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Abstract: Understanding the formation of the Qilian Shan in the NE Tibetan Plateau
provides insights into the growth mechanisms of the northern portion of the plateau
through time. The onset time of exhumation in the Qilian Shan is still debated. The
Qinghai Nan Shan subrange, located in the southeastern Qilian Shan, is cut by the Yellow
River that forms Longyang Gorge, providing a good vertical profile for

thermochronological investigation of exhumation. In this paper, we reconstruct the



cooling and exhumation history of the Eastern Qinghai Nan Shan using apatite
fission-track(AFT) and apatite (U-Th)/He(AHe) thermochronological dating on basement
rocks. The fission-track data display a marked age-elevation trend from Early Cretaceous
(114-122 Ma) ages at the bottom of the canyon to Early-Middle Jurassic ages (165-180
Ma) at the top. Mean (U-Th)/He ages are mainly Early Cretaceous (97-128 Ma) with one
Eocene outlier (42 Ma). Combined with fission track lengths, Dy, values and thermal
modeling results, these data indicate that the study arex :esided above the closure
temperature of AFT and AHe until Early Cretaceous. Rapio cooling occurred during the
Early Cretaceous and early Cenozoic likely driven 2y the Lhasa and Indian blocks
collision with the southern margin of the A:.an continent. Nonetheless, since then
exhumation was limited to less than a “ev. ki.ometers in the study area. Combined with
regional geological studies, the ther mochronological analysis demonstrates that, since the
Mesozoic, intense exhumation occt rrd simultaneously along the northern and southern
margins of the Qilian Shan. Hence, we suggest that the geomorphic framework of the
northeast margin of the T:he.un Plateau was established during the Early Cretaceous-early

Cenozoic.
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1. Introduction

The uplift of the Tibetan Plateau is one of the important geological event in East Asia

(Fig. 1a), which had a profound impact on the regional and global climatic change (An et



al., 2001; Guo et al., 2002; Molnar, 2005; Sun et al., 2015; Ding et al., 2017), geomorphic
evolution (Brookfield, 1998; Jolivet et al., 2001; Liu-Zeng et al., 2008; Wang et al., 2008;
Zheng et al., 2013; Meng et al., 2020), and animal and plant evolution (Deng et al., 2012;
Spicer et al., 2020). However, how and when the Tibetan Plateau reached its modern
extent is still debated. The Qilian Shan (“shan” = mountains) is a NW-SE trending
orogenic belt on the northeastern margin of the Tibetan Plateau (Fig. 1b), which is an
ideal area to study the exhumation and expansion mode of 4.~ 1.betan Plateau (Yin and
Harrison, 2000; George et al., 2001; Song et al., 2001; 1oli\ et et al., 2001; Zheng et al.,
2010; Lin et al., 2011; Xiao et al., 2012; Pan et al, 2013; Wang et al., 2017a; An et al.,
2018; Shi et al., 2018; Yu et al., 2019a,b; To v et al., 2020). The range has a long and
complex tectonic history, including lats . 2te, 9zoic-early Paleozoic oceanic sutures and
associated continental collision evints as well as several late Paleozoic, Mesozoic and
Cenozoic intracontinental deformat nr events (Yin and Harrison, 2000; Yang et al., 2001;
Xu et al., 2006; Xiao et al., z209; Song et al., 2013; Zuza et al., 2018; Cheng et al., 2019a;
Lin et al., 2019; Li et &.. 2320a). Even though the geological history of the range has
been largely studied, tr.2 timing of the Mesozoic and Cenozoic deformation phases and
the resulting uplift and exhumation are still controversial. Several studies concluded that
the Qilian Shan experienced strong uplift during the Mesozoic (Vincent and Allen,1999;
Ritts and Biffi, 2000; Jolivet et al., 2001; Horton et al., 2004; Lin et al., 2011, Jian et al.,
2018; Zuza et al., 2018; Cheng et al., 2019a,d). As for the Cenozoic, some studies
propose that the deformation initiated at roughly the same time as the initial India-Asia

collision (Yin et al., 2002; Dai et al., 2006; Guo et al., 2009; Cheng X et al., 2016; Wang



et al., 2016a; Cheng et al., 2019b; Fang et al., 2019; Zuza et al., 2019). However, others
suggested that uplift initiated much more recently, in the late Cenozoic (Tapponnier et al.,
2001; Lease et al., 2011; Zhang et al., 2012; Wang et al., 2016b; Hu et al., 2019).
Similarly, the models proposed for the uplift pattern of the Qilian Shan imply either
stepwise uplift from south to north (Zheng et al., 2017; Zhuang et al., 2018; Cheng et al.,
2019b) or synchronous uplift from both north and south (Jolivet et al., 2001; He et al.,
2017, 2018; Zuza et al., 2018; Cheng et al., 2019c).

The eastern part of the Qilian Shan is drained b * the Yellow River, which is the
largest exorheic river in the northeastern Tibetan PJ: tea. It flows out of the eastern section
of the Qilian Shan, cutting a series of deep can',0'.s such as the Longyang Gorge located in
the Eastern Qinghai Nan Shan (Perrinez.u «t @, 2011; Nie et al., 2015; Su et al., 2020).
There, the Yellow River has incise. more than 2 km below a low-relief regional surface
(Liu-Zeng et al., 2008). Low-tempe ra‘ure thermochronological studies on vertical profiles
along deeply incised river \~lleys have proven an effective approach to decipher the
exhumation time and r7..~ n. orogenic belts such as the Longmen Shan, along the eastern
margin of the Tibetan F ateau (Kirby et al., 2002; Clark et al., 2005; Jolivet et al., 2015;
Tian et al., 2015; Zhang et al., 2016; Liu-Zeng et al., 2018). Apatite (U-Th)/He (AHe)
(application range of 40 °C to 80 °C, representing the helium partial retention zone
(HePRZ)) (Ehlers and Farley, 2003) and apatite fission track (AFT) (application range of
~110£10 °C to 60 °C, defining the Partial Annealing Zone (PAZ)) (Donelick et al., 2005)
thermochronology has already been used to describe the evolution of the Qilian Shan

(Jolivet et al., 2001; Wang et al., 2004; Lin et al., 2011; Pan et al., 2013; Li et al., 2019;



Wang et al., 2020). The scale of incision along the Longyang Gorge is large enough for
low-temperature thermochronology to be used to constrain the long-term rock cooling
histories. However, none of these above studies addressed the timing of exhumation
using the vertical profiles provided by deeply incised river valleys along the Qilian Shan.
Therefore, in this study, we use AFT and AHe data from a sub-vertical profile within the
Longyang Gorge to date the exhumation of the range (Fig. 1c). Combining these data
with regional geological studies, we discuss the Mesozo’c ~nu Cenozoic exhumation
history of the Qilian Shan. The results improve ou- unierstanding of the tectonic

evolution model of the northeast margin of the Tibr@n lateau.

2. Geological and geomorphic settingc

The northeastern Tibetan Plate~u is bounded by the West Qinling and East Kunlun
Shan to the south, the Qilian Shan t» the northwest, and the Liupan Shan to the east (Fig.
1a). Among these ranges, ti.» Quian Shan forms a major NW-trending thrust-fold belt
overprinting a system 4.~t uriginally formed during the early Paleozoic and was later
reactivated during the N'esozoic and Cenozoic (Xiao et al., 2009; Song et al., 2013; Zuza
et al., 2018). The ~300-km-wide and 3000- to 4500-m-high range is one of the most
active thrust belts in the India-Asia collision zone (Cheng et al., 2015; Zuza et al., 2016),
flanked by basins with a mean elevation of 1500-3000 m. It can be subdivided, from
north to south into the North Qilian Shan, the Tuole Shan, the Danghe Nan Shan, the
Shule Nan Shan, the Central Qilian Shan, the South Qilian Shan and Zongwulong Shan,

the Qinghai Nan Shan and finally the Laji Shan (Xiao et al., 2009, Fig. 1b).



The lithospheric deformation of the northeastern Tibetan Plateau has been governed
by convergence and collision of plates in the southern part of the Asian continent (Yin
and Harrison, 2000; Zuza et al., 2018; Guillot et al., 2019, Fig. 1a). During the Jurassic
and Cretaceous, the northeastern Tibetan Plateau has been affected by compressive
tectonic deformation (Qinghai Geologic Bureau, 1989; Ritts and Biffi, 2000), as
suggested by several angular unconformities in the Jurassic-Cretaceous coarse-grained
clastic deposits of the Qaidam Basin to the south, the Hexi Carndor to the north and the
Xining Basin to the east (Qinghai Geologic Bureau. 198! ; Vincent and Allen, 1999;
Horton et al., 2004). The Cenozoic tectonic evo.ution of the Qilian Shan was
characterized by a renewed and intense episo.ue of tectonic uplift driven by the ongoing
India-Eurasia convergence and the as,ol’ated rise, thickening, shortening and lateral
extrusion of the Tibetan Plateau (J.'ivet et al., 1999; Yin and Harrison, 2000; Wu et al.,
2012; Cheng et al., 2016; Zuza et al 7018).

The Qinghai Nan Shan .. separating the Gonghe Basin to the south from the Qinghai
Lake to the north (Ch7..g e al., 2009; Fu et al., 2013, Fig. 2). The sub-range connects
with the Zongwulong Shan to the west and the Laji Shan to the east, forming the southern
rim of the Qilian Shan. Paleozoic and Mesozoic basic volcanic rocks, coarse-grained
granodiorite and granites were intruded into the basement of the Qinghai Nan Shan
(Qinghai Geologic Bureau, 1989, Fig. 2). Resting unconformably on the basement,
Triassic, Jurassic and Neogene sedimentary rocks are widely distributed.

The Yellow River flows out of the eastern part of the Gonghe Basin and cuts through

the Qinghai Nan Shan to form the Longyang Gorge. It is a 33 km long, 9 km wide and



900 m deep canyon (Fig. 3). Lake spillover in the Gonghe Basin and/or fluvial headwater
erosion in the Guide Basin formed the deep Longyang Gorge during the period 1.2-0.012
Ma (Craddock, 2011; Zhang et al., 2014; Guo et al., 2018). A series of stepped erosion
surfaces are exposed north and south of the gorges, the upper and most extended one
being covered by flat lying Neogene to Quaternary sediments (Fang et al., 2005, Fig. 3).
To the north, the base of the sediment cover is represented by Early Miocene alluvial fans
of the Garang and Guide formations resting unconformab'y ~n the major surface worn
through a basement formed by early Mesozoic granites ano Triassic sediments (Fang et
al., 2005). These deposits are overlain by the Late Mi1cene-Early Pliocene alluvial and
lacustrine Ashigong and Herjia formations /~caq et al., 2005). The whole series are
capped by Quaternary lacustrine and aei1c1 ucposits (Guo et al., 2018). To the south, the
Early Miocene deposits seem to be lacking and Late Miocene sediments directly cover

the erosion surface.

3. Sampling and methz
3.1 Sampling strategy

The vertical profile approach uses samples collected over significant relief and a
short horizontal distance in order to reconstruct the exhumation history of the region
(Fitzgerald et al., 1999; Braun, 2002). We collected seven granite samples from an
altitudinal transect (36°1725"N-36°07'30"N, 100°51'16"E-100°59'30"E) that maximizes
relief by spanning the high elevation (3270 m), low-relief surfaces (2350 m), to near the

Longyang Gorge bottom on the southern flanks of the Eastern Qinghai Nan Shan (Fig. 3;



Table 1). One additional bedrock sample (HR-9) was collected from bank of the Langma
River (a tributary of the Yellow River, 36°0829”N, 101°02'19”"E, 2537 m) on the
northern piedmont of the studied area. Samples cover an elevation range from 2350 m to
3270 m, measured using a hand-held Garmin GPS receiver. An age-elevation profile
where AFT and/or AHe ages are plotted versus sample elevation allows for the evaluation
of variations in the apparent exhumation rate (Fitzgerald et al., 1999; Braun, 2002). In
this case, the elevation difference between the two samplzs ‘uppermost sample:h; and
lowermost sample:h,) is divided by the corresponding s. mpi : ages difference (uppermost
sample:t; and lowermost sample:t;) to obtain the exi, umation rate, E: E=(t1-ty)/(hi/hy)

(Blythe et al., 2007; Malusa and Fitzgerald, 2C.v;.

3.2 Analytical methods

Basement rock samples woarr crushed mechanically. Apatite grains were
concentrated following stanurd procedures using heavy liquid and magnetic separation
techniques. AFT analys.. we.e performed at the Chronus Camp Research, Brazil. Apatite
grains were mounted in 2poxy resin, cut to expose internal grain surfaces. Sample mounts
were etched in 5.5 M HNO;3 at 21 °C for 20 s to reveal the spontaneous fission tracks
(Carslon et al., 1999). Spontaneous fission tracks were counted using a Zeiss microscope
with a magnification of 1000. The lengths of horizontal confined tracks were measured in
order to construct an AFT length-frequency distribution and model the thermal history of
the samples. AFT ages were obtained using direct measurements of uranium

concentrations with a Neptune high-resolution multi-collector ICP-MS coupled with a



193 Analyte Excite laser ablation system. The detailed dating method can be found in
Soares et al. (2015). The uranium concentration of each counted grain was determined
using a laser ablation spot size covering the maximum area over which etched tracks had
been previously counted. The size of the area for fission-track measurement and
consequently the LA-ICP-MS laser ablation depends on the grain size and the occurrence
of inclusions or fractures with the standard analyzes beam size between 30-40 um. The
NIST SRM 610 standard was used as an independent ctcok un LA-ICP-MS system
performance. AFT ages were calculated using the scheme Jescribed by Donelick et al.
(2005) based on an adaptation of the zeta calibr=tioi, approach of Hurford and Green
(1983) and Hasabe et al. (2004). The chem’cs’ composition of the apatite affects the
characteristics of the annealing process, a'd ue Dy, parameter was used as a proxy for
the annealing kinematics (Donelick ~t al., 2005; Sobel and Seward, 2010). The horizontal
confined fission tracks were measuiac on surfaces parallel to the crystal C-axis (Green et
al., 1986). For samples that hassed the y? test with age dispersion < 10%, the pooled
ages are used. However, J'ie .0 the large spread of single grain ages (Gleadow et al., 1986;
An et al., 2020; Li et ar , 2020b), or chemical composition variation of apatite grains in a
single sample (Galbraith and Laslett, 1993; O'Sullivan and Parrish, 1995), passing the %>
test with age dispersion > 20%, the central ages are addressed.

The first step for (U-Th)/He dating was to make suitable grains selection. In general,
the grains are selected based on their morphology, size, optical clarity, and compositional
uniformity. Thereafter, the euhedral crystals or grains with morphologies that can be

geometrically approximated are used as they allow the correction for alpha-ejection



(Flowers, 2009). The AHe analysis was also conducted at Chronus Camp Research,
Brazil. Helium concentration was measured using an Alphachron (Australian Scientific
Instrument Pty Limited-ASI) mass spectrometer with an extraction temperature of
850-900 °C obtained using a 970 nm diode laser and a heating duration of 5 min.
Extraction values of >99% of “He in the heated crystal were obtained. This was verified
through a replicate heating procedure checking that secondary extraction did not account
for more than a hot blank. For apatite, 25 uL spike soluticu {dunated in 7 Mol/L HNO3)
containing about 15 ng/mL U and 5 ng/mL Th (*'U/~*U = 838+7, ®°Th/?’Th =
10.45%0.05) was added into each vial. The time for fui. dissolution was about 4h at room
temperature. 325 pL reagent grade Milli-Q wewr was then added to the vial, reaching a
total volume of 350 pL. Durango apatit.. w1s u3ed as an age standard to verify the quality
of the analytical procedure.

The weighted mean AHe ag:s were calculated using Isoplot/Ex_ver3 (Ludwig,
2003). Accurate interpretaticn o1 AHe ages must incorporate the effect of crystal size
(radius, Rs) and effecti.c L concentration (eU=U+0.235xTh) as both parameters have a
non-negligible effect or. the He diffusion (Reiners and Farley, 2001; Farley, 2002; Shuster

et al., 2006).

3.3 Thermal modeling
Forward and inverse thermal modeling can be performed simultaneously using the
HeFTy software (version 1.9.1) (Ketcham, 2005). Forward modeling is the process of

predicting what thermochronometer measurements one would expect for a sample that



has undergone a particular temperature history. A comparison between predicted results
and measured values is possible. Inverse models have the distinct advantage over forward
modeling by hand of permitting many thousands of forward models to be calculated for a
sample, obtaining hundreds or even thousands of acceptable time-temperature histories. A
combination of AFT age, confined track length data, and available geological background
are considered in the inversion modeling with the following time-temperature path
constraints. (a) The maximum time and maximum tempers...-e were set at 270 Ma-160
Ma and 200 °C-160 °C respectively, a temperature abo ‘e which fission tracks in apatite
grains are totally annealed. (b) We assumed an averaje annual surface temperature of
20 °C. The Kolmogorov-Smirnov test was er.aployed to assess the fit between the
modeled and measured track-length dicuaiutichs, with merit values of 0.5 and 0.05 for
good and acceptable fits respectivei,” Ten thousand paths were calculated for each sample,
producing several hundreds of accer:iable and good time-temperature paths. To better
constrain the low-temperatu.@ thermal history of the eastern Qinghai Nan Shan, the
time-temperature historic~ vw.ere further modeled using the AHe data and the diffusion
model proposed by Faley (2000). The following parameters were used as input: the
weighted mean of all measured ages, the grain radius, and the content of uranium,
thorium and samarium. Because of intrasample age variability, AHe data had to be entered
selectively into the models to achieve reasonable results (Ketcham et al., 2018). Thermal
history modeling was carried out for samples with similar or consistent AHe ages.
Otherwise, if the AHe ages in the sample were too dispersed, it could not be selected.

4. Results



Six samples from the hanging wall of the Eastern Qinghai Nan Shan thrust fault
provided AFT ages and seven samples yielded AHe ages. AFT ages range between
180£11 Ma and 114.3+7.9 Ma. These samples yield fairly consistent mean AHe ages
from the vertical section clustering in the Early Cretaceous (128+5.9-97.7£1.6 Ma) and
Eocene (42.5£0.6 Ma). Geographic locations and AFT ages with 1o standard errors are
reported in Figure 3 and 5 and Table 2. U, Th, and He concentrations, crystal dimensions,
AHe raw and corrected ages are summarized in Table 3.

The AFT age data display a marked correlation witt sample elevation (r*=0.67)
allowing to calculate a mean exhumation rate of 1.0 1.”/Ma ranging from 119 Ma to 180
Ma (Fig. 5). AFT age-elevation profiles from w:.th this and earlier studies in the central
part of Qinghai Nan Shan (Craddock, ~u.') «e presented in Figure 5. These AFT ages
are clearly younger than the Inacsinian crystallization age(~270Ma) of the granitic
intrusions they belong to (Zena ¢t l., 2018), suggesting post-crystallization cooling
through the apatite fission tr."k FAZ during regional exhumation events. The mean track
lengths are within 11.°9 2., um (Table 2), with standard deviations of 1.53 pum to 2.55
um. The track length u’stributions are of “undisturbed basement” type (Gleadow et al.,
1986). The Dyar values vary from 1.0 um to 4.2 um and do not show clear relationships
with the corresponding AFT ages and fission track lengths implying that chemical
heterogeneity of the samples has little effect on the annealing kinetics (Fig. 6).

Three to five single-grain AHe age analyses were performed for each sample from
the Longyang Gorge and Langma River transects (Fig. 5). The samples yield single AHe

ages ranging from 159.1+7.3 Ma to 36.6£0.5 Ma (Table 3). Most AHe ages are



significantly younger than the AFT ages on the same sample, especially the higher
elevation samples (HR-6, HR-7, Fig. 5). The lower elevation samples (LY-1, 2, 3),
however, have several single-grain AHe ages that overlap with the AFT ages within
uncertainty. In addition, there are some single-grain AHe ages in each of the three lower
samples older than their corresponding AFT ages. The comparisons between single-grain
AHe ages and eU and Rs do not show clear relationship, suggesting that radiation
damages or grain size are not the main factors explaining thc chnormally older AHe ages
(Shuster et al., 2006, Fig. 7). In contrast, it is likely link d to other magnified factors such
as a protracted residence in the apatite (U-Th)/He F R ‘Fitzgerald et al., 2006; Biswas et
al., 2007; Clinkscales et al., 2020), U, and Th <0 ing (Flowers and Kelley, 2011) or other
elements zoning (Jolivet et al., 2003; Diim.i ec al., 2015).

Modeled t-T paths obtained fiom AF 1" data are shown in Figure 8. Samples HR-6,
and HR-7 cooled relatively ranid v during the Middle Triassic to the Early-Middle
Jurassic, before a phase of “low cooling through the PAZ, which the samples exited
during the Early Cretar.2'ts (HR-7) to Late Cretaceous (HR-6). Samples LY-1, LY-2 and
LY-3 are characterized Yy a poorly defined initial cooling during the Triassic to Jurassic
up to the base of the PAZ followed by a rapid cooling that initiated during the Early
Cretaceous. Modeling of AHe data confirm the occurrence of a Cretaceous-early

Cenozoic exhumation event (Fig. 9).

5. Discussion

5.1 Exhumation history of the Eastern Qinghai Nan Shan and implications for the



formation of the Qilian Shan

AFT ages of samples HR-6 and HR-7 at the top of the Eastern Qinghai Nan Shan
cluster at 180+11-165+9.5 Ma, cooling below the AFT PAZ occurred during the
Early-Middle Jurassic. AFT and AHe thermal history modeling results and AHe ages
from the lower samples LY-1 and LY-2 also support a Jurassic cooling in the Eastern
Qinghai Nan Shan. Regionally, Jurassic cooling has been reported from the North Qilian
Shan (George et al., 2001; Jolivet et al., 2001; Li et al., 2025} u.e Altun Shan (Sobel et
al., 2001), the East Kunlun Shan (Tian et al., 2020), tt = Liipan Shan (Lin et al., 2011;
Peng et al., 2019), the West Qinling Shan (Zattin aad v ‘ang, 2019) or the Longmen Shan
(Roger et al., 2010; Jolivet et al., 2015). Jurascic cooling event may be the response to the
collision between the Qiangtang and Kun.un >locks (Jolivet et al., 2001; Karplus et al.,
2011; Tian et al., 2020; Zhang et al., 2020a).

However, on the age-elevatior p-ofile, the bottom three samples (LY-1, LY-2, and
LY-3) show overlapping me.n AT and AHe ages concentrated in the Early Cretaceous
(Fig. 5), which suggest, the Eastern Qinghai Nan Shan experienced rapid exhumation
during that time. This ' ming is further confirmed by the AFT and AHe thermal history
modeling results. Similar events have been suggested based on AFT and AHe ages in the
central part of Qinghai Nan Shan (Craddock, 2011, Fig. 5). In addition, Craddock
(2011)'s AHe results support a rapid exhumation during the early Cenozoic (39-51 Ma),
consistent with the AHe age in sample HR-9 (42 Ma) obtained in this study. Such an

outlier AHe age (HR-9) is likely to be controlled by regional fault activity. Therefore, it

indicates that exhumation again appeared in the whole Qinghai Nan Shan during the early



Cenozoic. However, that amount of Cenozoic exhumation was probably not large enough
to completely erase the Mesozoic low temperature signal still preserved in the range.
Moreover, tectonic exhumation events can also be found in the Central and
North Qilian Shan during the Early Cretaceous and Early Cenozoic. For example,
bedrock apatite FT age and thermal history modeling results show that the Central
Qilian Shan were exhumed rapidly at 120-68 Ma and 60-40 Ma (Qi et al, 2016; He et
al, 2020, Fig. 10), which is consistent with the detrital 1\«'™ ages from the adjacent
sedimentary strata (Li et al, 2020b). Similarly, bedrock ar d detrital AFT ages indicate
that intense exhumation occurred in the North Qilian Chan at 115-80 Ma (George et al.,
2001; Jolivet et al., 2001; Duvall et al., 2013; ™a'. et al., 2013; Lin et al., 2019) and 59-38
Ma (He et al., 2017; Li et al., 2019, Fig 1u). Scdiments characteristics in the northeastern
Qaidam Basin and Hexi Corridor p: “vide evidence of simultaneous sustained exhumation
in the South and North Qilian Shn during the Early Cretaceous and early Cenozoic
(Vincent and Allen, 1999; Ri*s and Biffi, 2000; Dai et al., 2005; Fang et al., 2005; Yin et
al., 2008a,b; Cheng et .., 2029b,d; Zhang et al., 2020b). It is therefore that both the Early
Cretaceous and the ean ' Cenozoic are the most important periods for the formation of the

Qilian Shan.

5.2 Implications for intracontinental deformation of the northeastern Tibetan
Plateau
Combined with existing low-temperature thermochronology datasets and thermal

history modeling results, we infer that the intense exhumation occurred in the whole



Qinghai Nan Shan during the Early Cretaceous and early Cenozoic. However, thick Early
Miocene sandstone and conglomerate deposits (Garang and Guidemen fms.) are widely
distributed in the piedmonts of the Eastern Qinghai Nan Shan, unconformably overlying
the crystalline basement (Fig. 3). Moreover, well-developed Late Miocene initiated
growth strata along the western and central parts of Qinghai Nan Shan, revealed that
strong topographic gradients occurred in the Late Miocene-Pliocene (Chang et al., 2009;
Zhang et al., 2012). Our low temperature thermochronolocy Yaw. and thermal modeling
results, however, do not show any Neogene coolin evant. Considering the mean
exhumation rate derived from our models (15.0 mn 1a), the total exhumation of the
Eastern Qinghai Nan Shan at 120 Ma can reac’: - 300 m while the subsequent exhumation
is very limited. Regional exhumation ir. u.2 s.:dy area and central parts of Qinghai Nan
Shan during the Neogene (Craddoc!- 2011) was not enough to completely obliterate the
Mesozoic signal. Although the Qin¢hri Nan Shan underwent rapid exhumation during the
Early Cretaceous and earlv ~enozoic, the subsequent exhumation was limited and the
Miocene intense exhum.u:*oi, occurred (Chang et al., 2009; Craddock, 2011; Zhang et al.,
2012), most probably cue to tectonic compression. A similar orogenic belt exhumation
pattern was discussed in the West Qinling Shan (Zattin and Wang, 2019) and eastern part
of the North Qilian Shan (Pan et al., 2013; Li et al., 2019).

Regionally, Early Cretaceous-early Cenozoic exhumation events are also recorded in
the Liupan Shan (Lin et al., 2011; Peng et al., 2019), the Altun Shan (Jolivet et al., 2001,
Sobel et al., 2001), the Qimantagh Shan (Wang et al., 2019), the East Kunlun Shan (Yuan

et al., 2006; Dai et al., 2013; Wang et al., 2017c), as well as in the Kuantan Shan and



Longshou Shan (Zhang et al., 2017; An et al., 2020). We suggest that the geomorphic
framework of the northeast margin of the Tibetan Plateau was initially established during
the Early Cretaceous in response to the collision of the Qiangtang and Lhasa blocks (120
Ma, Kapp et al., 2007; Guillot et al., 2019; Zhang et al., 2019) and further enhanced

during the early Cenozoic initial stage of the Indian collision (Hu et al., 2016).

6. Conclusions

New AFT and AHe thromochronological data ‘omiined with inverse thermal
modeling from the Eastern Qinghai Nan Shan r:coi1 exhumation during the Early
Cretaceous-early Cenozoic following a perioc o continuous but slow cooling during the
Late Jurassic. We relate this first e'.numnacon phase to the collision between the
Qiangtang and the Kunlun blocks, and the second exhumation to the collisions of the
Lhasa and Indian blocks with tn® <outhern margin of Eurasia. However, the Early
Cretaceous-early Cenozoic €, humation was not sufficient to completely exhume the early
Mesozoic apatite PAZ uo eurly Jurassic AFT ages are still preserved. Combined with
previous regional guological studies, indicates intense exhumation occurred
simultaneously along the northern and southern margins of the Qilian Shan since the
Mesozoic. The geomorphic framework of the northeast margin of the Tibetan Plateau was

initially established since the Early Cretaceous.
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Figure captions

Fig. 1 (a) Sketch map of the major blocks and suture zones of Tibetan Plateau and
adjacent regions (after Yin and Harrison, 2000; Tapponnier et al., 2001). The red arrows
indicate where the plate is moving (after Wang et al., 2017b). (b) Topography and major
faults in the northeastern Tibetan Plateau. NQS=North Qilian Shan, TLS=Tuole Shan,
TLNS=Tuole Nan Shan, SLNS=Shule Nan Shan, CQS=Ce:y*ra: Qilian Shan, LJS=Laji
Shan, DHNS= Danghe Nan Shan, ZWLS=Zongwulong shar, QHNS=Qinghai Nan Shan,
GHNS=Gonghe Nan Shan, WQL=West Qinglin«. (.) Topographic profile along the
transect A-A'. Yellow dots denote the locatior, « ¢ samples from the Eastern Qinghai Nan

Shan. See Fig. 1b for location of A-A’.

Fig. 2 Simplified geologic map of th: Qinghai Nan Shan and adjacent areas (modified

from the 1:2.5 million scale yoloyic map of China (China Geological Survey, 2004)).

Fig. 3 Detailed geolog,: map of the study area, with sample locations shown as white
squares. The late Cenozoic strata, overlying the Mesozoic granitoids (Zeng et al., 2018),

are distributed on the north and south sides of Longyang Gorge unconformably.

Fig. 4 Radial plots constructed using RadialPlotter software (Mermeesch, 2009) for AFT ages

from the Eastern Qinghai Nan Shan.



Fig. 5 AFT and AHe cooling ages vs. elevations for eastern (our data) and central

(Craddock, 2011) part of the Qinghai Nan Shan. Dashed lines outline age-elevation trend.
Fig. 6 Plots of (A) AFT age and (B) track length vs. Dy, Dpar is the arithmetic mean
fission-track etch figure diameter parallel to the crystallographic c-axis (Donelick et al.,

2005).

Fig. 7 Plots of AHe ages vs. eU (eU=effective U conce”.. ~tiun) (A) and Rs (sphere

equivalent radius) (B).

Fig. 8 AFT thermal history models obtained (v the Eastern Qinghai Nan Shan vertical
transect samples produced using HeFT, (<ewcham, 2005).The pink and green envelope
represents a good fit and an accep:able fit. The black line corresponds to the “best fit
model” line. Black rectangles are t11e constraint boxes. T-t constraints imposed into the

modeling were described in v e text. PAZ: partial annealing zone of apatite fission track.

Fig. 9 AHe thermal hitory modeling using HeFTy software (Ketcham, 2005) for the
Eastern Qinghai Nan Shan vertical transect samples. Results presented as envelopes
surrounding good (pink) and acceptable (green) fitting histories, and black lines are
corresponds to the “best fit model” line. Black boxes indicate time-temperature
constraints. The detailed T-t constraints were described in the text. PRZ: partial retention

zone of helium.



Fig. 10 Shown are distribution of major AFT or AHe and sedimentary studying locations

and results.
Tablel. Information of the samples reported in this study
Sample Lithology Altitude (m) Latitude Longitude
HR-6 Indosinian granite 3270 36°1725" 100°51'16"
HR-7 Indosinian granite 3061 36°14'45" 100°51'58"
HR-8 Indosinian granite 2734 36°08'40" 100°55'04"
HR-9 Indosinian granite 2537 36°0829" 101°02'19”
LY-1 Indosinian granite 2450 36°07'31" 100°59'45"
LY-2 Indosinian granite 2409 36°07'48 100°59'56"
LY-3 Indosinian granite 2350 36°C7'30' 100°59'30"
Table 2 Measured apatite fission t:ack Jata in this study
Sample N(grains) n(tracks) ps(Ns)  psSTD Zeta U'-urk U-STD P(xY) Dpar Age L+SD(n)
x10E+6 x10E+5 x10™ .2 ug/g Hg/g pm  Ma(tle) pm
HR-6 37 457 0.56 1.63 .79 8.5 922 035 299  180#11  11.93+2.55(63)
HR-7 31 521 1.05 1.63 2.31 14.9 1099 086 161 165695 13.18+1.85(48)
HR-9 24 373 0.99 1.63 75 15.5 9.04 000 263  169+18  12.12+2.17(64)
LY-1 39 719 1.16 1.98 1.59 19.68 9.98 011 194 1143479 13.23+1.53(57)
LY-2 38 607 1.02 198 1.59 13.49 9.98 046 242 1227466 12.64+1.98(56)
LY-3 31 453 0.95 1.95 1.64 16.48 1027 010 1.92 119.1+7.8 13.07+1.55(54)

N(grains): number of apatite ~rystals analyzed; n(tracks): number of apatite fission track
analyzed; ps (Ns) and ps~.: spuntaneous fission-track density of apatite crystals analyzed of
samples and stand-.+ds, Zvta: LA-ICP-MS calibration factor determined against Dur-2
standards; U-unk and U-sTD: uranium-238 concentration of samples and Dur-2 standards
measured by LA-ICP-MS; P(x%): chi-squared probability; Dpar: mean diameter of
fission-track etch images parallel to the crystallographic c-axis. L+SD: mean track
length+ standard deviation, n, number of tracks measured.

Table 3 Results of single grain AHe dating in this study

Th/ Raw Corr. Error Mean age
Sample length width Mass Rs ‘He U Th Sm euU U age Ft age (xlo) (xlo)
pm pm mg pm  nmol/g  ppm ppm ppm ppm Ma Ma Ma Ma
HR-6
G-1 298 111.3 655 6445 8232 1254 3111 30.44 19.8 2.48 75.3 0.77 97.5 13
G-2 2748 1349 737 7135 19402 30.06 7031 36.22 46.6 2.33 76.1 0.79 95.9 13 97.7+1.6



G-3 2252 1076 3.07 5026 12184 2027 46.17 4519 311 2.27 71.2 071 999 1.7

HR-7

G-1 1622 774 126 3819 29528 4829 113.99 573 75.1 2.36 71.9 0.68 1154 1.6

G-2 165.6 1084 183 4546 17.841 2844 63.89 60.13 43.5 2.24 747 0.68 108.9 2.2

G-3 1519 629 102 3533 10.801 1933 6191 3798 33.9 3.20 58.1 058 987 3.3 107.6+2.4
HR-8

G-1 2312 1447 6.75 7282 9.118 1542 2143 27.59 20.5 1.39 81.1 0.80 100.8 1.7

G-2 2439 1164 567 6643 23957 3043 49.75 4458 42.1 1.63 103.5 0.78 1321 13

G-3 214.1 154 596 7043 21375 3769 4528 38.98 48.3 1.20 80.8 0.79 1012 11 111.3+15
HR-9

G-1 2143 906 3.05 5157 12496 3555 10256 4851 59.7 2.88 38.3 071 536 0.8

G-2 1554 834 159 4351 9129 38.05 12342 6522 67 3.74 24.9 066 375 0.5

G-3 2254 456 129 3371 7.151 3824 106.14 64.35 63.2 271 20.7 056 36.6 0.5 42.5+0.6
LY-1 B

G-1 1754 908 286 499 11428 2893 156 43.95 32.6 (WX ] 87.2 0.72 1378 3.8

G-2 133.8 835 198 427 16513 37.13 1433 50.59 40 o 2.38 101.1 0.67 159.1 7.3

G-3 196 110.2 552 6406 19.063 23.85 1237 36.28 PRV 0.51 55.1 078 871 59 128.0+5.9
LY-2

G-1 162.1 87 244 4861 16.414 31.04 458 64.07 418 1.47 714 0.70 1143 43

G-2 120.8 1022 277 4955 15758 26.16 17.09 46.0. 30.2 0.65 94.8 0.72 1499 43

G-3 1323 794 237 46.18 0.146 0 0 v 13 0 N/A N/A 0.69 N/A N/A

G-4 131 954 226 4829 14119 30.05 2(A8 58.34 36.3 0.88 70.7 071 1122 55

G-5 134 1022 173 4223 21.089 5578 2411 84.45 61.4 0.43 62.6 0.68 9838 6.4 118.8+4.9
LY-3

G-1 1552 514 115 3528 14209 22.6Y 4.J9 75 321 177 80.0 059 128.1 9.2

G-2 1223 794 219 4512 28468 6550 4153 55.03 78.3 0.60 66.6 0.69 105.6 44

G-3 1359 638 131 3855 23937 51.° 516 7813 64.1 0.99 68.1 0.63 108.5 6.5

G-4 1233 101.7 311 5133 1622y 433 2351 393 514 0.51 57.9 073 917 1.6

G-5 1353 814 119 3744 307vc 53519 5945 84.96 79.2 0.91 71 0.63 1129 3.1 109.3+2.6
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Highlights
» Low-temperature thermochronological study was carried out for Yellow River valley.
« Eastern Qinghai Nan Shan experienced rapid exhumation since the late Mesozoic.

» Geomorphic framework of the NE Tibetan Plateau was initially established since the
late Mesozoic.
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