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Abstract Two debated age models, with a basal age of ~50 Ma versus ~30 Ma, are proposed for the
depositional age of Cenozoic strata within the Qaidam basin result in a diverse understanding of the initial
pattern of deformation in the northern Tibetan Plateau. To evaluate these age models, we integrated isopach
maps within the basin with published thermochronology data from surrounding ranges to balance the
sediments preserved in the basin with materials eroded in the drainage area. When following the traditional
~50 Ma age model, the total volume of material eroded from the surrounding source area is

44+0.3 % 10° km>. Using instead the ~30 Ma age model for the basal Lulehe Formation and related revisions
to the basin chronology, the volume of eroded material is calculated at 3.5 + 0.2 x 10° km?, which provides a
better match to the calculated total volume of solid grains that are preserved in the basin

(2.8 £ 0.1 x 10° km?®). However, growth strata revealed in seismic profiles along the Southern Qaidam Thrust
suggest reverse-faulting began during the deposition of Oligocene-Miocene strata. Following the ~50 Ma
age model, the onset time of faulting along the Southern Qaidam Thrust is ~35.5 Ma, consistent with previous
thermochronology results. If both age models are correct, then this requires a significant time-transgressive
nature to basin fill that allows for older ages of deposition in the southern part of the basin. This study
highlights the need for further effort to determine the depositional age of the strata in the southern and
western parts of the Qaidam basin.

1. Introduction

The internally drained Qaidam basin is the largest topographic depression inside the Tibetan Plateau
(Figure 1). This petroliferous basin is filled with as much as ~14 km of Cenozoic clastic sedimentary rocks, that
preserves an exceptional record of the intraplate response to the India-Asia collision and postcollision con-
vergence (Meng & Fang, 2008; Métivier et al., 1998; Meyer et al., 1998; Molnar & Tapponnier, 1975; Rieser
et al,, 2006; Xia et al., 2001; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008; Yin et al., 2007).
Investigating the nature of these strata provides constraints on the topographic evolution of northern
Tibet and the overall pattern of the Cenozoic plateau growth (Bush et al,, 2016; F. Cheng, Fu, et al,, 2016; F
Cheng, Guo, et al, 2015; F. Cheng, Jolivet, et al,, 2015; Fang et al., 2007; Ji et al., 2017; W Wang, Zheng,
et al, 2017; Zhuang et al, 2011). Nonetheless, the depositional age of these Cenozoic strata remains
highly debated.

Two age models have been proposed for the deposition of the Lulehe Formation that marks the initiation of
Cenozoic clastic sedimentation in the Qaidam basin (Figure 1). Based on magnetostratigraphy studies, spore
and pollen assemblages, regional lithostratigraphic correlation, as well as seismic reflection interpretation
(Fang et al.,, 2007; Ji et al., 2017; Ke et al., 2013; Lu & Xiong, 2009; Rieser et al., 2006; Rieser et al., 2005; Z.
Sun et al,, 2005; Xia et al., 2001; F. Yang et al., 1992; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al.,
2008; Yin et al.,, 2007; W. Zhang, 2006), a Paleocene to early Eocene (ca. 50 Ma) age estimate has prevailed
for several decades. However, a recent integrated provenance analysis, thermochronology and magnetostra-
tigraphy study near the type locality of Lulehe Formation in the northern Qaidam basin (Figures 1c and 2)
assigns an Oligocene (ca. 30 Ma) depositional age to the Lulehe Formation (W. Wang, Zheng, et al,, 2017).
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Figure 1. (a) SRTM based digital topographic map of the Tibetan Plateau and the surrounding region. FST: Fonghuo Shan Thurst Belt. (b) SRTM based digital
topographic map of the northern Tibetan Plateau. Ageks, AgaTs and Agqgs represent the surface of the present-day drainage system of eastern Kunlun Shan, Altyn
Tagh Shan and Qilian Shan, respectively. (c) Geological map the Qaidam basin and surrounding mountain belts, modified from F Cheng et al. (2017). Solid

lines A-A" and B-B' represent the location of profiles presented in Figure 3. Solid line C-C’ represent the location of the profile in Figure 10. Solid lines E-E’ and F-F’
represent the location of profiles presented in Figure 11. The solid circles represent the type Lulehe Formation sections. KB: Kunbei section (F. Cheng, Fu, et al,, 2016);
HTG: Huatugou section (F. Cheng, Fu, et al., 2016; F. Cheng, Jolivet, et al., 2016); EBL: Eboliang section (F. Cheng, Jolivet, et al., 2016); DHG: Dahonggou section
(Bush et al.,, 2016; Ji et al,, 2017; W. Wang, Zheng, et al., 2017). The solid red stars represent the apatite helium age/depth transects studied by M. Clark et al. (2010) and
(F. Wang, Shi, et al., 2017). The solid green stars represent the 10 wells whose lithologic features are shown in Figure 4. The red dash line represents the

southern Qaidam Thrust based on the studies by M. Clark et al. (2010) and (F Wang, Shi, et al.,, 2017).

Because the synorogenic Lulehe Formation records the onset of Cenozoic deformation on the northern
margin of the Tibetan Plateau (Figure 1) (Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008; Yin
et al,, 2002; Zhuang et al., 2011), the large range in its proposed depositional age clouds understanding of
the initial pattern of deformation in the northern Tibetan Plateau (F. Cheng, Fu, et al, 2016; F. Cheng,
Jolivet, et al,, 2016; Ji et al.,, 2017; Métivier et al.,, 1998; Meyer et al., 1998; W. Wang, Zheng, et al., 2017; Yin,
Dang, Zhang, et al,, 2008; Yin et al., 2002; Zhuang et al.,, 2011; Zuza et al,, 2016; Zuza & Yin, 2016). This
uncertainty must be resolved to evaluate mechanisms of crustal deformation in the entire plateau
(Burchfiel et al., 1991; K. Clark, 2012; Duvall & Clark, 2010; England & Houseman, 1989; Ratschbacher et al.,
1994; Tapponnier et al, 2001; Yin & Harrison, 2000; Yuan et al., 2013; Zhao & Morgan, 1987) and the
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Figure 2. Chronostratigraphic correlation of the Cenozoic strata in the Qaidam basin. GPTS—geomagnetic polarity time scale of Cande and Kent (1995). Traditional
age model and the observed polarity are compiled from Z. Sun et al. (2005), W. Zhang (2006), Fang et al. (2007), and Lu and Xiong (2009). New age model
and the observed polarity are from W. Wang, Zheng, et al. (2017). U on the lithology column represent the Miocene regional unconformity within the Qaidam basin

(L. Wang et al., 2010).
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Figure 3. (a) NW-SE- and (b) SW-NE-oriented profiles through the Qaidam basin, showing the upper crustal structure of the basin, modified from F. Cheng et al.
(2017). (c) NW-SE- and (d) NE-SW-oriented cross sections of the Qaidam basin, showing the general distribution of the Cenozoic series. The thickness data are
derived from the isopach data of the Qaidam basin (Yin, Dang, Zhang, et al., 2008). Locations of those sections are shown in Figure 1. (e) Plot of crystallization age-
deposition age versus cumulative probability of detrital zircons from the Lulehe Formation (Cawood et al., 2012). Samples Q1618, Q403, and Q1643 are from F.
Cheng, Fu, et al. (2016); samples E123 and S23 are from F. Cheng, Jolivet, et al. [2016]; sample 220611-01 are from Bush et al. (2016). The time differences between the
crystallization ages of the zircon (CA) and the ages of sediment deposition (DA), which according to Cawood et al. (2012) can be used to discriminate between various
tectonic settings of sedimentary basins. Convergent basins (light-blue field) have CA-DA < 100 Ma in the youngest 30% of zircon grains. Collisional basin (light-blue
field) have CA-DA < 150 Ma in the youngest 5% of the zircon grains (greenish field) and have CA-DA > 100 Ma in the youngest 30% of zircon grains. Extensional
basins (greenish field) have CA-DA > 150 Ma in the youngest 5% of the zircon grains. This discrimination diagram suggests that the whole Qaidam basin was in a
collisional setting during the deposition of the Lulehe Formation, indicating the initial crustal deformation in the northern edge of the plateau.

possible link between plateau growth and climate change (Dupont-Nivet et al., 2008; Molnar et al., 1993;
Molnar et al., 2010; Yin et al., 2002).

In this study, we integrated isopach maps with published thermochronology data to quantify the volume of
sediment preserved in the Qaidam basin and of clastic material eroded in the drainage area. We then propose
a new approach to reevaluate the depositional ages of the Cenozoic series within the Qaidam basin by bal-
ancing the basin fill and the erosion of the surrounding high topography. Three newly-acquired seismic pro-
files located in the western and southern Qaidam basin are also provided to shed light on the debate on the
depositional age of Cenozoic strata within the basin. Despite uncertainties, this approach provides a new per-
spective on the estimate of depositional age of terrestrial sedimentary rocks that contain poor preservation of
mammalian fossils and no volcanic records.

2. Geological Setting

Situated on the northern edge of the Tibetan Plateau, the triangle-shaped Qaidam basin is bordered by the
Altyn Tagh Shan (“Shan” means mountain in Chinese) to the northwest, the Qilian Shan to the northeast, and
the Eastern Kunlun Shan to the south (Figure 1). Surveys for petroleum exploration indicate that the Qaidam
basin contains Mesozoic-Cenozoic sediment that is as thick as ~16 km in some places. The Cenozoic series
within the basin are subdivided into eight lithostratigraphic units (Figures 2 and 3; F. Cheng et al., 2017;
Meng & Fang, 2008; Rieser et al., 2006; Xia et al., 2001; Yin, Dang, Wang, et al,, 2008; Yin, Dang, Zhang,
etal, 2008; L. Zhu et al.,, 2006). These units are, from the oldest to the youngest (followed by symbol for each
unit): (1) the Lulehe Formation, E; , ,l; (2) the Lower Xiaganchaigou Formation, E31xg; (3) the Upper
Xiaganchaigou Formation, E3?xg; (4) the Shangganchaigou Formation, N;sg; (5) the Xiayoushashan
Formation, N,'xy; (6) the Shangyoushashan Formation, Ny%sy; (7) the Shizigou Formation, N,>s; and (8) the
Qigequan Formation (Qqq). The exact depositional ages of the abovementioned formations are highly
debated (Fang et al.,, 2007; Ji et al,, 2017; Ke et al., 2013; Lu & Xiong, 2009; Rieser et al., 2006; Rieser et al.,
2005; Z. Sun et al., 2005; W. Wang, Zheng, et al., 2017; Xia et al., 2001; F. Yang et al., 1992; Yin, Dang, Wang,
et al,, 2008; Yin, Dang, Zhang, et al., 2008; Yin et al., 2007; W. Zhang, 2006), with the two different age models
shown in Figure 2. Outcrop and subsurface data (including seismic and drill cores data) reveal that the
Cenozoic series is predominately composed of alluvial, fluvial as well as lacustrine deposits (Figures 4 and
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Figure 4. Well correlation diagram of the Cenozoic strata within the basin. The locations of the selected 10 drilling wells are shown in Figure 1.

5). Few mammalian fossils have been recognized in the Oligocene to Pliocene strata, and no volcanic
intervals have been reported (Fang et al., 2007; Lu & Xiong, 2009; W. Wang, Zheng, et al,, 2017; X. Wang
et al,, 2007; W. Zhang, 2006). Comparing the stratigraphic characteristic 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 within the Tibetan Plateau during the Paleogene, bounded to the
north by the Qilian Shan Thrust belt and to the south by the Fenghuo Shan thrust belt (Figure 1).
However, recent studies of the source-to-sink relationships between the Qaidam basin and the
surrounding mountain belts challenged this hypothesis and indicate that the Qaidam basin was internally
drained during the onset of deposition of the Lulehe Formation (Bush et al.,, 2016; F. Cheng, et al., 2019; F.
Cheng, Fu, et al,, 2016; F. Cheng, Guo, et al., 2015; F. Cheng, Jolivet, et al., 2016; L. Li et al., 2015; L. Li et al.,
2018; W. Wang, Zheng, et al., 2017; W. Zhu, Wu, Wang, Zhou, et al., 2017). Recent research reveals that the
onset of severe wind erosion within the Qaidam basin was in late Pliocene to early Pleistocene, and the
Qaidam basin was a major source of atmospheric dust deposited in the Chinese Loess Plateau since then
(Figure 5; Heermance et al., 2013; Kapp et al., 2011; Pullen et al., 2011).

3. Stratigraphy of the Qaidam Basin

To show the lithologic distributions of the eight Cenozoic lithostratigraphic units within the basin, we present
subsurface data provided by the Qinghai Oilfield, PetroChina, and a compilation of published stratigraphic
data (Fu et al., 2012; Ma & Wang, 2015; Meng & Fang, 2008; Mu, 2002; G. Sun et al., 2016; Xia et al., 2001;
Yin, Dang, Zhang, et al., 2008; C. Zhang et al., 2013). Lithologies and lithofacies have been identified on drill
cores from 10 wells across the basin. The NE-SW-oriented well correlation profile is given in Figure 4.

Along the southern margin of the Qaidam baisn (wells Q401 and Q7), the Lulehe Formation is mainly com-
posed of thickly bedded pebble-cobble conglomerate intercalated with fine-grained sandstone, siltstone,
and claystone (Figures 4 and 5a). The facies assemblages of the Lulehe Formation in the southwestern

CHENG ET AL.
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Xia nchai ou
E Formationg g Lulehe Formation

Figure 5. Images of typical outcrops and samples of Cenozoic strata in the Qaidam basin. (a) Drill core samples in the north-
ern Qaidam basin, showing the conglomerates in the Lulehe Formation and underlying granite basement rocks.

(b) Laminated mudstones drill core sample in the Lower Xiaganchaigou Formation. (c) Thickly bedded conglomerates drill
core sample in the Lulehe Formation, northern Qaidam basin. Panels (d) and (e) show the mega-yardangs sculpted in
mainly lacustrine Pleistocene strata within the Qaidam basin, indicating the intense wind erosion since the late Pliocene
(Heermance et al., 2013; Kapp et al., 2011; Pullen et al., 2011). (f) Lacustrine laminated mudstones in the Pliocene Shizigou
Formation, southwestern Qaidam basin.

Qaidam basin represent braided river to lacustrine depositional environments and exhibit a gradual basin-
ward transition from fluvial to lacustrine environments (wells W26, SX2, F2, J1, E3, and K2). Along the
northern margin of the Qaidam basin (Figures 4 and 5c¢), the Lulehe Formation is mainly dominated by
conglomerate and pebbly sandstone intercalated with siltstone and claystone, indicative of an alluvial to
braided river setting (wells L95 and S86).

The Xiaganchaigou Formation (including lower Xiaganchaigou and upper Xiaganchaigou formations) is
mainly composed of fine-grained sandstone, siltstone, and claystone, intercalated with thinly bedded con-
glomerate and marlstone in the southern Qaidam basin (Figures 4 and 5b; F. Cheng, Fu, et al., 2016). It also
displays a gradual basin-ward transition from braided river front/shore-shallow lacustrine facies to
semideep/deep lacustrine environments (wells Q401, Q7, W26, SX2, F2, J1, E3, and K2). Along the northern
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Figure 6. General model for balancing the erosion in the surrounding mountains (Altyn Tagh Shan, eastern Kunlun Shan
and Qilian Shan) and the basin fill in the Qaidam basin. The NE-SW oriented cross section C-C’' shows the distribution of
the Quaternary sediments. By correcting for porosity using the standard exponential porosity-depth law suggested by
Sclater and Christie (1980), the volume of material in the Quaternary sediments can be calculated.

margin of the Qaidam basin (L95 and S86), the Xiaganchaigou Formation is mainly dominated by pebbly
sandstone and siltstone intercalated with conglomerate and siltstone, indicative of an alluvial to braided
river setting (Figure 4).

Along the southern and northern margin of the basin (wells Q401, Q7, L95, and $86), the Shangganchaigou
Formation is mainly composed by sandy sandstone and siltstone intercalated with thinly conglomerate, indi-
cative of an alluvial to braided river setting. However, in the central Qaidam basin (SX2, F2, J1, E3, and K2), the
Shangganchaigou Formation is mainly dominated by thickly bedded siltstone and claystone intercalated
with marlstone, suggestive of shore-shallow to deep lacustrine depositional environment (Figure 4).

According to the five wells (W26, SX2, F2, J1, and K2), both Xiayoushashan and Shangyoushashan formations
are mainly composed of thickly bedded claystone and siltstone, intercalated with marlstone in the central
Qaidam basin, indicative of shore-shallow to deep lacustrine depositional environment (Figure 4).

The five wells that contain Shizigou Formation (W26, SX2, F2, J1, and K2) show that it is mainly composed of
siltstone and claystone intercalated with marlstone and thinly bedded conglomerate, associated to braided
river to shore-shallow lacustrine depositional environment (Figure 4).

The Qigequan Formation is composed of conglomerate and sandstone in the well W26, associated with allu-
vial fan depositional setting. In the well J1 and K2, it is mainly composed of claystone and sandstone interca-
lated with marlstone indicative of marginal lacustrine to shallow lacustrine environment (Figure 4).

4. Methods

4.1. Balancing the Cenozoic Sediment Accumulation of the Qaidam Basin and Erosion of the
Surrounding Mountain Ranges

To assess the age of the Cenozoic series in the Qaidam basin, we provide a new quantitative evaluation based
on the mass balance between Cenozoic sediments preserved in the Qaidam basin and the erosional flux from
the surrounding mountain belts (Figure 6). Indeed, the mass of materials eroded from the surrounding
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mountain belts (Altyn Tagh Shan, Eastern Kunlun Shan, and Qilian Shan) must balance the net mass of depos-
its preserved within the Qaidam basin and exported from the basin.

Merosion = Mbasin fill + Mescape (M

where Mg osion is the total mass of the materials eroded from the Altyn Tagh Shan, Qilian Shan, and Eastern
Kunlun Shan, Mpasin f11 is the total mass of the deposits preserved in the Qaidam basin, and Mescape is the mass
of eroded sediment flux from the Qaidam basin. Based on seismic profile interpretation and field investiga-
tion (F. Cheng, Guo, et al,, 2015; F. Cheng, Jolivet, et al., 2015; L. Wang et al., 2010), a Miocene regional angular
unconformity between the upper and lower Xiaganchaigou Formation has been identified. Although this
unconformity likely indicates the erosion of the pre-Miocene strata within the basin during the Miocene,
those eroded materials would be transported by local drainage systems and again deposited within the basin
given the prevalence of closed-basin conditions since at least ~30 Ma (Bush et al., 2016; F. Cheng, Fu, et al,,
2016; W. Wang, Zheng, et al.,, 2017) and the late Pliocene to early Pleistocene onset of wind erosion in the
basin (Heermance et al., 2013; Kapp et al,, 2011; Pullen et al., 2011). Therefore, we assume that Mescape is
the mass of eroded sediment flux from the Qaidam basin through eolian erosion since the late Pliocene to
early Pleistocene.

Because we are dealing with the total volume or rock eroded from the surrounding mountain belts and the
total sedimentary grain volume accumulated within the basin, we assume the density of the eroded rock and
deposited grains are the same. We therefore simplified the mass balance to volume balance:

Verosion = Vbasin fill + Vescape (2)

where Veosion is the total volume of clastic material eroded from the Altyn Tagh Shan, Qilian Shan, and
Eastern Kunlun Shan, Viasin f11 is the volume of material preserved in the Qaidam basin (excluding the poros-
ity), and Vescape is the volume of sediment eroded from the Qaidam basin by wind since the late Pliocene -
early Pleistocene.

The total volume of material eroded from the mountain belts is a function of the average erosion area
(Aerosion), the average erosion rate (Reyosion) and time (t):

Verosion = Aerosion X Rerosion xt (3)

The total volume of material eroded from the Altyn Tagh Shan (Veats), Qilian Shan (Veqs), and Eastern Kunlun
Shan (Vegks) is then given by

Verosion = Vears + Veqs + Veeks = Aears X Rears Xt + Aeqs X Reqs Xt + Aetks X Reks X t 4)

where Aeats, Aeqs, and Aegks refer to the average surface of the source in the Altyn Tagh Shan, Qilian Shan,
and Eastern Kunlun Shan, respectively; Reats, Reqs, and Regxs are the average erosion rates in the Altyn
Tagh Shan, Qilian Shan, and Eastern Kunlun Shan, respectively; and t is the duration of erosion corresponding
to the deposition time frame of related formations in the basin. Therefore, by taking the two different time
ranges estimated for each Cenozoic formation within the Qaidam basin (Figure 2), we derive two different
volumes of material eroded from the Altyn Tagh Shan, Qilian Shan, and Eastern Kunlun Shan during their
depositional period. Finally, we compare these two different erosion volumes with the calculated volume
of material deposited in the Qaidam basin to evaluate which depositional age model is more reasonable.

In order to calculate the volume of material preserved in the Qaidam basin, we use the isopach map of the
eight sedimentary formations compiled by the Qinghai Oilfield Company (Figure 7). We equally divide the
volume of each formation into n layers (Figure 6). The volume of material preserved in the Qaidam basin
(excluding the pore space in the strata), Vpasin f, is given as

Vbasin fill =

>~
I M3

1 Vbasin fil_k (5)

where Vpasin fill_k is the volume of material contained in layer k (Figure 6). To exclude the sediment porosity
within the strata, Vpasin fil_k i given as
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Figure 7. Isopach maps of the Lulehe, Lower Xiaganchaigou, Upper Xiaganchaigou, Shangganchaigou, Xiayoushashan, Shangyoushashan, Shizigou formations, and
the Quaternary sediments. The plus sign shows the depocenter.
Vbasin fill_k = (1 - §0k) X Vobservedfk (6)

where Vopserved_k is the observed volume of layer k (including the volume of porosity) and gy is the average
porosity of layer k. Based on standard exponential porosity-depth law of Sclater and Christie (1980), ¢y is
defined as

Pk = poxe 7

where gy is the surface porosity, C is the porosity-depth coefficient (Sclater & Christie, 1980); both ¢y and C are
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Table 1
Relevant Parameters Used in This Study
Eastern Kunlun Shan Altyn Tagh Shan Qilian Shan
Value Value Period Value

Period (Ma) (mm/year) Uncertaintgf Period (Ma)  (mm/year) Uncertaintg (Ma) (mm/year) Uncertaint%/
Exhumation 35-0 24x107" 86x10" 10-0 27x107"  68x10°° 40-0ma 48x10 > 43x10°
rate (mm/year) 65-35 1.7 x 1072 56%x10° 65-10 23x10°° 98x10 > 65-40ma 14x10 2 37x10°
Present-day eroded 38x 107 1.1 x 10* 29x 107
area (kmz)
Surface porosity ®g Sand Shaly sandstone  Shale Chalk Mean value uncertain?

49x 10" 56x10 " 63x10" 70x107"  60x10" 60x 10"
Porosity-depth Sand Shaly sandstone  Shale Chalk Mean value uncertainty
coefficient c (km™") 2.7 x 107" 39% 107" 51% 107" 71%x107"  48x 107" 13x107"

controlled by the rock type. Z, is the average depth of layer k. Substituting (6) and (7) into (5), the Vpasin i, is
defined as

Vbasin fil = [( 1'§0o*e-cxzk ) X Vobservedfk] (8)

=
™=

4.2, Assumption and Parameters Used in This Study

To balance the erosion from the surrounding mountain belts with the deposits preserved in the basin, we
assume that Qaidam basin has been internally drained basin since initial subsidence of the basin in the
Cenozoic. This inference is supported by recent source-to-sink studies that reveal that exhumation of the
Altyn Tagh Shan, Eastern Kunlun Shan and the Qilian Shan source regions has provided clastic material to
the Qaidam basin since the deposition of Lulehe Formation (Bush et al,, 2016; F. Cheng, Fu, et al., 2016; F.
Cheng, Guo, et al,, 2015; F. Cheng, Jolivet, et al,, 2015; F. Cheng, Jolivet, et al,, 2016; L. Li et al., 2015; L. Li
et al, 2018; W. Wang, Zheng, et al., 2017; W. Zhu, Wu, Wang, Fang, et al, 2017; W. Zhu, Wu, Wang, Zhovu,
etal, 2017).

We also assume that erosion of the Eastern Kunlun, Altyn Tagh, and Qilian Shan ranges occurs under equili-
brium conditions, which suggest that the erosion rate of the mountain belt is approximately equal to its exhu-
mation rate. Verosion Calculated in this study refers to the total volume of clastic material eroded from the
Altyn Tagh Shan, Qilian Shan, and Eastern Kunlun Shan. Therefore, Reats, Reqs, and Regks used in this study
are the average erosion rates in the Altyn Tagh Shan, Qilian Shan, and Eastern Kunlun Shan, respectively,
which can be represented by the average exhumation rates in these three mountain belts.

To obtain the average exhumation rates of the Altyn Tagh Shan, Qilian Shan and Eastern Kunlun Shan, we
investigate previously published fission track and (U-Th)/He results in these regions. Roughly 2 km of steep
relief in the eastern segment of Eastern Kunlun Shan have been sampled to resolve an age-elevation transect
from the bedrock in the hanging wall of the South Qaidam Thrust (M. Clark et al., 2010). Based on the thermal
history modeling with a given geothermal gradient, M. Clark et al. (2010) demonstrated slow cooling of rock
from 110 to 35 Ma, when the rate of cooling accelerated by >10 times. This ca. 35 Ma rapid cooling event has
also been observed in the central and western segments of the Eastern Kunlun Shan (Liu et al,, 2017; F. Wang,
Shi, et al,, 2017). We thus consider that Eastern Kunlun Shan experienced a relatively slow exhumation prior to
ca. 35 Ma, with a rapid exhumation since then. Considering a 20-30 °C/km (25 * 5 °C/km) thermal gradient for
basement in this region, we further calculate the exhumation rate of the western (Liu et al., 2017), central (F.
Wang, Shi, et al., 2017) and eastern (M. Clark et al., 2010) segments of Eastern Kunlun Shan, respectively. We
take both the largest exhumation rate and smallest exhumation rate plus their uncertainties into considera-
tion to define the 16 uncertainty of the average exhumation rate of the entire Eastern Kunlun Shan before ca.
35 Ma and since 35 Ma, respectively.

Monte Carlo simulations that encapsulate uncertainties in equation (4) are undertaken to estimate the
average exhumation rates and propagate uncertainties. This results in an average exhumation rate of
<0.01 mm/year in the Eastern Kunlun Shan before 35 Ma and 0.2 £ 0.1 mm/year since 35 Ma. The related
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Table 2

Estimated Volume of Material Eroded From the Source Area

Formation

Qigequan (Q)
Shizigou (N23)
Shangyoushashan (N22)
Xiayoushashan (N21)
Shangganchaigou (N4)

Eastern Kunlun Shan Altyn Tagh Shan Qilian Shan In total
New age mode (ca. 30 Ma age model; W. Wang, Zheng, et al., 2017)
Period (Ma) Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty
(km?) (km?) (km?) (km?)
25-0 24x10°  49x10®°  72x10°  11x10®>  35x10°  19x10®° 34x10* s51x10°

6.3-2.5 36x10%  74x10®° 1ax10*  17x10°  53x10°  29x10°  52x10° 77x103
9.0-6.3 26x10*  55%x10°  78x10°  12x10° 38x10° 20x10° 37x10" 57x10°
11.1-9.0 20x10%  42x10°  32x10°  46x10°  30x10°  16x10° 26x10°  42x10°
165-11.1  51x10%  11x10"  14x10°  35x10° 76x10° 42x10° 60x10%  1.1x10%

Upper Xiaganchaigou (E3%) 235-165 66x107  14x10*  19x10°  46x10°2 99x10° 52x10° 78x10* 14x10*
and Lower Xiaganchaigou (E31)

Lulehe (E; 4 )

205-235  57x10% 12x10*  16x10°  39x10° 84x10° 46x10° 67x10*  12x10?

In total 29.5-0 28x10°  24x10%  34x10*  25x10°  41x10® 90x10° 35x10°  24x10%
Traditional age model (ca. 50 Ma age model; e.g. Fang et al., 2007; Ji et al., 2017; Ke et al., 2013; Lu & Xiong, 2009)
Formation Period (Ma) Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty
(km?) (km”) (km®) (km?)
Qigequan (Q;) 25-0 23x10%  49x10® 72x10°  12x10°  35x10°  19x10° 34x10°  51x10°
Shizigou (N,°) 8.1-2.5 52x10%  1ax10*  16x10°  26x10°  79x10°  41x10®°  77x10"  11x10*
Shangyoushashan (N»?) 153-8.1 68x10"  15x10*  69x10° 93x10° 10x10* 55x10° 85x10* 15x10*

Xiayoushashan (N')
Shangganchaigou (N;)

Upper Xiaganchaigou (E
Lower Xiaganchaigou (E

Lulehe (Eq 4+ 5)
In total

220-253  63x10%  13x10%  18x10°  44x10°  94x10° 50x10° 74x10*  13x10*
355-220 12x10° 26x10%  36x10° 87x10° 19x10* 10x10® 15x10°  26x10*

) 378-355  15x10°  30x10°  61x10° 15x10° 32x10° 17x10° 53x10°  3.8x 10

1

o 438-378 39x10°  76x10° 16x10° 37x10° 46x10° 29x10° 10x10* 89x10°

535-438 64x10° 13x10°  26x10°  62x10° 39x10° 63x10° 13x10° 15x10°
53.5-0 34x10°  35x10%  41x10*  32x10°  62x10° 16x10° 44x10° 35x10%

parameters and estimated exhumation rate results are listed in Tables 1 and 2, respectively. The details of
the computation are given in Data Set S1 in the supporting information. Based on the fission track studies
in the Altyn Tagh Shan (M. Jolivet et al.,, 2001; Marc Jolivet et al., 1999; Z. Zhang et al., 2012), previous
studies suggested that Altyn Tagh Shan experienced a rapid cooling exhumation since 10 Ma. Given that
fission track results from both M. Jolivet et al. (2001) and Qi et al. (2016a) reveal a significant change in
cooling rate at 40 Ma; we thus consider 40 Ma as the timing of a change in exhumation rate, and calcu-
late the average exhumation rate prior to 40 Ma and after 40 Ma, respectively. Using the calculation
method described above, we rely on these studies and assume (1) an average exhumation rate of ca.
0.02 mm/year in the Altyn Tagh Shan before 10 Ma and 0.2 + 0.1 mm/year since 10 Ma; (2) an average
exhumation rate of ca. 0.01 mm/year in the Qilian Shan before 40 Ma and ca. 0.04 mm/year since 40 Ma.
The related parameters, estimated exhumation rate results and the computation are given in Tables 1 and
2 and Data Set S1 in detail. The Monte Carlo simulations and equation for uncertainty of Ve,osion are given
in Text S1.

The average erosion area through time is controlled by two competing factors, namely, headward incision
and crustal shortening (F. Cheng, Fu, et al,, 2016; Craddock et al., 2010). Headward incision results in an
increase in the average erosion area by headward propagation of the drainage system, while crustal short-
ening leads to a decrease of the average erosion area through contraction of the area occupied by the
drainage system. Given that the drainage area has varied through time, it is difficult to quantify the area
that drained towards the Qaidam basin during the deposition of the eight sedimentary formations.
Therefore, we assume that the area reduction by shortening is approximately balanced by the area
increase by headward erosion, and we use the surface of the present-day drainage systems within the
Eastern Kunlun Shan, the Altyn Tagh Shan, and the Qilian Shan that shed clastic material into the
Qaidam basin. We compare the estimated volume of clastic material eroded from the surrounding belts
with the calculated volume of material preserved in the Qaidam basin, and further discuss the influence
of variation of the drainage area through time. We also note that climate variation will change the erosion
rate of mountain ranges. A colder and drier climate tends to decrease the erosion rate, while a warmer
and wetter conditions would be associated with an increasing erosion rate. This information could also
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Figure 8. SRTM-based digital topographic map of the Qaidam basin and surrounding regions. The solid red stars represent the low temperature studied by (M. Clark
et al., 2010; M. Jolivet et al., 2001; M. Jolivet et al., 1999; Liu et al., 2017; Qi et al., 2016b; F. Wang, Shi, et al., 2017; Z. Zhang et al., 2012).

be obtained from the published fission track and (U-Th)/He results. According to the present-day
distribution of the Eastern Kunlun Shan, Altyn Tagh Shan and Qilian Shan, we use Global Mapper
software to obtain the surface area of erosion of these three mountain belts, which are ca. 3.2 x 10%,
1.1 x 10% and 3.0 x 10* km?, respectively (Figures 1 and 8; Table 2).

Calculation of the volume of materials preserved in the Qaidam basin (Vj4sin 51) is based on the isopach map
of each formation provided by the Qinghai Qilfiield Company, PetroChina (Figure 7). Over recent decades,
Qinghai Qilfield, PetroChina, has conducted petroleum exploration in the Qaidam basin and obtained abun-
dant drill core and logging data from hundreds of the wells and abundant seismic data throughout the
Qaidam basin. Based on carefully stratigraphic correlation, Qinghai Oilfield produced isopach maps that
reveal the distribution of the Cenozoic strata within the Qaidam basin, and are widely acknowledged by geol-
ogists (Bao et al.,, 2017; Meng & Fang, 2008; Yin, Dang, Zhang, et al., 2008). We divide the total volume of each
abovementioned formation into multiple layers, with the thickness of each layer fixed to 1 m. We then use the
“polygon volume” tool in ArcGIS software to obtain the total volume of each 1-m-thick layer (Vopserved «)-
Given that the “polygon volume” tool in ArcGIS software does not provide any uncertainty estimate, the
uncertainty of the surface porosity (¢), the porosity-depth coefficient (C), and average depth of each 1-m-
thick layer (Z,) will determine the uncertainty of our basin fill estimate (V pqsin s1). Given that each layer is fixed
to 1-m thick, we assume the uncertainty of the average depth of each 1-m-thick layer (Zy) to be £0.5 m. As
suggested by Sclater and Christie (1980), the surface porosity (¢) for a range of sediment types, including
sandstone, clay-rich sandstone, shale, and chalk is between 0.49 to 0.70 and the porosity-depth coefficient
(Q) for these sediments varies between 0.27 to 0.71 (e.g., for sandstone, ¢, = 0.49, C = 0.27; for clay-rich sand-
stone, ¢ = 0.56, C = 0.39; for shale, ¢ = 0.63, C = 0.51; for chalk, ¢y = 0.70, C = 0.71). To propagate uncer-
tainties in these parameters that account for the range of possible sediment type in equation (8), we
conduct Monte Carlo modeling assuming 1o uncertainties that span the range of above-mentioned values.
The computation is given in Data Sets S2-59. The Monte Carlo simulations and equation for uncertainty of
Vipasin fir @re given in Text S1.

In the calculation of the uncertainty of V,osion, the uncertainty of the geothermal gradient and the lateral var-
iation in exhumation rate in each mountain belt are included. Given that the detailed cooling history could be
much more complicated than previously estimated, we did not include the uncertainty in exhumation rate
but instead calculated the average exhumation rate based on the best-fit model of fission track results. In
the calculation of the uncertainty of Vyasin s the uncertainty of sediment type (results in variation of surface
porosity [¢o] and porosity-depth coefficient [C]) and average depth of each 1-m-thick layer (Z,) are taken
into account.
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Table 3

5. Results

Estimated Volume of Sediment Preserved Within the Qaidam Basin During

the Cenozoic

5.1. Quantifying the Cenozoic Sediment-Accumulation Within

) 3 - the Basin
Formation Value (km~) Uncertainty
7 : We then obtain volumes of material preserved in the Lulehe, Lower
Qigequan (Q,) 47x10 6.3x 10 Xiaganchaigou Upper Xiaganchaigou Shangganchaigou
Shizigou (N,°) 30 10% 57 % 10" 'ag gou, PP ganchaigou, 99 gou,
Shangyoushashan (N52) 48 % 10* 70% 10" Xiayoushashan, Shangyoushashan, Shizigou, and Qigequan formations,
Xiayoushashan (N,") 42 x 10 6.9 x 10 ranging from ca. 1.5 x 10* to 4.7 x 10% km3(Table 3). The total volume of
Shangganchaigou (N+) , 3.1 x 102 6.0 x 10: material preserved in the Qaidam basin is ca. 2.8 x 10° km>. Based on mea-
Uprpzr s larprdEged () al/ 58 U SIS surements of cosmogenic '°Be in exhumed Cenozoic sedimentary bed-
Lower Xiaganchaigou (E3 ') 1.5x 10 45x%x 10 K within th id basin. Roh L (2013 d th
Lulehe (E; . ») 20%10% 45% 10" rock within the Qaidam basin, Rohrmann et al. ( ) suggested that
In total 28x10° 1.0 x 102 erosion rate ranges from 0.05 to 0.4 mm/year. Considering the mean
basin-wide averaged wind-erosion rate of 0.125 mm/year, Rohrmann et al.
(2013) estimate a wind eroded volume of ca. 1 x 10* km> (erosion rate
[0.125 mm/year] x start of erosion [2.6 Ma] x modern yardang area [ca. 3.88 x 10* km?]; Figure 9).
Therefore, after adding the proportion of material that escaped the Qaidam basin through wind erosion since
the late Pliocene (Vescqpe)s the total volume of solid grains that should be preserved in the Qaidam basin
(Vbasin fill + Vescape) is 2.9 x 10° km? (Figure 9).
5.2. Quantifying the Material Eroded From the Surrounding Mountain Belts
When following the traditional age model of ~50 Ma, the total volume of material eroded from the source
area (Varosion) Would be ca. 4.4 x 10° km? (Figure 9; Table 2). The estimated volume of material eroded from
the source area during the deposition of the Lulehe, Lower Xiaganchaigou, Upper Xiaganchaigou,
Shangganchaigou, Xiayoushashan, Shangyoushashan, Shizigou, and Qigequan formations ranges from ca.
5.3 x 10 km? to ca. 8.5 x 10* km*. In contrast, when following the ca. 30 Ma age model for the base of the
Lulehe Formation (W. Wang, Zheng, et al., 2017), the calculated total volume of material eroded from the sur-
rounding mountain belts (Verosion) Would be ca. 3.5 x 10* km? (Figure 9; Table 2). The estimated volume of
material eroded from the source area during deposition of the Lulehe,
Lower Xiaganchaigou to Upper Xiaganchaigou, Shangganchaigou to
5.0 4 Estimated volume . 9 9 PP g ) 9 . 99 9 .
e { of preserved sediment —§— Xiayoushashan, Shangyoushashan, Shizigou, and Qigequan formations
£ 7uithin the Qaidam basin ranges from ca. 3.4 x 10% km* to ca. 7.8 x 10* km?>.
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% 1 of material eroded from 6.1. Balancing the Sedimentation-Accumulation and Erosion
T th di tai 2 . .
2 - Wﬁei“;gﬁgai;ggtﬁofgoamz age model Our results show that the estimated erosion volume (Verosions
% : 4.4 % 10° km?) based on the traditional age model of ~50 Ma is ~34% lar-
g ] ger than the estimated volume of material that should be preserved within
5107 the Qaidam basin (Vuasin fil + Vescapes Ca- 2.9 X 10° km®). On the other hand,
> - when following the ~30 Ma age estimate for the base of the Lulehe
0.0 ; ; 7 ; Formation and the related age model, the estimated erosion volume

Q, N,

Figure 9. Estimated volume of materials preserved within the Qaidam basin
and estimated volume of material eroded from the surrounding mountains
following the ~50 Ma age model and ~30 Ma age model, respectively. Note
that when following the ~30 Ma age model for the basal Lulehe Formation
and related revisions to the basin chronology, the volume of eroded material
is calculated at 3.5 + 0.2 x 10° km3, which provides a better match to the
calculate total volume of solid grains that are preserved in the basin

(2.8 + 0.1 x 10° km®). Estimated volumes (Vbasin fill and Verosion) during the
deposition of Qigequan (Q), Shizigou (N23), Shangyoushashan (sz),
Xiayoushashan (N5 '), Shangganchaigou (N;), upper and lower
Xiaganchaigou (E31 + E32), and Lulehe (E; , ») formations are listed,
respectively. “In total” refers to the total volume during the Cenozoic. The
vertical bars show 1o errors propagated by Monte Carlo simulations dis-

cussed in the text.

T T
N> N,

T T
N, E,'+E; E,., In total (Verosion 3.5 X 10° km?®) is around 15% larger than the basin fill volume esti-
mate, indicating a better match between erosional volume and basin fill
volume. Given potential variation in the drainage area through time, we
cannot simply conclude that the 30 Ma age estimate for the base of the
Lulehe Formation is much more reasonable. However, by comparing the
estimated erosion volume versus grain volume associated with each for-
mation deposited in the basin, we provide better resolution of the source
to sink relationship between the Qaidam basin and the surrounding

mountain belts in the northern Tibetan Plateau through time.

During the deposition of Lulehe and Xiaganchaigou formations, the
volume of preserved sediment within the Qaidam basin (2.0 x 10% and
6.2 x 10* km®, respectively) is smaller than the corresponding estimated
erosion volume (6.7 x 10% and 7.8 x 10* km?, respectively) when
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following the new age model, whereas it is larger than the corresponding estimated erosion volume
(1.3 x 10* and 1.5 x 10* km?, respectively) when following the traditional age model (Figure 9). If following
the 30 Ma age model, we would expect a larger drainage area than the area that we assume. On the other
hand, if following the 50 Ma age model, we would expect a smaller drainage area than the area that we
assume. Therefore, we are not able to discern a potential systematic bias associated with difference in
assumed drainage area during the deposition of these units.

During the deposition of Shangganchaigou Formation, the total estimated erosion volume is 1.5 x 10° and
6.0 x 10% km* when following the traditional age model of ~50 Ma and the ~30 Ma age estimate for the base
of the Lulehe Formation, respectively (Figure 9). Both estimates are >90% larger than the estimated volume
(ca. 3.1 x 10* km®) of material preserved within the Qaidam basin, indicating that the estimated materials pre-
served within the Qaidam basin were insufficient to balance the materials eroded from the surrounding
mountain belts during the deposition of Shangganchaigou Formation. We thus propose a more restricted
local source area during that period of time compared with the source area of the present day. This specula-
tion is supported by source to sink studies in this region (F. Cheng, Fu, et al., 2016; F. Cheng, Jolivet, et al.,
2016), that suggest the Eastern Kunlun was locally exhumed during the deposition of Shangganchaigou
Fm. In addition, recycling/reworking of the Shangganchaigou Formation would also contribute to the
decrease in estimated sediment preserved within the Qaidam basin during the deposition of
Shangganchaigou Formation.

During the deposition of Xiayoushashan and Shangyoushashan formations, the volume of preserved sedi-
ment within the Qaidam basin (4.2 x 10* and 4.8 x 10* km>, respectively) is larger than the corresponding
estimated erosion volume (2.6 x 10* and 3.7 x 10% km>, respectively) when following the new age model,
whereas is smaller than the corresponding estimated erosion volume (7.4 x 10% and 8.5 x 10* km?, respec-
tively) when following the traditional age model (Figure 9). If following the 30 Ma age model, we would
expect a larger drainage area than the area that we assume. In contrast, when following the 50 Ma age model|,
we would expect a smaller drainage area than the area that we assume. Therefore, we are again not able to
distinguish systematic bias in the drainage area during these two periods.

In terms of the late Miocene to Pliocene Shizigou Formation, the estimated erosion volume is 7.7 X 10% and
5.2 x 10* km? when following the traditional age model of ~50 Ma and the 30 Ma age estimate for the base of
the Lulehe Formation, respectively. Both estimates are >70% larger than the estimated volume
(3.0 x 10* km?) of material preserved within the Qaidam basin. Given that the Shizigou Formation is inten-
sively deformed throughout the basin (F. Cheng et al,, 2014; F. Cheng et al., 2017; X. Cheng, Fu, et al., 2015;
L. Wang et al,, 2010; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008; Yin et al., 2007) and that
the wind erosion within Qaidam basin initiated during the late Pliocene to early Pleistocene (Heermance
et al, 2013; Kapp et al.,, 2011; Pullen et al,, 2011), we infer that some the Shizigou Formation strata might
be eroded and deposited into overlying Qiquequan Formation by recycling. This inference is based on the
assumption that the drainage area in this region during the deposition of Shizigou Formation was approxi-
mately similar to that of the present day.

During the deposition of the Quaternary Qigequan Formation, the estimated erosion volume (3.4 x 10% km?3)
is over 40% smaller than the estimated volume of material preserved within the Qaidam basin (4.7 x 10* km3).
Given that during the deposition of Qigequan Formation, the topography in the surrounding mountain bels,
drainage system and weather in this region are approximately similar to that of the present day, the esti-
mated erosion volume should be close to the real erosion volume. We argue that the additional source of
material to the Qigequan Formation would be the reworking/recycling of the Shangganchaigou,
Xiayoushashan, Shangyoushashan, and Shizigou formations associated with late Cenozoic shortening and
exhumation within the basin (Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008).

Both estimates, calculated using the thermochron-derived exhumation rates, on the total volume of material
eroded from the surrounding mountain belts show that over 75% of material in the Qadaim basin derived
from the Eastern Kunlun Shan to the south while only ~20% is sourced from the Altyn Tagh Shan and
Qilian Shan to the north. This finding is largely consistent with the source-to-sink studies that suggest that
the drainage systems derived from the Eastern Kunlun Shan probably crossed the entire basin to shed detri-
tus in the northern part of the basin (Bush et al., 2016; F. Cheng, Fu, et al., 2016; F. Cheng, Jolivet, et al., 2016;
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W. Wang, Zheng, et al., 2017). A similar trend has also been observed in the Tarim and Junggar basins. In the
Tarim basin, most of the Late Cenozoic sediments were derived from the Western Kunlun Shan to the south
and were dispersed to the northern Tarim basin, whereas the Tian Shan to the north only provided limited
material to those series within the Tarim basin (M. Jolivet et al,, 2010; Z. Li & Peng, 2010; Z. Li et al., 2004;
Sobel & Dumitru, 1997; Wei et al., 2013; W. Zhang, 2006). A similar observation in the Junggar basin shows
that most deposits were derived from the Tian Shan to the south (Hendrix, 2000; W. Yang et al,, 2013). We
suggest that this source-to-sink relationship between the basin and the surrounding mountain belts in
central Asia may be the response to northward growth of high topography over time with regions on the
southern margins of basins developing high relief before significant relief develops on the northern margin.

Both estimates of the total volume of materials eroded from the surrounding mountain belts are larger than
the total volume of solid grains that are preserved in the Qaidam basin (Figure 9; Table 2). Given that the
Eastern Kunlun Shan contributes over 75% source to the Qaidam basin (Table 2), the volume of clastic mate-
rials that were derived from Eastern Kunlun Shan could be the most likely source of error. In other words,
using the modern area of current drainages times the exhumation rate from the literature might overesti-
mate the true volume of clastic materials that are derived from the Eastern Kunlun Shan. As the places where
previous researchers conducted thermochronology studies are close to the margins (faults) of the Eastern
Kunlun Shan (M. Clark et al., 2010; M. Jolivet et al., 2001; F. Wang, Shi, et al., 2017), the measured exhumation
rate might be higher than the mean exhumation rate of the whole drainage area in the Eastern Kunlun Shan.
In addition, headward incision would result in an increase in the average erosion area through time. We
therefore conclude that the overestimate might be due to the fact that either the average exhumation rate
(Reeks) applied in this study is higher than it would be on average over the whole landscape of the Eastern
Kunlun Shan and/or the current area of drainage systems (Aceks) is greater than it was during the deposition
of those formations in the Qaidam basin. Finally, we note that dissolution of carbonate-rich rocks in the
source area may also lead to an underestimate of the volume of sediment preserved in the Qaidam basin
even if the source regions are composed mainly of siliciclastic/quartzitic rocks with few thin-bedded carbo-
nates rocks (F. Cheng et al., 2017; M. Jolivet et al., 2003; M. Jolivet et al., 2001).

6.2. Implication for the Depositional Age of the Cenozoic Strata Within the Basin

Acknowledging the uncertainty related to drainage area changes over time discussed above, we further eval-
uate the question of basal age of the Qaidam basin fill using two seismic profiles (E-E’ and F-F’) in the southern
part of the basin that intersect the Southern Qaidam Thrust (SQT; Figures 1 and 10). Apatite helium
age/elevation transects (bedrock samples from the field) from the northern flank of the Eastern Kunlun
Shan show a ~35 Ma initial rapid cooling event in the hanging wall of the SQT (M. Clark et al., 2010; F.
Wang, Shi, et al,, 2017). Although it is difficult to precisely estimate how long the topography would take
to evolve to the onset of thrusting and how long it would take for erosion rates to match uplift rates in this
region, these thermochronology studies suggest that the rapid exhumation (accelerated by >10 times) of the
basement rocks in the Eastern Kunlun Shan at ~35 Ma resulted from the simultaneous thrusting of the SQT.
Therefore, syntectonic sedimentation (growth strata) would be developed in the footwall of the SQT, which
has been shown on these two seismic profiles (Figure 11). When following the traditional age model (Fang
et al, 2007; Ji et al, 2017; Ke et al., 2013; Lu & Xiong, 2009; Rieser et al., 2006; Rieser et al., 2005; Z. Sun
et al, 2005; Xia et al., 2001; F. Yang et al,, 1992; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008;
Yin et al,, 2007; W. Zhang, 2006), the age of the pregrowth strata is >53.5 to 35.5 Ma, while the age of the
growth strata is ~35.3 to <8.1 Ma, consistent with the ca. 35 Ma onset time of initial faulting along the
SQT that has been revealed by the published thermochronologic data and modeling results (M. Clark et al.,
2010; M. Jolivet et al,, 2001; F. Wang, Shi, et al., 2017). On the contrary, when following the ca. 30 Ma age
for the base of the Lulehe Formation and the related age model (W. Wang, Zheng, et al., 2017), the age of
the pregrowth strata is ca. 30 to 16.5 Ma, while the age of the growth strata is around 16.5 to <6.3 Ma. In other
words, the age of ca. 30 Ma for the base of the Lulehe Formation and the related age model (W. Wang, Zheng,
et al, 2017) would indicate initial faulting along the SQT at ca. 16.5 Ma, which is in conflict with the ~35 Ma
inferred deformation timing based on the thermochronologic data and modeling results. Yet the integrated
age constraints, including the magnetostratigraphy, mammalian biostratigraphy, and detrital thermochro-
nology (W. Wang, Zheng, et al., 2017), combined with our assessment of the volume of eroded material sur-
rounding the basin versus the volume deposited in the basin, suggest an ~30 Ma age for the base of the
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Figure 10. (a) Uninterpreted and (b) interpreted SW-NE-oriented seismic profiles (D-D’) in southwestern Qaidam basin.
Location of this profile is shown in Figure 1c. Note the unconformity between the Xiayoushashan Formation and
Shangyoushashan Formation. Growth strata developed since the Shangganchaigou-Xiayoushashan Formation.

Lulehe Fm that outcrops in the northern Qaidam basin. If both the traditional age model of ~50 Ma for the
southern and western part of the basin and the new ca. 30 Ma age model on Cenozoic strata in the
northern part of the basin are correct, then the Cenozoic strata deposited in the Qaidam basin should
be diachronous.

Due to the poor preservation of vertebrate fossils and lack of Cenozoic volcanic records, a similar problem has
existed for other Cenozoic terrestrial strata in central Asia. For example, a thick pile of conglomerate, the Xiyu
Formation (less than 100 m to over 1,000 m thick), is widely distributed along the mountain ranges in central
Asia (Charreau et al.,, 2005; Heermance et al., 2007; Huang et al., 2010; J. Sun et al., 2004). Based on magnetos-
tratigraphic studies along the limited section and the single vertebrate fossil (Equus sanmeniensis) obtained
from the Anjihaihe section, some researchers suggested a ~2.5 Ma basal age for the Xiyu conglomerate
(Huang et al,, 2006; J. Sun et al., 2007; J. Sun et al.,, 2004). However, by carrying out magnetostratigraphic stu-
dies along multiple outcrops in Tarim basin and Junggar basin, recent studies reveal that the basal age of the
Xiyu conglomerate could range from ~15 to 0.7 Ma (Charreau, Chen, et al, 2009; Charreau et al.,, 2005;
Charreau, Gumiaux, et al., 2009; Heermance et al., 2007; Huang et al., 2010), which indicates the diachronous
nature of the Xiyu conglomerate deposition at both a local and regional scale. Therefore, our interpretation
that the Qaidam basin filled diachronously during the Cenozoic appears to be reasonable. The goal of this
study is to resolve the dispute on the age model of the Cenozoic strata within the Qaidam basin. The obser-
vation that an older basal age (~50 Ma) of the Lulehe Formation in the southern/western Qaidam basin and a
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Figure 11. Two NNE-SSW-oriented seismic profiles (E-E’ and F-F’), intersecting the southern Qaidam Thrust. Locations of these two profiles are shown in Figure 1c.
Figures 11a and 11b are uninterpreted profiles, and the interpretations are shown in Figures 11c and 11d. Growth strata developed since the Shangganchaigou-
Xiayoushashan Formation. When following the traditional age model (Fang et al., 2007; Ji et al., 2017; Ke et al,, 2013; Lu & Xiong, 2009; Rieser et al., 2006; Rieser et al.,
2005; Z. Sun et al., 2005; Xia et al., 2001; F. Yang et al., 1992; Yin, Dang, Wang, et al., 2008; Yin, Dang, Zhang, et al., 2008; Yin et al., 2007; W. Zhang, 2006) on the
sediment formations within the basin, the onset time of reverse-faulting along the southern Qaidam Thrust is ~35.5 Ma, consistent with the previous thermochro-
nologic data and modeling results (M. Clark et al.,, 2010; M. Jolivet et al., 2001; F. Wang, Shi, et al., 2017); however, it would be around 16.5 Ma, when following the
~30 Ma for the base of the Lulehe Formation and the related age model (W. Wang, Zheng, et al., 2017), which is in conflict with the thermochronologic data and
modeling results (M. Clark et al., 2010; M. Jolivet et al., 2001; F. Wang, Shi, et al., 2017).

younger basal age (~30 Ma) of Lulehe Formation in the northern/eastern Qaidam basin further implicates an
eastward and northward migrating basin-fill process: The sediments initially filled the southern and western
parts of the basin and subsequently migrated to the eastern and northern parts of the basin likely associated
with early timing of initial growth of the Eastern Kunlun Shan and later timing of growth of the southern
Qilian Shan. With regard to the shortcomings of this interpretation, it is unclear whether lithostratigraphic
units throughout the continental Qaidam basin have chronostratigraphic significance. We propose that
further effort, especially integrated magnetostratigraphic, and mammalian biostratigraphic, and detrital
thermochronologic studies, is required to determine the potential time-transgressive nature of the
lithostratigraphic units in the basin.

7. Conclusion

Two highly debated age models have been proposed for the Cenozoic strata within the Qaidam basin.
Despite the uncertainties that we discuss, this study takes a new approach in evaluating the age model for
strata within a depression by balancing the sediments preserved in the basin with materials eroded in the
drainage area.

When following the traditional age model of ~50 Ma, the total volume of material eroded from the surround-
ing source area is 4.4 + 0.3 x 10° km®. Using instead the ~30 Ma age model for the basal Lulehe Formation
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and related revisions to the basin chronology, the volume of eroded material is calculated at
3.5+ 0.2 x 10° km?, which provides a better match to the calculated total volume of solid grains that should
be preserved in the basin (2.9 + 0.1 x 10° km®). Given uncertainties in these estimates and the potential var-
iation in the drainage area through time, we cannot simply conclude that the 30 Ma new age model is more
reasonable. In addition, growth strata revealed in seismic profiles along the SQT suggest reverse-faulting
began during the deposition of Oligocene-Miocene strata. Following the traditional ~50 Ma age model,
the onset time of faulting along the SQT is ~35.5 Ma, consistent with previous thermochronology and mod-
eling results. If both age models are correct, then this requires a significant time-transgressive nature to basin
fill that allows for older ages of deposition in the southern part of the basin.

Understanding of both the agreement and discrepancies between these records sheds new light on the
validity of the depositional ages of these strata as well as the processes associated with the mismatch
between eroded volume and depositional volume. Our result highlights the potential discrepancies in the
thermochronometric approach to balancing eroded materials to basin fill. Large volume estimates for eroded
materials compared to basin fill that was primarily derived from the Kunlun Shan suggests that thermochro-
nometry closely associated with basin bounding faults tends to overestimate the erosion rate for a given area
and/or that headward erosion acting to increase erosion area outpaced the rate of shortening that tends to
reduce the erosion area. Furthermore, the evidence for a significantly diachronous age for the basal Lulehe
Formation emphasizes the need for further effort on determining the depositional age of the strata in the
southern and western parts of the Qaidam basin.
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