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Abstract The Paleogene Lulehe Formation marks the onset of deposition in the Qaidam basin and
preserves evidence of the initial topographic growth of northern Tibet. However, limited outcrops impede
understanding of the sedimentary features of the Lulehe Formation as well as the tectonic relationship
between the basin and surrounding topography. To fill this gap, we investigated core samples along the basin
margin and conducted flexural modeling to estimate the topographic load of the Qilian Shan and Eastern
Kunlun Shan during the deposition of the Lulehe Formation. Core samples reveal that the Lulehe
Formation mainly consists of distal fluvial to marginal lacustrine deposits and proximal fluvial deposits
along the southern margin of the basin while characterized by proximal alluvial fan deposits along the
northern margin of the basin. Together with evidence for faulting shown on the seismic profiles, we infer
that simultaneous deformation within the Qilian Shan and Altyn Tagh Shan during the Paleogene resulted
in accumulation of coarse detrital deposits in the northwestern and northeastern Qaidam basin. The
simultaneous deformation within the Altyn Tagh Shan and Qilian Shan since the Paleogene supports the
idea that deformation in these two regions is kinematically linked. One- and two-load beam flexural
modeling indicates that the topographic load generated by both the Eastern Kunlun Shan and the Qilian
Shan is responsible for the subsidence of the Qaidam basin during deposition of the Lulehe Formation. Our
results highlight the initial relative high topography in the northern Tibetan plateau during the

early Cenozoic.

1. Introduction

Continued collision between India and Asia since circa 60-45 Ma has driven the growth and crustal defor-
mation of the Tibetan plateau (e.g., Dupont-Nivet et al., 2010; Garzanti and Van Haver, 1988; Green et al.,
2008; Hu et al., 2015; W. Huang et al., 2015; Hu et al., 2016; Najman et al., 2010; Rowley, 1996). However,
the kinematics and dynamics of the Tibetan plateau remain highly debated (Bird, 1991; Clark, 2012; Clark
et al., 2010; Dewey & Bird, 1970; Duvall et al., 2011; England & Houseman, 1986; Molnar & Tapponnier,
1975; Royden et al., 1997; Tapponnier et al., 2001; Van Hinsbergen et al., 2012; C. Wang et al., 2008;
W. Wang, Zheng, et al., 2017; Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Yin &
Harrison, 2000). The Qaidam basin, situated in the northern Tibetan plateau (Figure 1a), is filled with up
to ~14 km of Cenozoic clastic sedimentary rocks that preserve a complete record of the intraplate response
to the India-Asia collision (Bush et al., 2016; Cheng, Fu, et al., 2016, Cheng, Guo, et al., 2015, Cheng, Jolivet,
et al., 2015; Cheng, Jolivet, et al., 2016; Molnar & Tapponnier, 1975; Meng & Fang, 2008; Meyer et al., 1998;
Xia et al., 2001; Yin et al., 2007; Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zuza et al.,
2016). This internally drained basin is bounded to the northwest by the lithospheric-scale left-lateral
strike-slip Altyn Tagh Fault (ATF) that has accommodated hundreds of kilometers of crustal deformation
in the northern Tibetan plateau (Figure 1a; Cheng, Guo, et al., 2015, Cheng, Jolivet, et al., 2016; Gehrels et al.,
2003; Ritts & Biffi, 2000; Yin, Dang, Zhang, et al., 2008; Yin et al., 2002; Yue & Liou, 1999). Despite recent
vast improvements in the sedimentation and deformation history database for the Qaidam basin (Bush
et al., 2016; Cheng, Fu, et al.,, 2016; Cheng, Guo, et al., 2015, Cheng, Jolivet, et al., 2015; Cheng, Jolivet,
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Figure 1. Geological map of research area and NE-SW oriented seismic profile beneath the Qaidam basin. (a) Sketch map of the Tibetan plateau, showing the major
faults. QS = Qilian Shan; WKS = Western Kunlun Shan; EKS = Eastern Kunlun Shan; FHSTB = Fenghuoshan Thrust Belt. (b) Geological map of the Qaidam basin
and surrounding area. The green stars refer to the Lulehe Fm. sections studied previously (Bush et al., 2016; Cheng, Fu, et al., 2016, Cheng, Jolivet, et al., 2016).
The blue star refers to the Paleogene Lulehe Fm. section studied by W. Wang, Zheng, et al. (2017) and Ji et al. (2017). The green double arrows refer to the average
width (~105 km) of the present-day southern Qilian Shan.

etal., 2016, Cheng et al., 2017; Fang et al., 2007; Lu & Xiong, 2009; Mao et al., 2014; Meng & Fang, 2008; Wu
etal., 2014; Xia et al., 2001; Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhuang et al., 2011),
the evolution of the Paleogene Qaidam basin, and especially its initial topography and that of the
surrounding mountain belts, remains elusive.

There are two critical questions concerning this poorly constrained issue. (1) Was the Eastern Kunlun Shan
already exhumed during the early Cenozoic, causing the separation of the Qaidam basin and the Hoh Xil
basin? And (2) were the ATF system and Qilian Shan Thrust Belt (QSTB) kinematically linked during the
Paleogene after the India-Asia collision?

Comparing the stratigraphic characteristics of the Cenozoic strata of the Qaidam basin with those of the Hoh
Xil basin to the south, Yin, Dang, Zhang, et al. (2008) suggested that they represented a single depression
during the Paleogene, bounded to the north by the Qilian Shan and to the south by the Fenghuo Shan
Thrust Belt (Figure 1a). This hypothesis has motivated reevaluation of the tectonic evolution within the
northern Tibetan plateau (e.g., J.-L. Chen et al., 2018; Cheng et al., 2014; Mao et al., 2014; Shi et al., 2009;
Staisch et al., 2014; C. S. Wang et al., 2011). If correct, this inference demonstrates that there should have
been no, or relatively little, paleo-topography in the Eastern Kunlun Shan during the Paleogene.
Combined with previously reported evidence of early Cenozoic deformation in the Qilian Shan region, this
would indicate out-of-sequence deformation in the northern Tibetan plateau (evolving from the Qilian Shan
to the Eastern Kunlun Shan southward, rather than the progressive northward growth). Such out of
sequence deformation might be attributed to preexisting heterogeneity in mechanical strength in Tibetan
lithosphere at the onset of India-Asian collision (Yin, Dang, Zhang, et al., 2008). However, this idea has been
challenged by recent studies that propose pre-Paleogene exhumation of the Eastern Kunlun Shan based on
the source to sink relationship between the Eastern Kunlun Shan and the Qaidam basin as well as the Hoh
Xil basin (Bush et al., 2016; Cheng, Fu, et al., 2016; Li et al., 2017).

The second question posed above addresses the kinematic link between the ATF and QSTB. Marking the
northern boundary of the Tibetan plateau, the ATF accommodates a significant amount of convergence
between India and Eurasia through left-slip faulting. Ascertaining whether Paleogene deformation along
the ATF is coupled with crustal shortening in the Qilian Shan is important for understanding the

CHENG ET AL.



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Tectonics 10.1029/2018TC005214

kinematics of intraplate deformation associated with India-Asia collision and the dynamics of the Tibetan
plateau growth (e.g., Allen et al., 2017; Meyer et al., 1998; Yin et al., 2002). If the Paleogene deformation
along the ATF is coupled with crustal shortening in the QSTB, we can infer that the large amounts of sinis-
tral displacement along the ATF since the India-Asia collision were largely absorbed by shortening in the
Qilian Shan region. Otherwise, such a large amount of deformation would need to be accommodated
through continued left-lateral strike-slip displacement along the ATF and transferred to the region further
to the east, beyond the Tibetan plateau. By identifying Oligocene slip along the ATF, some researchers
argued that the ATF extended well beyond its current northeastern tip into the Alxa region and further
asserted that the full length of the ATF had already been established prior to initial shortening in the
Qilian Shan (Darby et al., 2005; Yue et al., 2001; Yue et al., 2005). In contrast, others proposed that the
ATF and QSTB are kinematically linked since initial Cenozoic subsidence of the Qaidam basin (e.g.,
Meyer et al., 1998; Xiao et al., 2015; Yin & Harrison, 2000; Yin, Dang, Zhang, et al., 2008; Zuza et al.,
2016). Moreover, as the topographic evolution of the northern Tibetan plateau is assumed to determine
the temporal and spatial evolution of the entire plateau during the Cenozoic (Bush et al., 2016; Clark
et al., 2010; Cheng et al., 2014; Cheng, Fu, et al., 2016; Duvall et al., 2013; Lease et al., 2012; Lease, 2014;
Yin et al., 2007; C. Wang et al., 2008; Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Yuan
et al., 2013; Zhuang et al., 2011), it is of primary importance to document the initial topography and struc-
tural relationship between the Qaidam basin and the surrounding mountain belts.

Flexural modeling provides insight into how topographic loads have varied to define flexural basin geometry
(e.g., DeCelles, 2011; DeCelles & Giles, 1996; Royden & Karner, 1984). One goal of this study is to test two
competing models for the evolution of the northern Tibetan plateau. Specifically, what topographic load
(single Qilian Shan load vs. double loads from both the Qilian Shan and Eastern Kunlun Shan) in the north-
ern Tibetan plateau may have existed in the early Cenozoic to generate the Qaidam basin? We thus analyzed
isopach data of the Paleogene Lulehe Formation (Fm.) to conduct a 2-D flexural modeling experiment to
investigate how the geometry of the early Cenozoic Qaidam basin was affected by loads created by the
Qilian Shan to the north and Eastern Kunlun Shan to the south. In addition, to answer the question of
whether the ATF system and QSTB are kinematically linked during the Paleogene after the India-Asia colli-
sion, we integrated three newly acquired high-quality seismic profiles with drill core samples from the
Qaidam basin to constrain the Cenozoic onset of deformation within the surrounding mountain belts and
to better describe the sedimentary characteristics of the Paleogene Lulehe Fm. within the basin and the
structural pattern along its margins.

2. Geological Setting
2.1. Qaidam Basin

As the largest petroliferous basin within the Tibetan plateau, the triangle-shaped Qaidam basin is bounded
by the Eastern Kunlun Shan to the south, the Altyn Tagh Shan to the northwest, and the Qilian Shan to the
northeast (Figure 1b). Geological survey and petroleum exploration in recent decades indicate that the
Qaidam basin contains >16 km of Mesozoic-Cenozoic clastic sedimentary fill (Cheng, Fu, et al., 2016,
Cheng et al., 2017; Mao et al., 2014; Meng & Fang, 2008; Xia et al., 2001; Y. Y. Wang, Nie, et al., 2010; Wu
et al., 2014; Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008). The Mesozoic deposits are mainly
distributed along the Altyn Tagh Shan and the Qilian Shan (Figure 1b; Cheng et al., 2019; Ritts et al., 1999;
Wu et al., 2011; Zuza et al., 2017), while the Cenozoic deposits occur across the entire basin (Yin, Dang,
Wang, et al., 2008; Mao et al., 2014). Based on outcrop investigation and subsurface data (including seismic
profiles, well logs, and drill cores), the Cenozoic strata within the Qaidam basin are mainly subdivided into
eight lithostratigraphic units (e.g., Rieser et al., 2006; Xia et al., 2001; Yin, Dang, Zhang, et al., 2008). These
units are, from oldest to youngest, (1) the Lulehe Fm., E; . ,l; (2) the Lower Xiaganchaigou Fm., E;'xg; (3)
the Upper Xiaganchaigou Fm., Es’xg; (4) the Shangganchaigou Fm., N;sg; (5) the Xiayoushashan Fm.,
Nzlxy; (6) the Shangyoushashan Fm., szsy; (7) the Shizigou Fm., N,>s; and (8) the Qigequan Fm. (Qq;
Qiu, 2002; Song & Wang, 1993; E. Wang et al., 2006; Yin, Dang, Zhang, et al., 2008). Paleogene growth strata
have been observed in the northwestern and northeastern Qaidam basin, indicating early Cenozoic defor-
mation in the Alytn Tagh Shan and Qilian Shan (Cheng, Guo, et al., 2015; Cheng, Jolivet, et al., 2015;
Cheng, Jolivet, et al., 2016; Yin et al., 2002; this study). Seismic profile interpretation and outcrop geology
reveal that Miocene growth strata are widely developed throughout the basin, which indicates the
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widespread Miocene tectonic deformation within the basin and along the surrounding mountain belts
(Cheng et al., 2014; Cheng, Guo, et al., 2015, Cheng, Fu, et al., 2016, Cheng, Jolivet, et al., 2016; Mao
et al., 2014; Meng & Fang, 2008; L. Wang, Xiao, et al., 2010; Wei et al., 2016; Wu et al., 2014; Yin et al,,
2007, Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhou et al., 2006).

The Lulehe Fm. marks the initiation of the Cenozoic clastic sedimentation in the Qaidam basin. Except for a
few scattered deposits distributed in the southern front of the Altyn Tagh Shan, the Lulehe Fm. mainly out-
crops within the northern Qaidam basin (Figure 1b; Bush et al., 2016; Ji et al., 2017; Z. Sun et al., 2005; W.
Wang, Zheng, et al., 2017; Zhuang et al., 2011). Field investigation shows that the deposits in the northern
Qaidam basin are mainly composed of pebble-cobble conglomerates interbedded with medium- to coarse-
grained sandstones corresponding to alluvial fan to fluvial depositional environment (Bush et al., 2016;
Huo, 1990; Xia et al., 2001; Zhuang et al., 2011). However, the sedimentary characteristics of the Lulehe
Fm. that is deeply buried under the basin needs further documention (Figures 1b and 2). The Lulehe Fm.
is generally considered to be Paleocene to early Eocene in age (~50 Ma) based on magnetostratigraphy study,
spore and pollen assemblages, regional lithostratigraphic correlation, and seismic reflection interpretation
(Ji et al., 2017; Ke et al., 2013; Rieser et al., 2005, 2006; Xia et al., 2001; X. Wang et al., 2007; Yang et al.,
1992; Yin et al., 2007, Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhang, 2006; Zhuang
et al., 2011). However, a recent magnetostratigraphy study of the Lulehe Fm. near the type locality in the
northern Qaidam basin assigns an Oligocene (ca. 30 Ma) depositional age (W. Wang, Zheng, et al., 2017).
Because the chronology of Lulehe Fm. is important for evaluating the intraplate response to the
India-Asia collision and postcollision convergence, this debate highlights the need for further effort to deter-
mine the depositional age of the Lulehe Fm. strata throughout the entire Qaidam basin. Detailed discussion
related to this age issue is given in the section 5.2.

2.2. Eastern Kunlun Shan, Altyn Tagh Shan, and Qilian Shan

The E-W oriented Eastern Kunlun Shan, with an average elevation of ~4.5 km, forms the southern morpho-
logical boundary of the Qaidam basin. The exhumation history the Eastern Kunlun Shan is complex, with an
estimated onset age varying from the late Mesozoic to Miocene (Bush et al., 2016; Clark et al., 2010; X. Chen
et al., 2010; X. Chen et al., 2011; Cheng, Fu, et al., 2016; ; Duvall et al., 2013; Jolivet et al., 2001, 2003; Mock
et al., 1999; F. Wang et al., 2004; F. Wang, Shi, et al., 2017; Yin et al., 2007, Yi et al., 2008; Yin, Dang,
Wang, et al., 2008; Yuan et al., 2006). The basement rocks and sediment cover within the Eastern Kunlun
Shan are cut by the left-lateral strike-slip Kunlun fault that extends from the eastern edge of the Tibetan pla-
teau to the east and terminates to the west with a splay structure including the Qimen Tagh Range (Cheng
et al., 2014; Cheng, Fu, et al., 2016; Fu & Awata, 2007; Jolivet et al., 2003; Kirby et al., 2007; Lin & Guo, 2008).
Cenozoic inception of the Kunlun fault is estimated to be circa 30-15 Ma, and the assessed total sinistral
strike-slip displacement on the fault is circa 100 + 20 km (Duvall et al., 2013; Fu & Awata, 2007; Jolivet et al.,
2003; Kidd & Molnar, 1988; Kirby et al., 2007; Van Der Woerd et al., 2002; Yuan et al., 2006).

The SWW-NEE striking Altyn Tagh Shan, with an average elevation of ~4 km, defines the northwestern
boundary of the Qaidam basin (Figure 1). It has experienced a multistage tectonic and exhumation history,
from Mesozoic-Early Cenozoic to the present (Z. L. Chen et al., 2001; Cheng, Guo, et al., 2015; Delville et al.,
2001; Jolivet et al., 1999; Jolivet et al., 2001; Jolivet et al., 2003; Ritts & Biffi, 2000; Sobel et al., 2001;
Tapponnier et al., 1986; Y. Wang et al., 2005; E. Wang et al., 2006; Wu et al., 2012; Yin et al., 2002; Yue &
Liou, 1999; Zhang et al., 2012). Within the range, the over 1,600-km-long left-lateral strike-slip ATF links
the western Kunlun Shan to the southwest to the Qilian Shan to the northeast (Figure 1a; Burchfiel et al.,
1989; E. Wang, 1997; Xiao et al., 2015; Yin et al., 2002; Yin & Harrison, 2000; Yue & Liou, 1999). The pro-
posed Cenozoic age of initiation of the ATF varies from early Eocene (e.g., Yin et al., 2002) to late Eocene-
early Oligocene (e.g., Z. L. Chen et al., 2001; Meng et al., 2001; Ritts et al., 2004; W. Wang et al., 2016; Yue
et al., 2001) and finally to Miocene (e.g., Wan et al., 2001; Wu et al., 2012), and estimates of the total amount
of displacement vary anywhere from approximately over 500 km to less than 90 km (Y. Chen et al., 2002;
Cheng, Guo, et al., 2015, Cheng, Jolivet, et al., 2016; Darby et al., 2005; Gehrels et al., 2003; Ritts & Biffi,
2000; E. Wang, 1997; Yin et al., 2002; Yin, Dang, Zhang, et al., 2008; Yue & Liou, 1999; Yue et al., 2005).

The NW-SE trending Qilian Shan, with an average elevation of 4 km, marks the northern boundary of the
Qaidam basin and the northeastern edge of the Tibetan plateau (Figure 1). This area contains a series of
NW-SE oriented mountain ranges, namely, the QSTB, consisting of folds, thrusts, and strike-slip faults

CHENG ET AL.



Tectonics 10.1029/2018TC005214

91°E 92°E 93°E 94°E 95°E

\VBya K& Lenghu
387 J Sn4
40] NN T g DR

[<Cengy City
2| mwe1oi wen

@ Isopach of the
Lulehe Formation

O Uplift @ Sag

Xitieshan'
|

0 60 (km)
Thickness(km)
15 1.2 09 06 0.3 0.0
B aaaaaa

Figure 2. Isopach map of the Lulehe Formation and the distribution of the drilling wells used in this study. In recent
years, Qinghai Oilfield, PetroChina, conducted petroleum exploration in the Qaidam basin and obtained abundant

drill core and logging data from hundreds of the wells and abundant seismic data throughout the basin. Based on strati-
graphic correlation, Lulehe Fm. isopach map was obtained and is widely acknowledged by geologists (e.g., Meng & Fang,
2008; Yin, Dang, Zhang, et al., 2008).
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that accommodate considerable horizontal shortening and lateral motion of the crust (Bovet et al., 2009;
Cheng, Jolivet, et al., 2015; Gaudemer et al., 1995; Meyer et al., 1998; Tapponnier et al., 2001; W. Wang
et al.,, 2016; Yin & Harrison, 2000; Yin, Dang, Wang, et al., 2008; Zuza et al., 2016). Seismic profile
interpretation, provenance analysis, and low-temperature thermochronometry, combined with field
investigation, have revealed that crustal shortening and surface uplift began in the southern Qilian Shan
and northern Qaidam basin during the Paleogene (W. Wang, Zheng, et al., 2017; Yin, Dang, Wang, et al.,
2008; Zhuang et al., 2011; Zuza & Yin, 2016; Zuza et al., 2017). Deformation and uplift later propagated
into the northern Qilian Shan and Hexi Corridor (Bovet et al., 2009; Lease, 2014; Meyer et al., 1998; W.
Wang et al., 2016; Yin, Dang, Zhang, et al., 2008; Zheng et al., 2010; Zhuang et al., 2011).

3. Approach and Methods

3.1. Core Data and Seismic Profiles

To document the sedimentary characteristics of the Lulehe Fm., we present subsurface data provided by the
Qinghai Oilfield, PetroChina, and a compilation of published stratigraphic data. Photos showing drill core
samples are presented in Figure S1 in the supporting information. According to the petrological character-
istics (e.g., grain size and mineralogy) and sedimentary structures (e.g., cross-bedding), lithofacies have been
identified in drill cores from 48 wells mainly situated along the margins of the Qaidam basin (Figures 2). To
show the distribution of the lithofacies of Lulehe Fm. in the Qaidam basin during the deposition of Lulehe
Fm., six fence diagrams have been made (Figures S2-S7). In order to further decipher the Paleogene tectonic
pattern, especially the onset of deformation, along the margin of the Qadaim basin, three high-quality
seismic profiles acquired by the Qinghai Oilfield Company, PetroChina, have been provided. These three
seismic reflection lines extend from the front of the surrounding mountain belts toward the center of the
basin and intersect the boundary faults that root into the Eastern Kunlun Shan (section AA’ in Figure 3),
Altyn Tagh Shan (section BB’ in Figure 3), and Qilian Shan (section CC’ in Figure 3), respectively. The loca-
tions of these profiles are shown on Figures 1 and 2.

3.2. Flexural Loading Estimation

Previous studies have revealed that the geometry of a flexural basin is primarily related to the size and shape
of the topographic load and to the parameters that govern the flexural behavior of the foreland lithosphere
(e.g., Price, 1973). The width and depth of the flexural basin can be calculated, provided that the thickness
and size of the topographic load, the density of the basin fill and topographic load, and the elastic properties
of the flexural lithosphere are known (DeCelles, 2011; Jordan, 1981; Royden & Karner, 1984; Saylor et al.,
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Two-way travel time (s)

Figure 3. Original and interpreted seismic profiles. These three seismic reflection lines extend from the front of the surrounding mountain belt toward the center of
the basin and intersect the boundary faults that root into the Eastern Kunlun Shan (section AA’), Altyn Tagh Shan (section BB’), and Qilian Shan (section CC’),
resPectively. Location of these profiles are shown in Figures 1 and 2. Q = Quaternary Qigequan Fm.; N23s = Shizigou Fm.; szsy = Xiayoushashan Fm.;

N, xy = Xiayoushashan Fm.; N;sg = Shangganchaigou Fm.; E32xg = Upper Xiaganchaigou Fm.; E31xg = Lower Xiaganchaigou Fm.; E; ; ! = Lulehe Fm.

2017; Turcotte & Schubert, 2002; Wangen, 2010; Watts et al., 1980). The goal of this study is to understand
whether a single Qilian Shan topographic load can produce the observed flexural profile of the Qaidam basin
obtained by shortening restoration and decompaction in the earliest part of the basin history. To solve this
problem, we define the Qaidam basin as a flexural basin and then conducted flexural modeling to estimate
the required topographic load of the Qilian Shan and Eastern Kunlun Shan to account for the thickness and
distribution of the Lulehe Fm.

In general, if the Eastern Kunlun Shan was not exhumed during the deposition of Lulehe Fm., we would
expect that the Qaidam basin was a flexural basin and the deflection of the Qaidam basement was solely gen-
erated by the topography load of the Qilian Shan. On the other hand, if both the Eastern Kunlun Shan and
the Qilian Shan were exhumed during the deposition of Lulehe Fm., the topographic load of both mountain
ranges would contribute to the deflection of the Qaidam basement. In this study, we first calculated the ori-
ginal shape of the Qaidam basin during the deposition of Lulehe Fm. Given that the preexisting topography
in the Qaidam basin would also affect the restoration estimates, we assume the Qaidam lithosphere was flat
prior to the deposition of the Lulehe Fm. Existing 2-D and 3-D seismic profiles revealed minimal deforma-
tion within the Qaidam basin during the deposition of Lulehe Fm., especially in the interior of the basin (e.g.,
Cheng et al., 2014, Cheng, Fu, et al., 2016; Wei et al., 2016; Yin et al., 2007); we ignore the effects of deforma-
tion on the geometry of the basin. We then conducted one-load beam (only Qilian Shan load) and two-load
beam (both Eastern Kunlun Shan and Qilian Shan loads) flexural modeling, respectively. Finally, we com-
pared the original shape of the basin with the modeled deflection of the basin basement to address the ques-
tion of whether a single Qilian Shan topographic load can produce the observed flexural shape of the
Qaidam basin during the deposition of Lulehe Fm.

3.2.1. Original Shape of the Qaidam Basin

To obtain the original shape of the Qaidam basin during the deposition of Lulehe Fm., we selected a section
DD’ according to the isopach map of Lulehe Fm. strata (Figure 4). The isopach map of the Lulehe Fm. is pro-
vided by the Qinghai Oilfiield Company, PetroChina. Over recent decades, Qinghai Oilfield, PetroChina, has
conducted petroleum exploration in the Qaidam basin and obtained abundant drill core and logging data
from hundreds of wells and abundant seismic data throughout the Qaidam basin. We note that the distribu-
tion of Lulehe Fm. is well-constrained along the margins, while the distribution of Lulehe Fm. in the central
part of the basin is mainly stratigraphic correlation based on the seismic profiles.

Section DD’ shows the present-day distribution of the Lulehe Fm. from the Qilian Shan to the Eastern
Kunlun Shan. We then carried out shortening restoration and decompaction. Given that section DD’ is
approximately the same section provided by Wei et al. (2016), we followed the approach of Wei et al.
(2016) and divided section DD’ into two parts, namely, the southwest part and the northeast part,
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Figure 4. Distribution of the Cenozoic strata within the Qaidam basin. Isopach map of (a) the total Cenozoic stratigraphic
thickness and (b) the Lulehe Fm. (E; 4 ;l). (c) NNE-SSW trending topographic profile DD’ across the Qaidam basin.
(d) Stratigraphic cross section across the Qaidam basin, showing the distribution of the Lulehe Fm. and post-Lulehe Fm.
strata within the Qaidam basin. (e) Palinspastic section DD’ after the shortening restoration and decompaction,
showing the original shape of the Qaidam basin during the deposition of Lulehe Fm. Section DD’ was divided into four
segments, namely, a-b, b-c, c-d, and d-e.

respectively (Figures 4a and 4b). Based on 2-D regional seismic profiles, Yin, Dang, Zhang, et al. (2008)
suggested a roughly 30% Cenozoic upper crustal shortening percent within the Qaidam basin. However,
seismic reflection results provided by Wei et al. (2016) are more up-to-date, and the quality of those
results have been significantly improved by the Qinghai Oilfield, PetroChina. We thus follow the estimated
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shortening strain of Wei et al. (2016) and assumed that the southwest part of section DD’ experienced 15%
post-Lulehe shortening while the northeast part of section DD’ experienced 13% post-Lulehe shortening.
We thus restored the total length of section DD’, which is perpendicular to the Qilian Shan, to determine
the original width of the Qaidam basin. On the other hand, a palinspastically restored section DD’ using
the estimate of shortening strain (30%) of Yin, Dang, Zhang, et al. (2008) is shown in Figure S8 for compar-
ison. The basin depth along section DD’ was restored after conducting decompaction analysis. Given that the
central basin is too deep to drill to the bottom, we are not able to obtain the lithologic information in the
central part of the basin. The content of shale versus sandstone is calculated based on the lithologies encoun-
tered in wells WC1, L90, and P1 (Table 1). Considering the dominant alluvial fan-fluvial deposition in the
Lulehe Fm., we assume the water depth is 0 m in this study. We then decompacted the Lulehe Fm. strata
along section DD’ across the basin, following the methods, porosity values, and porosity-depth coefficient
of Sclater and Christie (1980). We thus obtain the original shape of section DD’ during the deposition of
the Lulehe Fm. (Figure 4e). In order to better compare the original shape of the basin obtained from short-
ening restoration and decompaction with flexural load modeling results, we further divided the original
shape of the section DD’ into four segments, namely, a-b, b-c, c-d, and d-e (Figure 4e). The terminology
“wedge top” and “foredeep” can be generally applied to flexural basins that form adjacent to regions of crus-
tal shortening and thickening regardless of whether the basin is formally defined as a foreland
basin (Figure 5).

3.2.2. One-Load Beam Flexural Modeling

As shown on the isopach map, the Qaidam basin was not a symmetric basin during the deposition of
Lulehe Fm., with its main depocenter close to the Qilian Shan (Figure 4b). Assuming that the single
Qilian Shan topographic load accounts for the deflection of the Qaidam basement during the Lulehe
Fm., segments a-b and b-c should correspond to “wedge top” and “foredeep,” respectively. In addition,
point b should correspond to the deepest of the basin (Figure 5b). We thus conducted one-load beam flex-
ural modeling by assuming that the Eastern Kunlun Shan had not been deformed, and the Qilian Shan
topographic load was solely responsible for the flexural subsidence of the Qaidam basin during the deposi-
tion of the Lulehe Fm. We estimated the flexural load estimate using the method of Turcotte and Schubert
(2002) (localized load) as implemented in the Flexit programs (DeCelles, 2011) to obtain a modeled shape of
the Qadaim basin (along the section DD’) during the deposition of the Lulehe Fm. The input parameters
are effective elastic thickness, mantle density, basin fill density, crustal density, and basin depth, which
are listed in Table 1.

In the one-load beam model we assume that the single Qilian Shan topographic load accounts for the deflec-
tion of the Qaidam basement during the Lulehe Fm. To evaluate the subsidence of the Qaidam basin asso-
ciated with flexural loading during the deposition of the Lulehe Fm. (Turcotte & Schubert, 2002), the
Qaidam lithosphere was modeled as a broken (Figures 6a and 6b) and an infinite (Figures 6¢ and 6d) elastic
plate, respectively, overlying a fluid asthenosphere (p = 3,300 kg/m?). The density of basin deposits varies
between 1,550 to 2,400 km/m> and varies with depth (Allen & Allen, 2013). We take the basin load into con-
sideration and assume the average density of basin fill is 2,000 kg/m>. Given that the deepest part of a flex-
ural basin corresponds to the edge of the topographic load, we thus apply the topographic load at point b
(Figure 6) and define the depth of the basin to be 2.4 km. In order to show the variation in shape of the basin
in response to effective elastic thickness, we calculated solutions for multiple values of effective elastic
thickness (Figure 6).

3.2.3. Two-Load Beam Flexural Modeling

If the single Qilian Shan load is insufficient to account for the deflection of the Qaidam basement, then we
assume that the Eastern Kunlun Shan was shortened and thickened, and both topographic loads account for
the deflection of the Qaidam basin (Figure 5c). Segments a-b and b-c should correspond to the “wedge top”
and “foredeep” of Qilian Shan load, respectively. Segments d-e and c-d should correspond to the “wedge top”
and “foredeep” of Eastern Kunlun Shan load, respectively. Meanwhile, the Qilian Shan load would affect the
deflection of parts c-d and d-e while the Eastern Kunlun Shan load would affect the deflection of parts a-b
and b-c. Segment b-d along the section DD’ represent the original shape of the Qaidam basin during the
deposition of Lulehe Fm. We then conducted a two-load beam flexural modeling that assumes that both
the Eastern Kunlun Shan and the Qilian Shan were deforming during the deposition of the Lulehe Fm.
This two-load beam flexural model follows the method of Wangen (2010). We finally compared this two-
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Two load-beam flexural modeling

Table 1 (continued)

30

Effective elastic
thickness (km)

24%10°

Crust density
(kg/m3)

20x%10°

Basin fill density
(kg/m>) 33 % 10° (kg/m>)

Mantle density

9.8

Gravity (m/ sz)

Example 4

Example 2 Example 3

Example 1

Best fit example

Qilian Eastern
Kunlun Shan

Eastern
Kunlun Shan

Eastern
Kunlun Shan

Eastern
Kunlun Shan

Eastern Qilian

Kunlun Shan

Qilian

Shan

Qilian Shan

Qilian Shan

Shan

Shan

Topographic load

130

150
2.5

230
0.8

150
2.5

180
1.2

100
3.0

180

150 180 200

2.5

Width (km)

1.7

1.2

2.0

1.2

Height (km)

251

251 301

276 301

Distance between center
point of Qilian Shan and

Eastern Kunlun Shan (km)

load-beam flexural modeling result with the original shape of the Qaidam basin to
evaluate whether both loads are required to obtain the subsidence profile of the
Qaidam basin.

To further evaluate the tectonic setting of the Qaidam basin, we run a two-load beam
model by assuming that both the Eastern Kunlun Shan and the Qilian Shan deforma-
tion were responsible for the flexural subsidence of the Qaidam basin during deposi-
tion of the Lulehe Fm. Considering that the effective elastic thickness of the Qaidam
lithosphere along the section DD’ is around 30 km based on a synthesis of flexural
parameter estimates over the Tibetan plateau (Braitenberg et al., 2003), we define
the effective elastic thickness of the Qaidam lithosphere to be 30 km. To see how
the effective elastic thickness of the Qaidam lithosphere would influence the deflec-
tion of the Qaidam basement, we also show two scenarios by defining the elastic
thickness of the Qaidam lithosphere to be 20 and 40 km, respectively (Figure S9).
In addition to the effective elastic thickness, four parameters further determine the
modeled deflection of the Qaidam basement, namely, the height of Qilian Shan and
Eastern Kunlun Shan, as well as the width of the Qilian Shan and Eastern Kunlun
Shan. Previous studies have revealed that surface uplift began in the southern
Qilian Shan and northern Qaidam basin during the Paleogene (W. Wang, Zheng,
et al., 2017; Yin, Dang, Wang, et al., 2008; Zhuang et al., 2011; Zuza & Yin, 2016).
Using Google Earth software, we measured the average width of the present-day
southern Qilian Shan to be ~105 km (Figure 1b). Based on previous crustal shortening
estimates in the Qilian Shan (Craddock et al., 2014; Gaudemer et al., 1995; Lease
et al., 2012; Meyer et al., 1998; Wei et al.,, 2016; Yin, Dang, Wang, et al., 2008; Zuza
et al., 2016; Zuza et al., 2017), we assigned a ~30% post-Lulehe Fm. crustal shortening
in the southern Qilian Shan and thus assumed that the average width of the southern
Qilian Shan during the deposition of Lulehe Fm. was ~150 km. As we do not know
the height of the Qilian Shan and the Eastern Kunlun Shan, or the width of the
Eastern Kunlun Shan, we thus tested different combinations of these parameters to
determine a modeled deflection that can best fit the original shape of the Qaidam
basin obtained from the shortening restoration and decompaction (segment b-d in
section DD’).

We point out that the Altyn Tagh Shan load to the northwest could have an influence
on the deflection of the Qaidam basement. The present-day topographic distribution of
the Altyn Tagh Shan is quite small compared with the distribution of the Eastern
Kunlun Shan and Qilian Shan, although previous thermochronology studies suggest
rapid exhumation of the basement rocks in the Altyn Tagh Shan during the Miocene
(e.g., Jolivet et al., 1999, 2001). Given the limited distribution of the modern topo-
graphic load and the dominantly strike-slip displacement along the ATF, we consider
the contribution of the Altyn Tagh Shan load to have been limited compared to the
Eastern Kunlun Shan to the south and the Qilian Shan to the northeast during the
deposition of Lulehe Fm.

We also note that the topographic profile of a mountain range is generally triangle
shaped and using a distributed load may better describe the variation of the deflec-
tion in response to the load distribution. However, limited study of the timing and
patterns of deformation of the Eastern Kunlun Shan and Qilian Shan during the
deposition of the Lulehe Fm. precludes modeling the distributed load of the moun-
tain ranges. We therefore choose a simplified approach in this study that assumes
two rectangular loads to understand the general scale (i.e., relief and width) of the
Eastern Kunlun Shan and Qilian Shan required to account for the shape of the
deflection during the deposition of the Lulehe Fm. This simple model includes
the following variables: the average height and width of Qilian Shan and Eastern
Kunlun Shan loads, effective elastic thickness of Qaidam lithosphere, mantle density,
basin fill density, crustal density, and the distance between the Eastern Kunlun Shan
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Figure 5. (a) Schematic cross section depicting a typical flexural basin system, with the wedge-top, foredeep, forebulge,
and back-bulge depozones, modified from DeCelles and Giles (1996). (b) One-load beam model, assuming that the sin-
gle Qilian Shan topographic load accounts for the deflection of the Qaidam basement. In this case, the segment a-b should
correspond to the “wedge top,” and segment b-c correspond to the “foredeep.” (c) Two-load beam model, assuming
that both the Qilian Shan and Eastern Kunlun Shan topographic loads are responsible for the subsidence of the Qaidam
basin. In this case, segments a-b and b-c should correspond to the wedge top and foredeep of Qilian Shan load. Segments
d-e and c-d should correspond to the wedge top and foredeep of Eastern Kunlun Shan load. The green area in (b) and
(c) represents the original distribution of the Lulehe Fm. along the section DD’ after crustal shortening restoration and
decompaction.

and the Qilian Shan. All of the parameters related to the flexural loading estimate, as well as the results,
are listed in Table 1.

4. Results
4.1. Stratigraphy and Sedimentary Characteristics of the Lulehe Formation

Based on the 48 drill cores investigated in this study (Figures 2 and 3) and well-log data provided by the
Qinghai Oilfield, PetroChina, three well correlations (fence diagrams) trending approximately parallel to
the Eastern Kunlun Shan, Altyn Tagh Shan, and Qilian Shan, respectively, were established (Figures S2,
S4, and S6). In addition, six well correlations (fence diagrams) running from the front of each mountain
range to the center of the basin were built (Figures S3, S5, and S7).

4.1.1. SW Qaidam Basin (Northern Front of the Eastern Kunlun Shan)

Four drill cores from the westernmost part of the well correlation (wells S3, H41, Y127, and LC1) trending
roughly parallel to the Eastern Kunlun Shan did not penetrate the entire Lulehe Fm. strata, and the observed
successions in those wells are around 300-500 m thick (Figure S2). The lower part of the observed succes-
sions is mainly composed of reddish pebble-cobble conglomerate, fine-grained sandstone, and mudstone,
while the middle and upper parts of the sequence are dominated by thick-bedded light brownish mudstone
and sandy mudstone intercalated with mudstone and sandstone (Figure S2). In addition, the middle and
upper parts of Lulehe Fm. in this region are marked by high natural gamma ray values indicative of a high
shale content (Mu, 2002). Moreover, varve deposits and interbedded, thinly bedded marlstone are widely dis-
tributed (Mu, 2002; G. Sun, 2005). In the middle segment of the well correlation (wells D5, Q27, D2, D7, D5,
and D12), drill cores generally penetrate the Lulehe Fm. strata and reach to the crystalline basement
(Figures 3b and S2). The U-Pb zircon dating, whole-rock geochemistry, and Sr-Nd isotopic analyses of the
core samples suggest that those basement rocks are mainly composed of Early Paleozoic and Late
Paleozoic to Mesozoic granitic rocks that are fairly compatible with the coeval granitic rocks (similarities
in the age and composition) found in the Eastern Kunlun Shan (Cheng et al., 2017). The Lulehe Fm. deposits
observed in wells D5 and Q27 mainly consist of thickly bedded grayish and brownish mudstone, intercalated
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Figure 6. One-load beam flexural modeling results, assuming that the single Qilian Shan load accounted for the deflection
of the Qaidam basement during the deposition of Lulehe Fm. (a) Flexural profile developed in response to a line load on
a broken plate, with the effective elastic thickness of Qaidam lithosphere of 60, 40, 20, and 15 km, respectively. The
modeled basin width is ~225.0, ~166.1, ~98.9, and ~79.6 km, respectively. (b) Flexural profile developed in response to a
line load on a broken plate, with the effective elastic thickness of Qaidam lithosphere of 12 and 10 km, respectively.
The modeled basin width is ~67.4 and ~58.7 km, respectively. (c) Flexural profile developed in response to a line load on an
infinite plate, with the effective elastic thickness of Qaidam lithosphere of 60, 40, 20, 15, and 10 km, respectively. The
modeled basin width is ~337.5, ~249.1, ~148.2, ~119.4, and ~88.1 km, respectively. (d) Flexural profile developed in
response to a line load on an infinite plate, with effective elastic thickness of Qaidam lithosphere of 7, 6, and 5 km,
respectively. The modeled basin width is ~67.4, ~60.0, and ~52.4 km, respectively. Note that the topographic load induced
by the Qilian Shan alone fails to produce a sufficient deflection of the Qaidam basement during the deposition of the
Lulehe Fm. regardless of the broken or infinite plate model and the effective elastic thickness assumed for the Qaidam
lithosphere.

with thinly bedded sandstone (Figure S2). Carbonate-rich varves occurred in the middle and upper part of
the cores (Ma & Wang, 2015).

To the east (wells D2, D7, D3, and D12), the lower and upper part of Lulehe Fm. is composed of a 10- to 100-
m thickly reddish conglomerate and pebbly sandstone (Figures S1c, S1d, and S2). In this region, sandstones
and conglomerates are structureless to cross-bedded and sometimes show scoured basal surfaces (Fu et al.,
2012; Gong et al., 2012; Ma & Wang, 2015; Mo et al., 2013; Zhang et al., 2013). In contrast, the whole deposits
above mainly consist of thickly bedded reddish-brownish carbonate-rich varved mudstone and fine-grained
sandstone (Figures Sle, S1f, and S2; Ma & Wang, 2015). Further to the east, the drill cores again failed to
reach the bottom of the Lulehe Fm. The observed succession (~400-m thick) is dominated by thick bedded
fine-grain sandstone and sandy mudstone intercalated with thinly bedded sandstone (Figure S2; Fu et al.,
2012; Gong et al., 2012; G. Sun, 2005; Zhang et al., 2013).

The two drill core correlations approximately perpendicular to the Eastern Kunlun Shan show that the
Lulehe Fm. exhibits a thickness change toward the basin (Figure S3). As shown in wells Q163, Q602,
Q402, and Q6, the lower part of the Lulehe Fm. deposited along the southern front of the Eastern Kunlun
Shan is mainly composed of reddish pebble-cobble conglomerate while the middle and upper parts of the for-
mation consist of mudstone, sandy mudstone, pebbly sandstone, and occasionally conglomerate (Figures S1g
and S3; Fu et al., 2012; Gong et al., 2012; Zhang et al., 2013). Further toward the basin (wells D5 and LC1), the
Lulehe Fm. is composed of thickly bedded grayish carbonate-rich varved mudstone (Figure S3; G. Sun, 2005).

We interpret that the Lulehe Fm. in the southwestern Qaidam basin is mainly characterized by proximal flu-
vial deposits with additional distal fluvial to marginal lacustrine deposits. Considering this gradual
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lithofacies basinward transition (Figure S3), we infer a lake environment in the middle of the Qaidam basin
during the deposition of Lulehe Fm. whereas the exact extent of the lake needs further investigation.
4.1.2. NW Qaidam Basin (Southern Front of the Altyn Tagh Shan)

Except for wells DP103 and EI2, the drill cores in the correlation profile parallel to the Altyn Tagh Shan
failed to penetrate the entire Lulehe Fm. In the westernmost segment (well QX1), the observed Lulehe
Fm. (600-1,000 m thick) is mainly composed of boulder to cobble sized conglomerate and pebbly sandstone
intercalated with mudstone (Figure S4). In this region, these clasts are coarse grained, angular subrounded,
poorly sorted, and clast supported with few mud matrix (G. Sun, 2005). In well C3, the sediments are mainly
composted of reddish mudstone interbedded with reddish sandstone (Fu et al., 2012). Further east, in well J7
the sediments mainly consist of thick bedded grayish mudstone intercalated with thinly bedded sandstone
and conglomerate, while the observed succession in the well J3 is composed of thickly bedded mudstone
and marlstone interbedded with thinly bedded sandstone and conglomerate (Figure S4; G. Sun, 2005). In
the central segment of the drill core correlation, the observed succession (>1,000 m thick) in well Y3 is domi-
nated by thickly bedded pebbly sandstone and boulder to cobble sized conglomerate intercalated with thinly
bedded mudstone (Figure S4; Fu et al., 2012). Clast-supported conglomerates are poorly sorted, and
coarsening-upward cycles are present (Cao et al., 2013; G. Sun, 2005). In well DP103 (with ~800-m-thick
deposits), the lower part of the observed succession is mainly composed of sandstone and sandy mudstone
intercalated with boulder to cobble-sized conglomerate and pebbly sandstone (Figure S1h). Normally,
graded bedding, cross-bedding, and scoured basal bedding surfaces are observed in this region (Figures 3h
and S4; Cao et al., 2013; Fu et al., 2012; J. Huang et al., 2013). These deposits transition upward to thickly
bedded mudstone intercalated with mudstone.

Further to the east, the observed succession (over 500 m thick) in well NC1 generally consists of thickly
bedded varved mudstone intercalated with conglomerate, pebbly sandstone, and sandstone (Cao et al.,
2013; Jiang et al., 2010). In the easternmost segment of the correlation (wells E12 and K2), the Lulehe
Fm. (as thick as 1,500 m) is dominated by pebbly sandstone and clast-supported boulder to cobble-sized con-
glomerate intercalated with mudstone near the bottom (Figures 3i and S4; Cao et al., 2013; Fu et al., 2012; J.
Huang et al., 2013). It transitions upward to thickly bedded grayish mudstone intercalated with sandstone
(Figure S4; Cao et al., 2013; J. Huang et al., 2013).

In the two drill core correlations nearly perpendicular to the Altyn Tagh Shan (Figure S5), the Lulehe Fm.
(wells QX1, N4, N3, N2, and N1) mainly consists of structureless coarse-grained, angular-subrounded,
clast-supported conglomerate (Cao et al., 2013; J. Huang et al., 2013; Mu, 2002; G. Sun, 2005). Further basin-
ward, the Lulehe Fm. (wells S15, N10, and E12) is marked by thickly bedded mudstone and sandy mudstone
(Figure S1j; Cao et al., 2013; J. Huang et al., 2013; Mu, 2002; G. Sun, 2005).

Based on the core samples from several drill wells adjacent to Well DP103, J. Wang et al. (2013) also revealed
that the Lulehe Fm. in this region mainly consists of boulder- to cobble-sized clast-supported conglomerates,
indicative of a proximal alluvial fan deposits. The Lulehe Fm. in the northwestern Qaidam basin can thus be
broadly characterized as dominated by boulder- to cobble-sized clast-supported conglomerate and pebbly
sandstone, intercalated with mudstone and sandy mudstone, corresponding to the proximal alluvial fan
deposits. The lack of matrix-supported boulder and cobble conglomerates points to a lack of debris flow
deposition, instead reflecting fluvial-dominated alluvial fan deposition.

4.1.3. NE Qaidam Basin (Southern Front of the Qilian Shan)

Except for drill cores K1, DT1, B1, and YQI, the cores in the transect parallel to the Qilian Shan penetrate the
entire Lulehe Fm. and reach to the underlying Mesozoic strata or the granite basement (Figure S6; Cheng
et al., 2017). In the western segment of the correlation (wells K1, L95, S88, P1, and DT1), the observed
Lulehe Fm. is around 400 to 1,300 m thick (Figure S6; Fu et al., 2012). The lower part is dominated by
boulder- to cobble-sized conglomerate and pebbly sandstone intercalated with sandy mudstone (Figure
S6). These clasts are coarse grained, angular subrounded, poorly sorted, and clast supported with minor
mud matrix, and normally, graded bedding, cross-bedding, and scoured surface are observed in this region
(Figures S1k, S11, and S6; Cao et al., 2013; J. Huang et al., 2013; Jiang et al., 2010; G. Sun et al., 2016). The
upper part of the succession is mainly composed of mudstone intercalated with fine-grained sandstone
and mudstone. Cross-bedding, bioturbation, and mud cracks occurred sporadically (Figure S6; Cao et al.,
2013; Fu et al., 2012; Jiang et al., 2010; G. Sun et al., 2016). In the eastern segment (wells XD1, B1, YQ1,
and HCD1), the Lulehe Fm. is only ~200 to 400 m thick and again mainly consists of boulder- to pebble-
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sized conglomerate, pebbly sandstone intercalated with sandy mudstone. Conglomerates are clast sup-
ported. Coarse-grained, angular-subrounded, and poorly sorted clasts, cross-bedding, scoured surfaces are
observed in this region (Figure S6; Fu et al., 2012; Jiang et al., 2010; H. Wang et al., 2014; Yang et al., 2013).

On the two drill core correlations approximately perpendicular to the Qilian Shan (Figure S7), the Lulehe
Fm. along the southern flank of the Qilian Shan (wells P1, S88, XD1, and M10) mainly consists of structure-
less coarse-grained, angular-subrounded, and clast-supported conglomerate (Figure S1l; Fu et al., 2012;
Jiang et al., 2010; G. Sun et al., 2016; H. Wang et al., 2014; Yang et al., 2013). Further basinward, the
Lulehe Fm. (wells L90 and X12) is marked by thickly bedded mudstone and sandy mudstone associated with
a delta—lacustrine depositional environment (Fu et al., 2012).

Based on the core samples from several drill wells close to Well M10, Yang et al. (2013) also revealed that the
Lulehe Fm. in this region mainly consist of boulder- to cobble-sized clast-supported conglomerates, indica-
tive of a proximal alluvial fan deposits. In summary, based on the information we obtained from the
observed drill core samples and previously published studies in this region, the Lulehe Fm. in the northeast-
ern Qaidam basin is dominated by boulder- to pebble-sized clast-supported conglomerate and pebbly sand-
stone intercalated with mudstone and sandy mudstone, corresponding to the proximal alluvial fan deposits.

In general, the Lulehe Fm. deposited along the southern front of the Eastern Kunlun Shan (SW Qaidam
basin) is mainly characterized by a mixture of proximal fluvial and distal fluvial to marginal lacustrine
deposits (e.g. Fu et al., 2012; Gong et al., 2012; Ma & Wang, 2015; Mo et al., 2013; Mu, 2002; G. Sun, 2005;
Zhang et al., 2013). On the other hand, along the southern flank of the Altyn Tagh Shan (NW Qaidam basin)
and Qilian Shan (NE Qaidam basin), the Lulehe Fm. is characterized by proximal alluvial fan deposits (e.g.,
Cao et al., 2013; Fu et al., 2012; J. Huang et al., 2013; Jiang et al., 2010; Z. Sun et al., 2005; G. Sun et al., 2016;
H. Wang et al., 2014; Yang et al., 2013). Dominant boulder- to pebble-sized conglomerate throughout the
entire formation in both NW Qaidam basin and NE Qaidam basin indicates sedimentation by high-gradient
depositional systems. Recent integrated research on the sedimentology, stratigraphy, and provenance of
Qaidam basin fill has revealed that the basement of the Eastern Kunlun Shan, Altyn Tagh Shan, and
Qilian Shan had already been exposed prior to the Paleogene, providing materials for the Qaidam basin
(Cheng, Fu, et al.,, 2016, Cheng, Jolivet, et al., 2016; Yin, Dang, Zhang, et al., 2008; Zhuang et al., 2011;
Zuza et al., 2016). Based on basinward lithofacies transitions, from proximal alluvial fan to fluvial deposits
along the margins of the basin to distal fluvial to marginal lacustrine deposits basinward, as well as recent
provenance analysis, we thus interpret that Qilian Shan, Altyn Tagh Shan, and Eastern Kunlun Shan had
been exhumed by this time, serving as the sources of sediment to the Qaidam basin. In addition, the major
topographic relief in the Eastern Kunlun Shan during deposition of Lulehe Fm. was located further south
than its present-day location. Our analysis of sediment core samples generally displays gradual lithofacies
basinward transitions, from proximal alluvial fan to fluvial deposits along the margins of the basin to distal
fluvial to marginal lacustrine deposits basinward (Figures S3, S5, and S7).

4.2. Seismic Reflection Profile

4.2.1. Seismic Section AA’

The seismic section AA’ runs from the northern front of the Eastern Kunlun Shan toward the central of wes-
tern Qaidam basin, intersecting the Kunbei fault and the XIII fault (Figures 1 and 2). In this section, the
Kunbei fault is a south-dipping high-angle thrust fault, rooted in the Eastern Kunlun Shan (Figure 3;
Cheng et al., 2014). On both sides of the Kunbei fault, Mesozoic strata are lacking and Cenozoic deposits
(including the Paleogene Lulehe Fm.) are identified. However, the thickness of the early Cenozoic deposits
varies across the Kunbei fault showing obvious stratigraphic throw (Figure 3). Based on detailed isopach
analyses and seismic profile interpretation, a previous study revealed that the sharp thickness variation of
the Lulehe Fm. (E; , ,l), lower Xiaganchaigou Fm. (BEs' x g), and upper Xiaganchaigou Fm. (Es* x g), from
both sides of the Kunbei and XTII faults, resulted from lateral strike-slip movement on those faults during the
Neogene (Cheng et al., 2014). Growth strata initiating in the hanging wall of the Kunbei and XIII faults dur-
ing deposition of the Xiayoushashan Fm. (N,' x y) date the onset of deformation in the southwestern
Qaidam basin (Figure 3). We thus propose that the faulting along the Kunbei and XIII faults might have
accommodated uplift in the Eastern Kunlun Shan since the early Miocene (Clark et al., 2010; Duvall
et al., 2013; Song & Wang, 1993; Yin et al., 2007; L. Wang, Xiao, et al., 2010) or since the middle Miocene
using the chronology of W. Wang, Zheng, et al. [2017].
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4.2.2. Seismic Section BB’

The seismic section BB’ situated in the northwestern Qaidam basin, trends perpendicular to the Altyn Tagh
Shan (Figures 1 and 2). On this section, several northwest dipping reverse faults (including faults F1, F2, and
F3), rooting into the Altyn Tagh Shan, are identified (Figure 3). These basement-involved thrust faults offset
the Mesozoic strata and die out in the Paleogene strata (Lulehe Fm.). In the hanging wall of fault F3 (that
roots into the Altyn Tagh Shan) the Lulehe Fm. is characterized by relatively thin proximal alluvial fan
deposits, while in the footwall of fault F3 they are represented by much thicker proximal alluvial fan deposits
at the base, evolving upward to distal fluvial deposits (Figures 3 and S5). In addition, in the footwall of
fault F3, generally northwestward-tapering growth strata within the Lulehe Fm. are developed, likely asso-
ciated with Paleogene deformation within the Altyn Tagh Shan (Figure 3). We conclude that fault F3
initiated during the deposition of the Lulehe Fm., suggesting a Paleogene onset of deformation within the
Altyn Tagh Shan.

4.2.3. Seismic Section CC’

Seismic section CC’ is located in the northeastern Qaidam basin and trends from the southern Qilian Shan
toward the central Qaidam basin (Figures 1 and 2). Two reverse faults (the Pingnan and Sainan faults), root-
ing into the Qilian Shan, are observed. The thickness of both the Mesozoic to early Cenozoic deposits varies
across these faults showing obvious stratigraphic throw (Figure 3). The thickness changes in both the
Mesozoic and early Cenozoic, as well as the southwestward-tapering growth strata within the Paleogene
deposits, indicate deformation within the Qilian Shan in both the Mesozoic and the Paleogene (Figure 3),
although the age gap between Mesozoic and Cenozoic deposits is uncertain. The F1 fault offsets the
Mesozoic strata and dies out within the Paleogene strata (Lulehe Fm.), again suggesting that deformation
in the northern Qaidam basin initiated in the Paleogene. This is consistent with the previous subsurface
and outcrop constraints (Bush et al., 2016; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008;
Zhuang et al., 2011].

From the data above, we conclude that the rapid uplift of the Eastern Kunlun Shan began in the early or mid-
dle Miocene (X. Chen et al., 2010; X. Chen et al., 2011), whereas the onset of tectonic deformation within
both the Altyn Tagh Shan and the Qilian Shan began in the Paleogene, either ~50 Ma according to the pre-
vious chronological estimate (Ji et al., 2017; Ke et al., 2013; Rieser et al., 2005, 2006; Xia et al., 2001; Yang
et al., 1992; Yin et al.,, 2007, Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhang, 2006) or
~30 Ma using the chronology of W. Wang, Zheng, et al. [2017].

4.3. Flexural Loading Estimate

4.3.1. The Original Shape of the Basin After Shortening Restoration and Decompaction

Using the method described in the section 3.2, we obtained the original shape of section DD’ (Figure 4e)
during the deposition of Lulehe Fm. The horizontal length of the original section DD’ is ~273 km. The
horizontal length of segments b-c and c-d is ~64.2 and ~47.1 km, respectively. The depth of points b, c,
and d is ~2.4, ~1.1, and ~1.4 km, respectively. See detailed results in Tables 1 and S1. As the water depth
of the Qaidam basin during the deposition of the Lulehe Fm. is difficult to estimate, the obtained depth is
considered the minimum depth.

4.3.2. Modeled Shape of the Basin Based on One-Load Beam Flexural Modeling

With regard to a broken plate model, the modeled basin width is ~225.0, ~166.1, ~98.8, and ~79.6 km when
assigning a 60-, 40-, 20-, and 15-km effective elastic thickness to the Qaidam lithosphere, respectively
(Figure 6a). The modeled basin width is much larger than the original shape of the basin after the
shortening restoration and decompaction (represented by the horizontal width of segment b-c, 64.2 km).
When assigning 12- and 10-km effective elastic thickness to the Qaidam lithosphere (Figure 6b), the
modeled basin width is ~58.7 and ~67.4 km, respectively, which better fits the horizontal width of segment
b-c (64.2 km).

For an infinite plate model, the modeled basin width is ~337.5, ~249.1, ~148.2, ~119.4, and ~88.1 km when
assigning 60-, 40-, 20-, 15-, and 10-km effective elastic thickness to the Qaidam lithosphere, respectively
(Figure 6¢). The modeled basin shape is much wider than the original shape of the basin after shortening
restoration and decompaction (represented by the horizontal width of segment b-c, 64.2 km). When assign-
ing 7, 6, and 5 km to the Qaidam lithosphere (Figure 6d), the modeled basin width is ~67.4, ~60.0, and
~52.4 km, respectively, which better match with the horizontal length of segment b-c (64.2 km).
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Our estimates show that the curvature of the calculated deflection is very sensitive to plate flexural rigidity
(effective elastic thickness). An increase in the effective elastic thickness results in a decrease in the flexural
curvature, which leads to a shallower and much wider basin. In contrast, the decrease in the effective elas-
tic thickness tends to increase flexural curvature and localizes the deflection close to the topographically
high part of the Qilian Shan (Figure 6). When assigning a relatively thin effective elastic thickness (12 to
5 km) to the Qaidam lithosphere, the modeled basin width can be better matched with the original width
of the basin (Figures 6b and 6c). However, based on a synthesis of flexure parameters estimates over the
Tibetan plateau by Braitenberg et al. (2003), the effective elastic thickness of the Qaidam lithosphere along
the section DD’ is not less than 30 km. Therefore, through the modeled basin width can be better matched
with the original width of the basin, the assumption of a 5- to 12-km effective elastic thickness
is problematic.

More importantly, the original shape of the Qaidam basin shows subsidence at the location of point d
(1.4-km depth, horizontal width of segment b-d is 111.3 km). Our estimate reveals that one-load beam flex-
ural modeling is not able to generate such a subsidence profile. We thus infer that the topographic load
induced by the Qilian Shan alone fails to produce observed deflection of the Qaidam basement during the
deposition of the Lulehe Fm. regardless of the broken or infinite plate model, the effective elastic thickness
assumed for the Qaidam lithosphere, and other parameters.

4.3.3. Modeled Shape of the Basin Based on Two-Load Beam Flexural Modeling

Our estimate shows that when defining the width of the Qilian Shan and the Eastern Kunlun Shan to be
150 and 180 km, respectively, and the height of the Qilian Shan and the Eastern Kunlun Shan to be 2.5
and 1.2 km, respectively, the modeled deflection of the Qaidam basement provides the best fit to the ori-
ginal shape of the Qaidam basin obtained from shortening restoration and decompaction (Figures 7a and
7b). Different combinations of these parameters cannot improve the fit. In order to match with the
restored shape of the basin during the deposition of Lulehe Fm., we systematically changed the height
and width of the Qilian Shan load, while holding the height and width of Eastern Kunlun Shan load con-
stant. On the other hand, we also changed the height and width of the Eastern Kunlun Shan load, while
holding the height and width of Qilian Shan load constant in order to match with the restored shape of
the basin during the deposition of Lulehe Fm. For instance, when increasing the width (e.g., 200 km) and
decreasing the height (e.g., 2.0 km) of the Qilian Shan, the basement deflection is shallower (Figures 7c
and 7d). When decreasing the width (e.g., 100 km) and increasing the height (e.g., 3.0 km) of the Qilian
Shan, the basement deflection is too deep (Figures 7e and 7f). On the other hand, when increasing the
width (e.g., 230 km) and decreasing the height (e.g., 0.8 km) of the Eastern Kunlun Shan, the basement
deflection is shallower (Figures 7g and 7h), while decreasing the width (e.g., 130 km) and increasing the
height (e.g., 1.7 km) of the Eastern Kunlun Shan results in a much deeper deflection curve (Figures 7i
and 7j). Likewise, changing other parameters (e.g., flexural rigidity of the basement; Figure S9) also can-
not improve the fit between the flexural loading models and estimates obtained from shortening restora-
tion and decompaction.

We note that the original width of the basin changes depending on the applied Cenozoic shortening magni-
tude. For example, taking the 30% post-Lulehe shortening strain value of Yin, Dang, Zhang, et al. (2008)
(Figure S8), the horizontal length of the original section DD’ would be >330 km, much longer than the
restored length using the estimate of shortening strain (~15%) by Wei et al. (2016) (Figure S7). However, even
if we apply different shortening strains, the subsidence of the basin at point d would always exist, and the
original shape of the basin after shortening restoration and decompaction could not be model by one-beam
flexural modeling. We thus conclude that difference shortening strains would not change our inference of
single Qilian Shan load fails to produce observed deflection of the Qaidam basement during the deposition
of the Lulehe Fm.

In summary, the one-load beam flexural modeling reveals that the topographic load induced by the
Qilian Shan alone cannot produce a sufficient load to cause the observed deflection of the Qaidam base-
ment during the deposition of the Lulehe Fm. One the other hand, the two-load beam flexural estimate
shows that under certain conditions (above-mentioned scale of the Qilian Shan and Eastern Kunlun
Shan loads), the combined Eastern Kunlun Shan and the Qilian Shan topographic loads can jointly pro-
duce sufficient load to cause the observed deflection of the Qaidam basement during the deposition of
the Lulehe Fm.

CHENG ET AL.

16



~1
AGU

100 Tectonics 10.1029/2018TC005214

ADVANCING EARTH
'AND SPACE SCiENCE

. 150 km . 150 km
25km QS Qaidam basin b 25km QS Qaidam basin 180 km
100 150 11.2km EKS 100 150 f1.2km EKS

‘E 0 Modeled deflection by both Qilian and Eastern Kunlun Shan X (km) EO Modeled deflection X (km)

2! ¢ 2 by the Qilian Sh

£2 b AN d £2

%3 Palinspastic shape of the section DD’ %3 L

after restoration and decompaction

@ “4 P [b] O4

200 km 200 km

Qaidam basin 180 km Qaidam basin 180 km

HZ'O m & o0 150 20d}12km _EKS B0lm @ 150 200[[12km _EKS

’E‘o Modeled deflection by both Qilian and Eastern Kunlun Shan X (km) ’E‘U Modeled deflection X (km)

21 = 11by the Qilian Sha

£2 ° d z2 \

%3 b \Pa\mspashc shape of the section DD’ ‘53

[=] after restoration and decompaction a
4 6] 4

100 km 100 km
3.0km QS |Qaidambasin «———180km 3.0km QS | Qaidam basin 180 km
o 190 1s5o[}1.2km EKS 50 100 150 §1.2km _EKS

Modeled deflection by both Qilian and Eastern Kunlun Shan  x (km) Modeled deflection X (km)

£ E7{liogeled:
X < '1by the Qilian
£2 d , £2 )
a b alinspastic shape of the section DD =4
@ 3 3 after restoration and decompaction 3 3
4 4
15 2

- 0 km 150 km
25km QS Qaidam basin 230 km 2.5km QS Qaidam basin 230 km
100 150  [§0:8km EKS 1 100 150 [§0.8km EKS ]
EO Modeled deflection by both Qilian and Eastern Kunlun Shan X (km) E  ]Modeled deflection X (km)
=1 e 4 < 1]by the Qilian Sh
£2 N £2 ]
33 b Palinspastic shape of the section DD’ %3
@ o, after restoration and decompaction o,
150 km 150 km
«130km o 130km
2.5km QS Qaidam basin 2.5km QS id basin
100 150 1.7 kmEKS 100 150 1.7 kmEKS
’g? Modeled deflection by both Qilian and Eastern Kunlun Shan () ’E‘? Modeled deflection X (km)
= d < " ]by the Qilian S
£2 b ) - , £2
a Palinspastic shape of the section DD o ¥
H 83 after restoration and decompaction m 33
4 4

Qilian Shan Topography Load III Eastern Kunlun Shan Topography Load

Figure 7. Two-load beam flexural modeling results, showing that both Qilian Shan and Eastern Kunlun Shan topographic loads can account for the flexural profile
of Qaidam basement. We define the Qilian Shan and Eastern Kunlun Shan as rectangular blocks. (a), (c), (e), (g), and (i) show the total deflection from both the
Qilian Shan and Eastern Kunlun Shan loads. (b), (d) (f), (h), and (j) show the individual deflection from Qilian Shan load and Eastern Kunlun Shan load,
respectively. As shown in (a) and (b), when defining the width of the Qilian Shan and the Eastern Kunlun Shan to be 150 and 180 km, respectively, the height of
Qilian Shan and Eastern Kunlun Shan to be 2.5 and 1.2 km, respectively, the modeled deflection of Qaidam basement fits the original shape of the Qaidam
basin (section DD’) obtained from shortening restoration and decompaction. Changing parameters, for example, (c) and (d) decreasing the height while increasing
the width of Qilian Shan; (e) and (f) increasing the height while decreasing the width of Qilian Shan; (g) and (h) decreasing the height while increasing the width
of Eastern Kunlun Shan; (i) and (j) increasing the height while decreasing the width of Eastern Kunlun Shan, cannot improve the fit between the modeled
deflection of Qaidam basement and the original shape of the Qaidam basin (section DD’) obtained from shortening restoration and decompaction.

5. Discussion
5.1. Paleogene Topography of the Qaidam Basin and Its Surroundings, Northern Tibet

Detailed sediment core description allows identification of the spatial distribution of lithofacies of the Lulehe
Fm. We show that the Lulehe Fm. in the southwestern Qaidam basin, along the northern flank of the
Eastern Kunlun Shan, mainly consists of distal fluvial to marginal lacustrine deposits together with limited
proximal fluvial deposits. However, in both the northwestern (along the southern flank of the Altyn Tagh
Shan) and northeastern Qaidam basin (along the southern flank of the Qilian Shan), the Lulehe Fm. is
mainly characterized by a succession of coarse-grained proximal alluvial fan deposits (Figures S2, S4, and
S6). The growth strata and associated strike slip and thrust faulting, shown in seismic profile AA’ perpendi-
cular to the Eastern Kunlun Shan, initiated during the early or middle Miocene, constraining the onset of
deformation in the southwestern Qaidam basin and Eastern Kunlun Shan. However, faults rooted in the
Altyn Tagh Shan and Qilian Shan, shown in seismic profiles BB’ and CC’ (Figure 3), initiated during the
deposition of the Lulehe Fm., suggesting a simultaneous Paleogene onset of contraction within the Altyn
Tagh Shan and Qilian Shan ranges. In addition, apatite fission track, (U-Th)/He, Oar/*°Ar dating results
(Clark et al., 2010; X. Chen et al., 2010; X. Chen et al., 2011; Duvall et al., 2013; Jolivet et al., 2001, 2003;
Mock et al., 1999), as well as seismic profile interpretation (Cheng et al., 2014; Yin et al., 2007), reveal that
the accelerated exhumation within the Eastern Kunlun Shan began in Oligocene to early Miocene time.
Given that distal fluvial to marginal lacustrine deposits in the Lulehe Fm. developed in the southwestern
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Figure 8. Proposed present-day and Paleogene topographic configuration of the Qaidam basin and its surroundings.
The information the topography relief of the Qilian Shan is mainly based on the research by Bovet et al. (2009), Zhuang
et al. (2011), and W. Wang et al. (2016), while the information on large-scale sinistral offset along the ATF and the
topographic relief of Altyn Tagh Shan and Eastern Kunlun Shan are mainly based on the research by Cheng, Guo, et al.
(2015); Cheng, Fu, et al. (2016); and Cheng, Jolivet, et al. (2016). Note that the topographic relief of the Eastern

Kunlun Shan between the Qaidam basin and Hoh Xil basin during the Paleogene (deposition of the Lulehe Fm.).
Considering the gradual lithofacies basinward transitions, from proximal alluvial fan to fluvial deposits along the margins
of the basin to distal fluvial to marginal lacustrine deposits basinward, we infer a lake environment in the middle of the
Qaidam basin during the deposition of the Lulehe Fm. The exact extent of the lake needs further investigation.

Qaidam basin, we thus propose, despite the fact that the Eastern Kunlun basement became the major source
area for the southern Qaidam basin during the deposition of the Lulehe Fm., that the major topographic
relief in the Eastern Kunlun Shan during the Paleogene was located further south than its present-day
location. Structural and stratigraphic relationships in seismic lines adjacent to the Altyn Tagh Shan and
Qilian Shan indicate that Paleogene deformation occurred near their present-day positions and resulted in
the accumulation of proximal alluvial fan and thick conglomerate and sandstone along the northwestern
and northeastern margins of the Qaidam basin (Figure 8). The analysis of sediment core samples
generally displays gradual lithofacies basinward transitions, from proximal alluvial fan deposits along the
margins of the basin to distal fluvial deposits basinward. By integrating the isopach map of the Lulehe
Fm. with the subsurface data (including the core samples and the seismic profiles), we infer that the
Qaidam basin is an internally drained Qaidam basin with relatively low topographic relief and received
materials from the uplifted surrounding mountain belts during the deposition of Lulehe Fm. (Figures 3
and 8). This inference is also supported by the source to sink studies in this region (e.g., Bush et al., 2016;
Cheng, Fu, et al., 2016).

The one-load beam flexural modeling results reveal that the single Qilian Shan topographic load is insuffi-
cient to account for the observed Paleogene sedimentary thickness and deflection of the Qaidam litho-
sphere. The subsidence of the basin at the point d (Figures 4 and 5) requires an additional topographic
load along the southern margin of the Qaidam basin. The two-load beam flexural modeling results clearly
show that when assuming both the Qilian Shan and the Eastern Kunlun Shan were exhumed and respon-
sible for the deflection of the Qaidam basin, the modeled shape of the Qaidam basement can be matched
with the original shape of the Qaidam basin (section DD’) obtained from shortening restoration and
decompaction. We thus infer that this additional load likely resulted from the exhumation of Eastern
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Kunlun Shan during the deposition of the Lulehe Fm. The Eastern Kunlun Shan topographic load induced
the subsidence along the southern margin of the basin, which is also evidenced by the sporadic subdepo-
center in the northern front of the Eastern Kunlun Shan during the deposition of the Lulehe Fm.
(Figure 4b). We should note that the faulting in Fenghuoshan Thrust Belt to the south initiated during
the Eocene-Oligocene (Staisch et al., 2014; Figure 1). However, given the present-day 400-km distance
between the Fenghuoshan Thrust Belt and southern margin of the Qaidam basin, we infer that the contri-
bution of the Fenghuoshan Thrust Belt topographic load is limited during the deposition of Lulehe Fm.
Moreover, even if the Fenghuoshan Thrust Belt load account for some deflection of the Qaidam basin,
the topographic loads from both Qilian Shan to the north and Fenghuoshan Thrust Belt to the south are
insufficient to produce the subdepocenter in the Qaidam basin, which is close to the Eastern Kunlun
Shan (Figure 2).

In the context of the Paleo-Qaidam basin hypothesis, Yin, Dang, Zhang, et al. (2008) explained the minor
southern Qaidam basin depocenter during the deposition of the Lulehe Fm. as have formed in localized syn-
clines, which is comparable with the conclusion of classic buckling-type analog for northern Tibet (Burg
et al., 1994). In this scenario, the deformation resulted from India-Asian collision was transferred northward
to the Qilian Shan in the early Cenozoic, largely skipping the Qaidam basin, and some broad folds and
widely spaced relatively minor faults existed across this region during the deposition of Lulehe Fm.
However, based on the 3-D seismic profiles provided in this study (Figure 3) and previous work (Cheng et al.,
2014), the onset time of deformation in the southern Qaidam basin is during the period when
Shangganchaigou and Xiayoushashan formations deposited. In other words, the no (or extreme weak) defor-
mation in the southern Qaidam basin challenges the likelihood of crustal bucking at that time.

Combing the widespread proximal fluvial deposits in the southern Qaidam basin with the flexural modeling
results, we argue that the topographic loads generated by both the Eastern Kunlun Shan to the south and the
Qilian Shan to the north are likely responsible for the subsidence of the Qaidam basin in the earliest part of
the basin history (during the deposition of Lulehe Fm.). The flexural modeling results indicate that the
Qaidam basin has been isolated since the deposition of the Lulehe Fm., forming an endorheic nonmarine
basin. This inference of Eastern Kunlun topography during the deposition of Lulehe Fm. partly challenges
the paleo-Qaidam model of Yin, Dang, Zhang, et al. (2008), which suggests that during the Paleogene
(during the deposition of Lulehe, Lower Xiaganchaigou, Upper Xiaganchaigou, and Shangganchaigou for-
mations), the Eastern Kunlun Shan had not exhumed and that the Qaidam and Hoh Xil basins formed single
depression between the Qilian Shan to the north and the Fenghuo Shan thrust belt to the south. However,
our two-load beam flexural modeling result shows a relative low topography in the Eastern Kunlun Shan
during the deposition of Lulehe Fm. Integrating this low topography inference with some distal delta front
deposits in the southern Qaidam basin, we infer that the Eastern Kunlun Shan topography was limited dur-
ing the deposition of Lulehe Fm. and some of the topography was likely located further south than its
present-day location. Although limited connection between the Qaidam basin with the potential source
areas further south than the present-day location of the Eastern Kunlun Shan might exist, we speculate that
the exhumed Eastern Kunlun Shan and Qilian Shan have created a topographic dam that impounded sedi-
ments supply since the deposition of the Lulehe Fm. Continuous accumulation of the clastic materials
derived from Eastern Kunlun Shan and the Qilian Shan throughout the Cenozoic resulted in increased
the sediment loading, which further contributes to the progressive subsidence of the closed Qaidam basin
(e.g., Cheng et al., 2017, 2018; Métivier et al., 1998).

Despite uncertainties in the paleo-relief of the Qilian Shan and Eastern Kunlun Shan, the two-load beam
flexural modeling suggests a relatively high (around 2.5 km) Qilian Shan comparing with the lower (around
1.0 km) Eastern Kunlun Shan. As indicated by the seismic profiles and sedimentary characteristics of Lulehe
Fm. strata (Figures S1-S7), deformation along the northern margin of the Eastern Kunlun Shan was rela-
tively minor, whereas the Qilian Shan was strongly deformed during the deposition of the Lulehe Fm.
Although those frontal faults (e.g., Kunbei fault and Alaer fault) that root into the Eastern Kunlun Shan
were inactive during the deposition of the Lulehe Fm., the presence of the Eastern Kunlun topographic load
suggests that crustal deformation might have occurred further to the south, in the hinterland of the Eastern
Kunlun Shan. We further propose that the intense deformation and relatively high relief of the southern
Qilian Shan resulted in the accumulation of the proximal alluvial fan deposits along the northern Qaidam
basin, while the weak deformation and low relief of the Eastern Kunlun Shan, located further south than
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its present-day location, produced a mixture of proximal fluvial and distal fluvial to marginal lacustrine
deposits along the southern margin of the Qaidam basin.

The best fit results based on the two-load beam flexural modeling also suggest that the modeled thickness of
the Lulehe Fm. strata is slightly different from the original thickness estimates obtained from decompaction.
(Figures 7a and 7b). Numerous newly acquired seismic profiles have revealed weak deformation within the
Qaidam basin (especially in the interior of the basin) during the deposition of Lulehe Fm. that initiated since
the deposition of the Shanggaichaigou-Xiaganchaigou Fm. (Figure 3; e.g., Cheng et al., 2014; Cheng, Fu,
et al., 2016; Wei et al., 2016; Yin et al., 2007). We thus infer that the errors in thickness are partly related
to an additional load resulting from the water load in the basin, the local Lulehe Fm. strata that were trapped
into the Qaidam basin due to the growth of surrounding ranges during the deposition of the Lulehe Fm., and
the potential preexisting topography of the Qaidam basement. (e.g., Bush et al., 2016; Cheng, Fu, et al., 2016;
Li et al., 2017).

5.2. Paleogene Tectonic Deformation in the Northern Tibetan Plateau

Ascertaining whether the Paleogene deformation along the ATF is coupled with the crustal shortening in the
Qilian Shan is important for understanding the kinematics of intraplate deformation associated with
India-Asia collision and the dynamics of the Tibetan plateau growth. If the Paleogene deformation along
the ATF was coupled with the crustal shortening in the Qilian Shan, we can infer that the large amount
of sinistral displacement along the ATF since India-Asia collision was largely transferred into the Qilian
Shan region, accommodated by oblique slip along faults in the mountain ranges; otherwise, such a large
amount of deformation would be accommodated through left-lateral strike-slip displacement along the
ATF and would be transferred to the region further to the east, beyond the Tibetan plateau (Cheng,
Jolivet, et al., 2015; Cowgill et al., 2003; Darby et al., 2005; W. Wang et al., 2016; Yin et al., 2002; Yue
et al., 2005; Yue et al., 2001; Zuza et al., 2016).

In our study, faults rooting into the Altyn Tagh Shan and Qilian Shan present on the seismic profile BB’ and
CC’ (Figures 3b and 3c) are characterized by long-term activity since their Paleogene initiation, likely indi-
cative of simultaneous deformation within both the Altyn Tagh Shan and the Qilian Shan since the
Paleogene (since the deposition of the Lulehe Fm.). Therefore, the simultaneous deformation within the
Altyn Tagh Shan and Qilian Shan since the Paleogene supports the idea that deformation in these two
regions is kinematically linked. This finding also supports the idea that the initial faulting in the QSTB dates
the onset of the ATF movement and the offset along the ATF since its initiation has been absorbed within the
Qilian Shan (Cheng, Jolivet, et al., 2015; Cowgill et al., 2003; Yin et al., 2002; Yin, Dang, Wang, et al., 2008,
Yin, Dang, Zhang, et al., 2008; Zuza et al., 2016). We further infer that the succession of synorogenic con-
glomerate deposited by a high-gradient depositional system (Zhuang et al., 2011) in the Lulehe Fm. records
the initial growth of the northern Tibetan Plateau, which is in good agreement with some previous studies
based on field investigation, seismic profile interpretation, and provenance analysis (Bush et al., 2016; Yin
et al., 2007, Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhuang et al., 2011).

Although the chronology of Lulehe Fm. is important for evaluating the intraplate response to the India-Asia
collision and postcollisional convergence since circa 60-45 Ma (Garzanti and Van Haver, 1988; Green et al.,
2008; Dupont-Nivet et al., 2010; Hu et al., 2015; W. Huang et al., 2015; Hu et al., 2016; Najman et al., 2010;
Rowley, 1996), the depositional age of the Lulehe Fm. is highly debated. Based on magnetostratigraphy
study, spore and pollen assemblages, regional lithostratigraphic correlation, and seismic reflection interpre-
tation (Ji et al., 2017; Ke et al., 2013; Rieser et al., 2005, 2006; X. Wang et al., 2007; Xia et al., 2001; Yang et al.,
1992; Zhang, 2006; Yin et al., 2007, Yin, Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008), previous
studies generally assigned a Paleocene to early Eocene basal age to the Lulehe Fm. However, recent magne-
tostratigraphy study of the Lulehe Fm. near the type locality in the northern Qaidam basin assigned an
Oligocene (ca. 30 Ma) depositional age (W. Wang, Zheng, et al., 2017).

This large change in the basal age of Cenozoic strata in the Qaidam basin would result in a different kine-
matic evolution of the northern Tibetan plateau at 30 Ma with implications for crustal deformation mechan-
isms in the Tibetan plateau, (Burchfiel et al., 1991; Duvall & Clark, 2010; England & Houseman, 1986; Meyer
et al., 1998; Ratschbacher et al., 1994; Yin, Dang, Wang, et al., 2008). Specifically, if considering a Paleocene
to early Eocene depositional age (ca. 50 Ma) of the Lulehe Fm., the inception of the sinistral strike-slip
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faulting along ATF and crustal shortening in the Qilian Shan should be around 50 Ma, which is as the same
time as or shortly after the India-Asian collision. Given the 35-Ma initial exhumation of the Eastern Kunlun
Shan (e.g., Clark et al., 2010; F. Wang, Shi, et al., 2017), some researchers have proposed that the strain
derived from the India-Asia collision zone was transmitted rapidly at ~50 Ma to the northern and northeast-
ern edge of the modern Tibetan plateau, followed by later pulses of plateau growth (Bush et al., 2016; Cheng,
Guo, et al., 2015; Cheng, Jolivet, et al., 2016; Duvall et al., 2011; Jolivet et al., 2001; Yin et al., 2002, 2007, Yin,
Dang, Wang, et al., 2008, Yin, Dang, Zhang, et al., 2008; Zhuang et al., 2011). On the other hand, when
adopting the Oligocene (ca. 30 Ma) depositional age of the Lulehe Fm., the initial deformation within the
Altyn Tagh Shan and the Qilian Shan at this time is similar to the initial exhumation of the Eastern
Kunlun Shan and the initial deformation within Xining-Minhe-Longzhong basin complex, as well as
Dangchang basin (Dupont-Nivet et al., 2004; Dupont-Nivet et al., 2008; Horton et al., 2004). This would sup-
port a gradually expansion of the plateau and the mountain building in the northeastern edge of the plateau
that significantly postdated Indo-Asian collision by ~15 to 20 Myr (W. Wang, Zheng, et al., 2017). Therefore,
further research should be conducted to provide robust constraints on basin-wide the depositional age of the
Lulehe Fm.

6. Conclusions

Ascertaining the sedimentary and tectonic evolution of the Paleogene Lulehe Fm., which marks the onset of
Cenozoic deposition in the Qaidam basin, helps to characterize the initial tectonics and topography of the
northern Tibetan plateau.

Based on sediment core samples investigation, we show that the Lulehe Fm. mainly consists of distal fluvial
to marginal lacustrine deposits together with additional proximal fluvial deposits along the northern front of
the Eastern Kunlun Shan, whereas it is dominated by a succession of proximal alluvial fan deposits along the
southern flank of the Altyn Tagh Shan and Qilian Shan. The Lulehe Fm. gradually displays basinward litho-
faceis transitions, from proximal alluvial fan to fluvial deposits along the margins of the basin to distal fluvial
to marginal lacustrine deposits basinward.

Fault offset and growth structures shown on seismic profiles imply simultaneous contractional deformation
in the Altyn Tagh Shan and Qilian Shan during the deposition of the Lulehe Fm. This inference of the simul-
taneous deformation supports the idea that deformation in Altyn Tagh Shan and the Qilian Shan has been
kinematically linked since the Paleogene.

Furthermore, seismic profile interpretation, lithofacies evidence, and flexural loading estimates indicate that
the Eastern Kunlun Shan was exhumed and shed detritus to the Qaidam basin during the deposition of the
Lulehe Fm. The topographic loads generated by both the Eastern Kunlun Shan (with lower elevation) to the
south and the Qilian Shan (with higher elevation) to the north are likely responsible for the flexural deflec-
tion of the Qaidam basement during the deposition of the Lulehe Fm. However, the relief of the Eastern
Kunlun Shan was limited and was likely located further south than its present-day location. Collectively,
we conclude that the Cenozoic initial subsidence of the Qaidam basin and the deflection of the Qaidam base-
ment are driven by the topographic load of both the Qilian Shan to the north and the Eastern Kunlun Shan
to the south. These results highlight the initial topography exhumation in the northern Tibetan plateau dur-
ing the early Cenozoic.
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