the zircon U-Pb ages are at

the 1o level.
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Fig. 7. Normalized relative probability plots of detrital zircon U-Pb ages and Th/U ratios for the five samples across the northern Qilian Orogen analyzed in

this study.

single zircon grain, which may indicate a maximum depositional age of
Late Triassic time (e.g., Dickinson and Gehrels, 2009; Supplemental file
Table S1). The Th/U ratios of sample LQL2018-43(1) range from 0.12 to
1.38, with four exceptions of 0.04 (1809 Ma), 0.05 (402 Ma), 0.06
(1865 Ma) and 0.06 (277Ma). The Th/U ratios of CQL2017-L2-1 range
from 0.18 to 3.46, with two exceptions of 0.02 (1922 Ma) and 0.07 (413
Ma). The Th/U ratios of both of the Triassic sandstones indicate magma-
derived zircons (Figs. 7B-C).

The dominant zircon age population of the Cretaceous lithic quartz
arenite sample CQL2017-L5-2 is at 240-460 Ma with a major peak at ca.
258 Ma. Two other significant populations lie at 1700-1900 Ma (1754
Ma peak) and 2250-2500 Ma (broad peak centered at ca. 2455 Ma).
Minor age populations exist between 700 and 1500 Ma (Fig. 6E). The
Th/U ratios range from 0.17 to 2.54, with one exception of 0.03 (428
Ma), suggesting a predominantly magmatic origin of the zircon grains
(Fig. 7A).

5. Discussion

5.1. Sediment provenance analysis and tectonic setting of the northern
Qilian Orogen

We interpret sedimentary provenance and tectonic setting based on
our field observations (e.g., Fig. 3), new U-Pb detrital zircon dating of
relevant strata and igneous rocks, and published age constraints from
igneous rocks and detrital zircon data. We identified depositional shifts
involving multiple source regions and variations in drainage patterns
dictated in sediment provenance based on major changes in geochro-
nology spectra. The relationship between depositional age and detrital
zircon age populations can be used to infer the tectonic setting as dis-
cussed in Cawood et al. (2012).

A Meso-Neoproterozoic schist sample of the Tuolai group from
central Qilian Shan shows three prominent zircon populations with
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peaks at ca. 2480, ca. 1700, and ca. 1440 Ma (Wu et al., 2017a). These
dominant age signatures are significantly older than the depositional
age of the Tuolai Group—constrained to be between 1200 and 960 Ma
based on maximum depositional ages and crosscutting intrusion,
respectively (e.g., Wu et al., 2017a)-as cumulative distribution plots
demonstrate (Fig. 8A). This zircon distribution supports an extensional
setting for the rocks in the classification of Cawood et al. (2012), as the
dominate zircon ages are much older than the time of sediment accu-
mulation (Fig. 8A) and less than 1% of grains have ages within 150 Ma of
the depositional age (Wu et al., 2017a; Table S2). Furthermore, when
considered with similar analyzed rocks in the Qilian Shan, the Tuolai
Group is intruded by ca. 1000-900 Ma arc granites (e.g., Wu et al.,
2017a), which suggests that it was near the margins of the Proterozoic
continent to be intruded by a Neoproterozoic arc system. Therefore, our
observations support previous assertions that the Tuolai Group strata
represent a southern passive margin of the contiguous North Tar-
im-North China Craton (Fig. 9A; Gehrels et al., 2003a; Tung et al., 2007;
Wu et al., 2017a), which was subsequently intruded by ca. 1000-900 Ma
magmatism, potentially during the closure of the Tarim Ocean (Fig. 9B;
Guo et al., 2005; Wu et al., 2016, 2017a, 2017b; Zuza and Yin, 2017).

The Ordovician-Silurian samples exhibit similar age populations
with three peaks at ca. 2500, ca. 1000, and ca. 450 Ma (Figs. 8G-H; Yang
et al., 2009; Xu et al., 2010a). Detrital zircon age spectra and pie charts
show that roughly 1/3 of the analyzed grains are very close in age to the
depositional age of the strata, with subordinate amounts of early Neo-
proterozoic and Mesoproterozoic (Fig. 8G-H). With the dominance of
early Paleozoic ages coupled with variable percentages of pre-
Phanerozoic basement ages, we interpret that these strata were depos-
ited within a collisional setting, but not necessarily a forearc basin,
related to the early Paleozoic Qilian Orogen (Figs. 8A and 9E; Cawood
et al., 2012; Zuza et al., 2018). Collision-induced shortening exhumed
and eroded basement rocks with ca. 2.5 and ca. 1.0 Ga intrusions that
were deposited in the Ordovician-Silurian samples.

The two analyzed Devonian sandstone samples displayed very
different zircon age spectra. Sample LQL2018-44(1) shows a series of
age groups ranging from Paleoproterozoic to Silurian, whereas sample
2018TKD-3(3) is dominated by two Paleoproterozoic aged peaks
(Figs. 7D-E). For comparison, Devonian sandstone sample Shl 25-1 from
the Laojun Shan Formation (Xu et al., 2010b) and sample AY 09-26-11
(12) from Zuza et al. (2018) in the northern Qilian Shan are
comprised of mostly Ordovician and Silurian age clusters. Devonian
strata in the Qilian Shan mainly consist of sub-angular, poorly-sorted
terrestrial conglomerates (Fig. 3C) and sandstones (Fig. 3D) that were
deposited in proximal molasse deposits of an intermontane or foreland
basins (Xu et al., 2010b; Song et al., 2013). Sample 2018TKD-3(3) from
Yumu Shan, with primarily Paleoproterozoic age signatures and only
minor early Paleozoic zircons, was probably deposited near the uplifted
Longshou Shan area, southern margin of North China Craton (Fig. 1B).
The other Devonian sample, LQL2018-44(1), shows a variable age dis-
tribution with a unimodal 431 Ma zircon population and lesser Prote-
rozoic age signals. The minor Proterozoic signal may have been
influenced by the eroded Mesoproterozoic-Neoproterozoic strata.

These observations of dramatically distinct age distributions from
different Devonian samples (Figs. 7D-E) demonstrate that they had
variable drainage systems and source regions. These samples were
probably deposited in disconnected basins with disparate sedimentary
environments (i.e., facies), as part of a syn-to-post-collisional framework
(Figs. 3 and 7D-E; Xu et al., 2010b; Zuza et al., 2018). None of the
Devonian samples, including those from Xu et al. (2010b) and Zuza et al.
(2018), yielded a dominant population of grains older than ca. 2500 Ma.
Sample LQL2018-44(1) yielded essentially no grains older than ca. 1800
Ma, compared to Silurian and older rocks that were comprised of an
appreciable percentage of Archean grains (Figs. 8G-I). Therefore, we
take the Silurian to Devonian transition as the first provenance shift
observed in this study, where Devonian samples have variable proximal
sources that do not include Archean grains. The Late Neoarchean zircon
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grains from older samples were likely derived from the distant interior of
the North China craton (e.g., Zhao et al., 2002a), whereas the early
Paleoproterozoic grains were probably from a local source along the
southern margin of the North China Craton in the Longshou Shan (e.g.,
Gong et al., 2011) or other comparable basement exposures.

The Carboniferous sample from the central Qilian Shan shows a
predominately unimodal peak of 450-500 Ma ages (Fig. 8E; Zuza et al.,
2018). This age spectrum demonstrates the second provenance shift
from a significant Mesoproterozoic-Neoproterozoic zircon component to
mostly early Paleozoic ages, transitioning from Devonian to Carbonif-
erous strata. This pattern also suggests that its source area is local within
Qilian Orogen as indicated by the Qilian arc zircon ages (e.g., Zuza et al.,
2018; Liu et al., 2019; this study). There must have been a drainage
system eroding either the arc rocks associated with the Qilian Orogen
and/or the forearc sediments from the same Qilian Orogen-source re-
gion during the continuous process of sediment recycling, rather than
Mesoproterozoic-Neoproterozoic basement.

The Permian to Cretaceous samples (Zuza et al., 2018; Song et al.,
2019b; this study) show four similar age peaks of 2500, 1800, 450, and
300 Ma, with increasing Permian-Triassic zircon populations and
decreasing early Paleozoic zircons through time. We infer that these
strata were deposited in Mesozoic intracratonic basin settings across the
Qilian Shan, as revealed by the cumulative distribution plot in Fig. 8A.
The transition from Carboniferous to Permian strata represents the third
provenance shift, with dominant nearly unimodal early Paleozoic zircon
populations giving way to more diverse grains from the Proterozoic
basement and Permian-Triassic igneous rocks. Our dated Triassic granite
(sample DL200717) demonstrates the existence of local Permian—-
Triassic granites in the Qilian Shan, as also recognized by Wu et al.
(2016). The emergence and predominance of Permian-Triassic zircon
grains since the Permian in the Qilian Orogen suggest these strata have
contributions from either (1) localized sources and zircon grains ulti-
mately derived within the orogen (Fig. 5E; e.g., Chen et al., 2012; Wu
et al., 2016) or (2) distant sources such as the Eastern Kunlun Range to
the south across Qaidam Basin (e.g., Pullen et al., 2008; Cheng et al.,
2016b; Wu et al., 2019b, 2019¢) and/or the Beishan Orogen along the
southern margin of the North China Craton (e.g., Xiao et al., 2003; Wang
et al., 2016; Wu et al., 2017b).

Our two Triassic samples and one Cretaceous sample show renewed
signals of significant Paleoproterozoic zircon ages of ca. 2500 and ca.
1800 Ma, when compared to Carboniferous-Permian samples
(Figs. 8B-E), suggesting the granites from the early Paleozoic Qilian arc
were gradually eroded away or were overwhelmed by Proterozoic
basement ages. In this sense, Paleozoic arc rocks were less prevalent on
the exposed Earth’s surface and instead, Proterozoic basement ages
became most prevalent in the detrital zircon age spectra. Alternatively,
there was a significant reorganization of the drainage systems. Although
the source regions for the Cretaceous sample were generally similar to
those of the Triassic sedimentary rocks, the Cretaceous paleogeography
must have been largely stable as proved by similar detrital zircon age
distributions and consistent paleocurrent patterns between the Lower
Cretaceous and Oligocene samples in the Yumen Basin, north of Qilian
Shan (Wang et al., 2016; Cheng et al., 2019c¢).

5.2. Configuration and pre-Cenozoic tectonic evolution of the northern
Qilian Orogen

Detrital zircon age spectra and magmatism timing constraints pre-
sented in this study and other published datasets from the northern
Qilian Orogen reveal five major age populations at 2550-2350,
1850-1750, 1050-950, 500-435, and 320-240 Ma (Fig. 8). Here, we
discuss the importance of these major age signals, and how they
constrain the tectonic evolution and paleogeography of the northern
Qilian Orogen.

In the Mesoproterozoic, the Tarim (paleo-Qilian) Ocean bounded the
southern margin of the contiguous linked Tarim—North China continent
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Fig. 9. Models showing the origin and tectonic
history of the Qilian Orogen from the Meso-
proterozoic through Devonian. (A) Cratonic and/
or passive-margin sedimentation along the
southern margin of a combined Tarim-North
China continent recorded by ca. 2.5, ca. 1.8, and
ca. 1.5 Ga detrital zircons through the Meso-
proterozoic. (B) North-dipping subduction ac-
commodates the convergence of the Qaidam and
Tarim-North China continents during Early Neo-
proterozoic, leading to the development of the
Tarim arc (with ca. 1.0-0.9 Ga magmatism). (C)
Late Neoproterozoic to Cambrian rifting opened
the Qilian Ocean. Bilateral volcanism (ca.
830-600 Ma) occurs throughout Qaidam, Tarim,
and North China. (D) Early Cambrian subduction
initiation and generating of suprasubduction
zone (SSZ) type ophiolites occurred along the
margin of Qaidam and Tarim-North China con-
tinents resulting in bivergent subduction. (E) Arc
magmatism initiates since early Ordovician to
early Silurian, and continental crust was brought
to ultrahigh-pressure (UHP) and high-pressure
(HP) depths along the subduction channel. (F)
Continental collision between Qaidam and North
China occurs in early Silurian (ca. 440 Ma) with
an intracontinental magmatic activity. Continued
convergence variably thrusts basement rocks and
ophiolites to surface by the Devonian (modified
from Zuza et al., 2018; Chen et al., 2019a).
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(Fig. 9A; Zuza and Yin, 2017). Sedimentation along the southern con-
tinental passive margin included ca. 2.5, ca. 1.8 and ca. 1.5 Ga zircon
grains might be derived from the North China Craton, as supported by
the detrital zircon data in Gehrels et al. (2003a), Wu et al. (2017a), Liu
et al. (2018a), Zuza et al. (2018) and this study. The Late Neoarchean
(ca. 2.5 Ga) is one of the most important periods of continental growth in
the North China Craton with extensive magmatism (Polat et al., 2005;
Kusky et al., 2007, Kusky et al., 2016; Wan et al., 2015). Late Neo-
archean rocks were overlain by dominantly ca. 1.8 and ca. 1.5 Ga strata
deposited during post-orogenic extension and magmatism, respectively
(e.g., Liuet al., 2006; Kusky et al., 2007; Fan et al., 2014). The ca. 1.0 Ga
age population captured from the detrital zircon data (Fig. 8) indicated
the protracted early Neoproterozoic granitoid plutons developed as the
continental arc along the southern margin of the North China Craton
during the enigmatic closure of the Tarim Ocean (Fig. 9B; Guo et al.,
2005; Xu et al., 2013; Wu et al., 2016; Zuza et al., 2018).

After this early Neoproterozoic collisional event, possibly associated
with Rodinia supercontinent assembly (Zuza and Yin, 2017; Wen et al.,
2018), the region started rifting. In the late Neoproterozoic, the Qilian
Ocean opened during continental breakup between the Qaidam-Kunlun
terrane and North China Craton at ca. 820-775 Ma (e.g., Tung et al.,
2013; Song et al., 2014; Wu et al., 2017a), with passive continental
margin sedimentation (Tseng et al., 2006; Xu et al., 2015) exposed in the
northern Qilian Shan (Figs.1B and 2). Cambrian-aged ophiolites are
exposed throughout the Qilian Shan (Fig. 2), and most are supra-
subduction zone (SSZ) types with zircon ages ranging from 540 to 500
Ma (Fig. 3A; Xia and Song, 2010; Song et al., 2013; Li et al., 2017; Zuza
et al., 2018). The exposure of these ophiolite sequences, extensive dis-
tribution of arc-related and syn-to-post-collisional granitoids, and ob-

Palaeogeography, Palaeoclimatology, Palaeoecology 562 (2021) 110091

metamorphic rocks in the central-southern Qilian Shan and northern
Qilian Shan (as further discussed below) reflect bivergent subduction
that initiated along the northern margin of the Qaidam—Kunlun terrane
and the southern margin of the North China Craton.

A bivergent subduction configuration is supported by the present-
day deep structure derived from a recent broad-band magnetotelluric
(MT) sounding profile (Fig. 10; Chen et al., 2019a). The most significant
features of the MT profile are the widespread distribution of the low-
resistance layers (ca. 20-50 Q m) within the crust and upper mantle
beneath northern Tibet (Fig. 10). These layers reach the shallowest
depth (ca. 15-30 km) in the northern Qilian Shan-Hexi Corridor tran-
sition zone, and gradually deepened and break off at a depth of ca. 80 km
below the southern Qilian Shan (Fig. 10A). The resistance value of the
lithosphere beneath the Qilian Shan is similar to that of the modern
oceanic lithosphere (Naif, 2018). Yin et al. (2017) suggested that mantle
lithosphere with a low resistance of ~10-100 Q@ m might represent a
fossil oceanic slab. Because of the geometries of the low-resistance layers
and their spatial position, Chen et al. (2019a) interpreted that these may
represent remnants of the subducted Qilian oceanic lithosphere. Based
on the regional geologic evolution interpreted in this study (Fig. 9), we
support the inferences of Chen et al. (2019a). However, this interpre-
tation implies that the early Paleozoic oceanic slabs imaged by MT data
in the crust and upper mantle have not been significantly modified since
their emplacement. Below we briefly provide evidence for this assertion.

Mesozoic regional extension across northern Tibet appears to have
mostly influenced the upper crust as observed via seismic profiling (Yin
et al., 2008a, 2008b; Cheng et al., 2019a) and field observations of
small-scale Mesozoic normal faults (e.g., Zuza et al., 2019; Cheng et al.,
2019c). Therefore, extension developed local rift basins (e.g., Vincent

servations of subduction-related high- and ultrahigh-pressure and Allen, 1999; Chen et al., 2003), but there is no evidence that the
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crust was greatly thinned. Cenozoic shortening at the northern margin of
the Tibetan Plateau was more significant than extension, and could have
potentially modified lithospheric geometries. Recent syntheses of
Cenozoic shortening across the Qilian Shan demonstrates that it is
expressed as dominantly pure-shear shortening mostly south of the su-
ture zones, with southward underthrusting of North China along the
paleo-subduction channels (e.g., Zuza et al., 2016, 2018, 2019; Allen
et al., 2017; Chen et al., 2019c; Li et al., 2020). With this structural
architecture and kinematic framework, crustal deformation was focused
in the hanging wall of the crustal-scale ramp that paralleled the south-
dipping Qilian suture zone (e.g., Allen et al., 2017; Zuza et al., 2019).
Therefore, we argue it is reasonable that the lithosphere underlying, and
to the north of, the imaged low-resistivity south-dipping subducting slab
may not have been significantly deformed. This interpretation is not
unique, but appears viable based on our present understanding of the
Qilian Shan. In addition, the top of the interpreted relict slabs almost
align with the mapped surface expressions of the sutures (Figs. 1 and
10). The slight offset, with the shallowest low resistance layers located
ca. 50 km north of the suture locations, may imply some strain or
translation of the lithosphere to disrupt the original alignment between
fossil slabs and surface sutures. With these lines of evidence, we support
the hypothesis that these low-resistance layers represent remnants of the
bivergent subduction of Qilian oceanic lithospheric slabs (Fig. 10B; e.g.,
Chen et al., 2019a).

Volcanic arc magmatism due to subduction began in the Cambrian,
and arc-related intrusions have ages that range from ca. 520 to 440 Ma
that are distributed across the Qilian Orogen and north of the Hexi
Corridor (Figs. 5A-C; e.g., Wu et al., 2006; Tseng et al., 2009; Wu et al.,
2010; Liu et al., 2019; Cui et al., 2017; Zuza et al., 2018; Wang et al.,
2020b and this study). Fig. 9D shows subduction initiation, generating
SSZ-type ophiolites, and Fig. 9E highlights the mature developed arc in
the Ordovician. These arc plutons are part of the central and southern
Qilian Shan arc (Fig. S1A) to the south and northern Qilian Shan arc
(Fig. S1B) to the north, respectively (Fig. 1B), as evidenced by the zircon
U-Pb ages and geochemical data (Fig. 5; Table S1; Tseng et al., 2009; Wu
et al., 2010; Cui et al., 2017; Liu et al., 2019; this study). These arc-
related magmatic rocks exhibit enriched large ion lithophile elements
(e.g., Rb, Ba, Th) and relatively depleted high field strength elements (e.
g., Nb, Ta, Ti) patterns with negative Eu anomalies (e.g., Tseng et al.,
2009; Cui et al., 2019; Liu et al., 2019), showing arc signatures that may
be related to subduction of the Qilian oceanic crust. Syn- and post-
collisional granitoids generated by crustal melting during protracted
continental collisional orogeny (ca. 440 to 374 Ma; Hu et al., 2005; Wu
et al., 2004; Yong et al., 2008; Guo et al., 2015; Wang et al., 2020b) can
be interpreted based on compiled discriminant diagrams ((Y + Nb) vs.
Rb) from the Qilian Shan (Fig. S1), the granite sample Sample B1139
analyzed in this study (Fig. 5D), and the detrital zircon age signature in
Fig. 8 (e.g., Song et al., 2013, Liu et al., 2019; this study).

The subduction process also generated Ordovician ultrahigh-
pressure eclogite in northern Qaidam and Silurian high-pressure blues-
chist in the Qilian Orogen (e.g., Yang et al., 2002; Yin et al., 2007b; Song
et al., 2004, 2013, 2014; Menold et al., 2016). Simultaneously, sedi-
ments of Silurian turbidite sequences across the Qilian Orogen (e.g.,
Yang et al., 2009) were deposited in back-arc and forearc-to-foreland
basin settings as the Qilian arc transitioned to a collisional orogen
(Figs. 8A and 9E). These strata were strongly deformed during the
subsequent continental collision (Fig. 3B). This collision led to the
provenance shift and restructuring of the drainage systems across the
Qilian Orogen.

During the middle-to-late Devonian, extensional orogenic collapse
followed, and continental convergence and orogenesis completely
ceased by the Carboniferous (e.g., Song et al., 2013; Wu et al., 2016).
The primary source rocks changed from containing Proterozoic base-
ment to dominantly early Paleozoic grains from the remnant arc-orogen.
Widespread Permian to Triassic shallow-marine sediments were
deposited across the Qilian Orogen without significant sedimentary
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facies variation (Fig. 2). Zircon-age distributions transitioned from early
Paleozoic to early Mesozoic ages (Fig. 8). The latter zircon grains were
derived from local Permian-Triassic magmatism in the Qilian Shan
(Fig. 5E; e.g., Chen et al., 2012; Wu et al., 2016 and this study), arc-
volcanic systems associated with the Paleo-Kunlun and Neo-Kunlun
arc in the Eastern Kunlun Range, (Figs. 1B and 5E; e.g., Pullen et al.,
2008; Cheng et al., 2016b; Wu et al., 2019b, 2019c), and/or the Beishan
Orogen (Fig. 1B; e.g., Xiao et al., 2003; Wang et al., 2016).

Jurassic extension rapidly exhumed the basement rocks toward the
surface (e.g., Jolivet et al., 2001; Qi et al., 2016; Li et al., 2019), and
Jurassic strata were deposited in an intracontinental marine setting with
widespread coal deposits (e.g., Lu et al., 2019). Regional extension
continued during the Cretaceous (e.g., Chen et al., 2003, 2004; Cheng
etal., 2019a; He et al., 2019; Zuza et al., 2019). A local significant pulse
of northeast-directed contractional strain overprinted these aforemen-
tioned extensional structures, leading to the development of folds and
thrusts in the Yumu Shan, northern Qilian Shan, in the early Cretaceous
(Chen et al., 2019b). Here Silurian strata were thrust over Cretaceous
strata (Fig. 1B; Yang et al., 2007; Zuza et al., 2016; Chen et al., 2019b),
which may explain the reheating event documented in low-temperature
thermochronology analyses from Cretaceous strata (Li et al., 2020). The
late Cretaceous paleogeography was largely stable during the pre-
collisional period in the northern Tibetan Plateau (Wang et al., 2016;
Cheng et al., 2019c).

5.3. Implications for the Cenozoic development of the northern Tibetan
Plateau

The present-day Qilian Shan thrust belt is commonly recognized as
the northeastward growth front of the Tibetan Plateau (e.g., Tapponnier
et al.,, 2001; Zheng et al., 2017). Low-temperature thermochronology
studies indicate this belt probably experienced multiple pulses of
Cenozoic development, including Eocene-Oligocene thrust-dominated
deformation (Dupont-Nivet et al., 2004; Clark et al., 2010, 2012; Duvall
et al., 2011; Yuan et al., 2013; Qi et al., 2016; Yu et al., 2017; Zhuang
etal., 2018; An et al., 2020; Li et al., 2020; Wu et al., 2020) and Miocene
mixed-mode of thrusting and strike-slip dominated shortening and
exhumation (e.g., Zheng et al., 2006, 2010, 2017; Duvall et al., 2013;
Yuan et al., 2013; Zuza et al., 2018; Li et al., 2019; Yu et al., 2019).
Deformation-related uplift of the Qilian Shan occurred earlier than the
East Kunlun Range to the south, resulting in diachronous construction of
the northern of the Tibetan Plateau (Wu et al., 2019a; Bian et al., 2020).
This kinematic history since the early Cenozoic requires that plate-
boundary stress was transferred rapidly from the India-Asia collisional
front across the plateau to the Qilian Shan. Eocene shortening initiation
in the Qilian Shan implies that the Hexi Corridor region has remained a
stationary northern boundary of the Tibetan Plateau throughout the
Cenozoic. Given that the Qilian Shan fold-thrust belt did not progres-
sively propagate northward (e.g., Zheng et al., 2017; Yu et al., 2019), it
must have existed as an out-of-sequence thrust belt since the early
Cenozoic (e.g., George et al., 2001; Zuza et al., 2019; Li et al., 2020).
Here we point out that the MT survey in Fig. 10 reveals that the relict
Qilian oceanic lithosphere slab is more or less located below the present-
day surface trace of the suture zones that recorded the early Paleozoic
Qilian oceanic closure event (Chen et al., 2019a). This observation
highlights that the upper crust in the Qilian Shan did not translate
northeastward relative to the lower crust and mantle lithosphere.
Instead, during progressive shortening deformation and crustal thick-
ening, the upper crust remained in more or less the same position with
respect to the entire mantle lithosphere (Fig. 10). This may be inter-
preted to mean that the northern margin of the Tibetan Plateau was
constructed via pure-shearing shortening and thickening (e.g., Simon
et al., 2019; Li et al., 2020), accommodated internally within the fold-
thrust belt by out-of-sequence deformation.

Numerical modeling demonstrates that the Cenozoic diachronous
deformation across the northern Tibet may be controlled by the complex
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pre-collisional history that weakened the lithosphere to focus early
deformation (Bian et al., 2020). Our detrital zircon dataset combined
with other published studies demonstrate that the Qilian Shan consists
of a series of early Paleozoic arcs and major suture zones that resulted
from oceanic subduction and continental collision (Fig. 8). These
orogenic events would have weakened the lithosphere to localize the
strain early during Cenozoic orogeny (Bian et al., 2020). Both the
Cenozoic Qilian Shan thrust belt and left-slip Haiyuan fault in the
northern Tibet geometrically parallel the surface trace of this early
Paleozoic collisional belt and resulting suture zone (Taylor and Yin
et al., 2009; Zuza et al., 2018). Accordingly, we argue that this relict
orogen and suture zone system acted as a mechanical preexisting
weakness across the Qilian Shan that was reactivated by the early
Cenozoic deformation to establish the northern boundary of the Tibetan
Plateau (e.g., Burg et al., 1994; Yin and Harrison, 2000; Zuza et al.,
2018). The large-scale south-dipping early Paleozoic fossil oceanic
subduction slab (Fig. 8; Chen et al., 2019a) may have facilitated a low-
friction basal detachment and/or lithosphere-scale thrust ramp (Zuza
et al., 2019) for Cenozoic thrusting. Analog modeling demonstrates that
low-friction detachment surfaces in evolving thrust belts lead to very
wide thrust systems, with active backthrusts distributed throughout (e.
g., Dahlen et al., 1984; Malavieille, 2010). This may explain why the
Cenozoic Qilian Shan fold-thrust belt is the widest active thrust belt in
the Himalayan-Tibetan Orogen, with active thrusts distributed
throughout rather than focused along the frontal thrust systems, like the
Main Frontal Thrust in the Himalaya. In summary, we suggest that the
pre-Cenozoic tectonic evolution of the Qilian Shan played a decisive role
in controlling the pattern, distribution, and sequence of Cenozoic
deformation across the northern Tibetan Plateau.

6. Conclusions

In this study, we integrated field observations, U-Pb dating of
igneous and detrital zircons, and published datasets to evaluate the pre-
Cenozoic tectonic evolution of the Qilian Shan region in northern Tibet.
Detrital zircon ages reveal five major age populations that are significant
to the history of Qilian Shan: 2550-2350, 1850-1750, 1050-950,
500-435, and 320-240 Ma. The integrated detrital zircon dataset re-
veals three major depositional shifts and/or variations in drainage pat-
terns that affected sediment provenance in the northern Qilian Shan.
Based on observed regional geologic constraints, the timing of local
magmatism, and new geophysical observations of the deep structure we
propose a coherent tectonic model for the origin and pre-Cenozoic
evolution of the northern Qilian Shan. (1) The Tarim Ocean (Paleo-
Qilian Ocean), existing between North China-Tarim craton and Qaidam
terrane in the early Mesoproterozoic, closed in the early Neoproterozoic,
associated with ca. 1.0 Ga magmatism. (2) Late Neoproterozoic to
Cambrian rifting opened the Qilian Ocean. (3) Early Cambrian sub-
duction initiation along the margins of the Qaidam and North China-
Tarim continents resulted in Cambrian-Ordovician bivergent subduc-
tion, arc magmatism, and consumption of the Qilian Ocean. (4) Final
ocean closure and continental collision occurred at ca. 440 Ma and was
associated with syn- and post-orogenic magmatism. (5) Collisional
orogeny variably eroded the basement rocks, reconstructed erosional
drainage networks, and altered sedimentary provenance from the early
Paleozoic sediments to the late Paleozoic deposits. (6) Mesozoic exten-
sion led to the development of thick Jurassic-Cretaceous terrestrial ba-
sins with a pulse of early Cretaceous contractional deformation. The pre-
Cenozoic tectonic history resulted in preexisting weakness and/or low-
friction detachment horizons that played a decisive role in controlling
the pattern, distribution, and timing of Cenozoic deformation across
northern Tibetan Plateau.
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