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A B S T R A C T   

At the northwestern end of the India–Asia collision zone, in the eastern Pamir interior, the Kongur Shan 
extensional system extends for ~250 km as a composite system of normal faults. As the southernmost segment of 
the extensional system, the Tashkurgan fault can be divided into a northern and southern segment by the 
intersection of the Tahman and Tashkurgan faults. To evaluate the tectonic activity along the Tashkurgan fault 
and explore the extensional characteristics of the southern Kongur Shan extensional system, we integrate geo
morphologic analysis with thermochronologic data and modeling. Geomorphic indices, including local relief, 
normalized channel steepness index (ksn), and river χ-plots, show that the southern Tashkurgan fault is more 
active than the northern Tashkurgan fault. On the footwall of the northern Tashkurgan fault, most thermo
chronologic data, which include biotite 40Ar/39Ar (Arbt), zircon (U-Th)/He (ZHe), apatite fission track (AFT), 
and apatite (U-Th-Sm)/He (AHe) dates, record emplacement-related cooling, and only a few AHe dates possibly 
record exhumation of <2 km since ~7 Ma ago. On the footwall of the southern Tashkurgan fault, almost all of the 
ZHe, AFT, and AHe dates record significant late Miocene to present exhumation; thus, we perform three- 
dimensional thermokinematic modeling for the normal slip along this fault segment. Modeling results indicate 
a probably constant slip rate on the southern Tashkurgan fault at a value of 1.4–1.5 mm/a, which corresponds to 
6–7 km of both horizontal extension and footwall uplift since 6.5 Ma ago. All together, the geomorphic and 
thermochronologic evidences imply that the southern Tashkurgan fault is responsible for the ~E–W extension 
along the southernmost portion of the Kongur Shan extensional system, while the northern fault segment plays a 
minor role in the extension. This result, combined with the previously published magnitude of extension along 
the southern Kongur Shan fault, indicates that the extension at any site along the southern Kongur Shan 
extensional system can be primarily attributed to normal faulting along a single border fault, which is a typical 
characteristic of an interbasin transfer zone with a transfer fault.   

1. Introduction 

Late Cenozoic extensional systems are widely distributed in the 
Himalayan–Tibetan orogen (Yin and Harrison, 2000; Mitsuishi et al., 
2012; Bian et al., 2020). As the western prolongation of the continent- 
continent collisional orogen (Fig. 1a), the Pamir salient also experi
enced crustal extension which resulted in exhumation of gneiss domes 
(Fig. 1b; Robinson et al., 2004, 2007; Cao et al., 2013a, 2013b; 
Stearns et al., 2013, 2015; Stübner et al., 2013a, 2013b; Thiede et al., 

2013; Rutte et al., 2017a, 2017b; Worthington et al., 2020; Chen 
et al., 2023). Late Miocene to present tectonic activity in the eastern 
Pamir is characterized by thrusting and strike-slip movement along 
the front and ~E–W extension in the interior, where the ~250 km- 
long Kongur Shan extensional system bounds extensional ranges that 
include the highest peaks of the Pamir (Robinson et al., 2004, 2007; 
Cowgill, 2010; Sobel et al., 2011, 2013; Cao et al., 2013a, 2013b; 
Thiede et al., 2013; Cai et al., 2017; Chen and Chen, 2020; Chen et al., 
2023). 
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The Kongur Shan extensional system consists of several fault seg
ments that in the south include the Tashkurgan normal fault (Fig. 1b; 
Robinson et al., 2004, 2007; Thiede et al., 2013; Chen and Chen, 2020; 
Wu et al., 2023). The Tashkurgan fault dips to the NEE and is connected 
to the W-dipping southern Kongur Shan normal fault through a transfer 
structure, namely the NW-dipping Tahman normal fault (Fig. 1c; Rob
inson et al., 2007; Wu et al., 2023). The intersection of the Tashkurgan 
and Tahman faults divides the Tashkurgan fault into a northern and 
southern segment. Both segment footwalls expose Miocene granitic 
rocks that were the focus of a previous thermochronologic study (Chen 
and Chen, 2020), which estimated the onset timing of slip along the 
southern Tashkurgan fault (10–5 Ma) and the average exhumation rate 
for the footwall of the southern segment (0.6–0.9 mm/a in the past ~5 
Ma). This initiation age was roughly constrained by the youngest ther
mochronologic date from the hanging wall and the oldest date from the 
footwall, and this exhumation rate was simply calculated by a one- 
dimensional analytical method. The activity of the northern Tashkur
gan fault has remained unconstrained due to the overlap between 
cooling and intrusion ages (Cai et al., 2020; Chen and Chen, 2020). 10Be- 
derived erosion rates in the catchments along the footwall of the Tash
kurgan fault indicate that during the past several thousand years, the 
southern fault segment was more active than the northern one (Wu 
et al., 2023). However, it is necessary to provide more evidence to 
further constrain the long-term tectonic activity along the two segments 
of the Tashkurgan fault. 

In this contribution, we take advantage of remarkable landscape 
features and thermochronologic data along the strike of the Tashkurgan 
fault to provide new constraints on its activity. To obtain the slip rate on 
the southern segment of the Tashkurgan fault, we integrate our new 
zircon (U-Th)/He (ZHe) and apatite (U-Th-Sm)/He (AHe) dates with 
previous data from the footwall of the fault segment, and then compare 
them with the predictions made from the three-dimensional (3-D) 
thermokinematic model Pecube (Braun, 2003; Braun et al., 2012). Our 
results help quantify the characteristics of fault-slip transfer in the 
southern portion of the Kongur Shan extensional system and provide 
further constraints on the processes that control crustal deformation in 
the eastern Pamir. 

2. Background 

The Pamir salient defines the northwestern end of the India–Asia 
collision zone and is bounded by the Main Pamir thrust to the north and by 
the Kashgar–Yecheng transfer system to the east (Fig. 1a, b). During the 
Cenozoic, tectonic deformation has been superimposed onto the terranes 
that comprise the Pamir salient and were accreted during the late Paleozoic 
to early Mesozoic (Burtman and Molnar, 1993; Burtman, 2010; Robinson 
et al., 2012; Robinson, 2015; Angiolini et al., 2013; Villarreal et al., 2020; 
Chen et al., 2021; Li et al., 2022; Rembe et al., 2022). The Pamir interior 
has absorbed >300 km (Burtman and Molnar, 1993) or > 80–90 km 
(Robinson, 2015; Rutte et al., 2017a) of Cenozoic crustal shortening. Rapid 
footwall exhumation along normal faults at the boundary of gneiss domes 
has resulted in the exposure of igneous and medium- to high-grade 
metamorphic middle–lower crustal rocks (Robinson et al., 2004, 2007; 
Stübner et al., 2013a, 2013b; Stearns et al., 2013, 2015; Rutte et al., 2017a, 
2017b; Worthington et al., 2020; Chen et al., 2023). 

In the eastern Pamir, the Kongur Shan extensional system bounds the 
Kongur Shan and Muztaghata gneiss domes that expose deep crustal 
rocks (Fig. 1b; Robinson et al., 2004, 2007; Cai et al., 2017; Li et al., 
2020). The magnitude of horizontal extension along the extensional 
system decreases southward from 30–35 km at the Kongur Shan dome 
(Robinson et al., 2007), to ~20 km at the Muztaghata peak (Robinson 
et al., 2007), and finally to 8–9 km along the southern end of the Kongur 
Shan fault (Chen et al., 2023). In the southernmost portion of the Kongur 
Shan extensional system, Miocene granitoid rocks are exposed on the 
footwall of the Tashkurgan normal fault, and they were intruded into 
composite host rocks including Paleozoic–Mesozoic sedimentary and 
metamorphic rocks and Cretaceous granitoids (Fig. 1c; Robinson et al., 
2007, 2012; Jiang et al., 2012; Tang et al., 2022). For the Miocene 
granitoids from the footwall of the southern Tashkurgan fault, the Al-in- 
amphibole barometer yielded crystallization pressures of 1.48–1.56 
kbar indicating an emplacement depth of ~5 km (Jiang et al., 2012). 

The southern Kongur Shan fault defines the eastern boundary of the 
Tahman valley, and the northern and southern Tashkurgan fault segments 
respectively define the western boundaries of the Tahman and Tashkur
gan valleys (Fig. 1c). These two valleys sit at elevations ranging from 
3100 m to 3500 m, trend NNW–SSE, have slopes that rise up to elevations 
over 4000 m and locally over 6000 m, and are filled by Quaternary 
glacial, alluvial, and fluvial deposits (Robinson et al., 2007; Owen et al., 
2012; Imrecke et al., 2019). The western slopes of the Tahman valley and 
of the Tashkurgan valley are the footwalls of the northern and southern 
Tashkurgan fault, respectively. The southern Tashkurgan fault features 
triangular facets with an average dip angle of ~45◦ (Fig. 2b). The last 
glacial stage on the footwall of the southern Tashkurgan fault likely 
occurred at 20 ± 4 ka (standard deviation: sd) (Owen et al., 2012), after 
which only the highest portions of the footwall were covered by glaciers. 

3. Methods 

3.1. Geomorphic analysis 

Geomorphic indices, such as local relief, normalized channel steep
ness index (ksn), and χ, are correlated with tectonic uplift and river 
erosion rates, and they provide snapshots of these dynamics (Snyder 
et al., 2000; Burbank and Anderson, 2012; Kirby and Whipple, 2012; 
Perron and Royden, 2013; Willett et al., 2014). We use these proxies to 
reveal how the landscape varies along the Tashkurgan fault in response 
to fault activity. Towards this goal, we extracted a local relief map, ksn 
values, and river χ-plots from the three arc-second (90 m resolution) 
Shuttle Radar Topography Mission digital elevation model (SRTM DEM) 
data using TopoToolbox (Schwanghart and Kuhn, 2010; Schwanghart 
and Scherler, 2014). 

Topographic relief is defined as the difference between the maximum 
and minimum elevations of a local area. An extensional footwall with a 
rapid uplift rate is characterized by a linear mountain front with high 
local relief (Burbank and Anderson, 2012). Thus, the relief in a normal- 
faulted range front can be used to evaluate the relative tectonic activity 
along the normal fault. In this study, the local relief was calculated 
within a radius of 500 m. 

The channel steepness index (ks) is defined as a power-law function 
of local channel slope (S) and upstream drainage area (A): 

Fig. 1. (a) The eastern portion of the Pamir salient in the India–Asia collision zone. (b) Tectonic overview of the eastern Pamir with late Cenozoic gneiss domes and 
major faults (the location is shown in Fig. 1a). Modified from Schmidt et al. (2011), Sobel et al. (2013), and Thiede et al. (2013). AD: Alichur dome; KSD: Kongur 
Shan dome; KSES: Kongur Shan extensional system; KYTS: Kashgar–Yecheng transfer system; MAD: Muztaghata dome; MD: Muskol dome; MPT: Main Pamir thrust; 
PFT: Pamir Frontal thrust; SD: Shatput dome. (c) Geological map of the southern portion of the Kongur Shan extensional system and adjacent area showing dis
tribution of lithologic ages, faults, thermochronologic dates, and new samples in this study (the location is shown in Fig. 1b). Modified from Robinson et al. (2007, 
2012), Cai et al. (2017), and Chen et al. (2023). Thermochronologic data are compiled from Robinson et al. (2007), Sobel et al. (2011, 2013), Cao et al. (2013a), 
Thiede et al. (2013), Cai et al. (2017, 2020, 2021), Rutte et al. (2017b), Chen and Chen (2020), and Chen et al. (2023). Our new samples are shown by white 
hexagons with labels. The green rectangle represents the location of a swath profile. NTKF: northern Tashkurgan fault; SKSF: southern Kongur Shan fault; STKF: 
southern Tashkurgan fault; THF: Tahman fault; Armu: muscovite 40Ar/39Ar; Arbt: biotite 40Ar/39Ar; ZFT: zircon fission track; ZHe: zircon (U-Th)/He; AFT: apatite 
fission track; AHe: apatite (U-Th-Sm)/He. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ks = S×Aθ (1)  

where θ is the channel concavity index (Snyder et al., 2000; Kirby and 
Whipple, 2012). A positive correlation between ks and rock uplift rate 
has been reported in Wobus et al. (2006). To compare ks from river 
channels with different θ, we extracted normalized channel steepness 
index (ksn) using a typical reference concavity (θref) of 0.45 (Wobus et al., 
2006; Kirby and Whipple, 2012). 

The quantity χ is an integral function of position and can be calcu
lated along a channel from the outlet (xb) to the location of interest (x) 
by 

χ =

∫x

xb

(
A0

A(x′)

)θref

dx′ (2)  

where A is the upstream drainage area, A0 is an arbitrary scaling area, 
and θref is a reference concavity (Perron and Royden, 2013). A steady 
state channel with uniform rock uplift rate, rock erodibility, and pre
cipitation rate should have a linear plot of χ versus channel elevation 
(Willett et al., 2014). Here, we used an A0 value of 1 m2 and a θref value 
of 0.45 to measure the χ values. 

3.2. Thermochronometric analysis 

We collected 16 bedrock samples at different sites distributed along 
the southern portion of the Kongur Shan extensional system, including 
nine samples from the footwall of the northern Tashkurgan fault, five 
samples from the footwall of the southern Tashkurgan fault, and two 
samples from the eastern side of the Tashkurgan valley (Fig. 1c; Table 1). 

Apatite and zircon grains were extracted from crushed samples using 
conventional methods of heavy liquid and magnetic separation. Euhe
dral grains, free of inclusions for apatites and free of fractures for apa
tites and zircons, were selected and photographed to measure their 
dimensions under a polarized stereoscope at a high magnification of 
160×. Apatites of sufficient quality for thermochronologic dating were 

obtained from 13 samples and zircons from 15 samples. The grain di
mensions can be used to calculate two alpha-ejection correction factors: 
(1) FTK for homogenous U-Th distributions following Ketcham et al. 
(2011), and (2) FTZ for zoned U-Th distributions based on U-Th con
centration depth-profiles following Hourigan et al. (2005). U-Th con
tents are usually heterogenous both in apatites and zircons. However, U- 
Th concentrations in zircons could vary over orders of magnitudes, 
while the concentrations in apatites are typically low (<100 ppm) 
resulting in small variations within single grains and negligible effects 
on the alpha-ejection correction. Thus, we derived FTK values for apa
tites and FTK and FTZ values for zircons. The U-Th concentration depth- 
profiles were measured via laser ablation inductively coupled plasma- 
mass spectrometer (ICP-MS) for all dated zircons with a laser spot size 
of 30 μm in diameter. The analytical spots are located at the centers of 
the unpolished zircons. The laser pits have depths of 35–40 μm, which 
are approximately half-widths of the zircons. We also obtained U-Pb 
dates for the zircon grains from the laser ablation ICP-MS analysis. 

Zircon U-Th-Pb, apatite (U-Th-Sm)/He (AHe), and zircon (U-Th)/He 
(ZHe) analyses were conducted at ETH Zurich, Switzerland, following 
the analytical procedures given in Chen et al. (2023). The Helium-4 
(4He) concentration of each grain was determined by outgassing with 
a diode laser at high temperatures (910 ◦C for apatites and 1090 ◦C for 
zircons) and measuring the released gas on a sector-field noble gas MS in 
static vacuum. Several re-extractions were performed until the fraction 
of 4He from the last extraction was <1%. Outgassed grains were trans
ferred into Teflon vials, spiked with mixed U-Th-Sm/U-Th solution, and 
dissolved. U and Th concentrations, and Sm for apatites, of each final 
solution were measured on an ICP-MS (Element XR). Effective U (eU =
U + 0.235 × Th; Gautheron et al., 2009, 2013) concentration of each 
grain, which is a proxy for radiation damage, was determined from the 
whole-grain solution measurement. 

Six fragments from the standard Durango were processed together 
with our apatite samples. One fragment was lost during the analysis, 
while the other five fragments yielded a mean FTK-corrected AHe date of 
31.9 ± 0.7 Ma (sd), where the uncertainty refers to the one standard 
deviation of the mean (Table S1 in the supplementary material), and 

Fig. 2. Field photos show geomorphologic features along (a) the northern Tashkurgan fault and (b) the southern Tashkurgan fault (the photo locations are shown in 
Fig. 1c). The red lines represent the surface trace of the Tashkurgan fault. The horizontal dashed black lines roughly represent the highest elevations along the fault 
(<5 km away from the fault). The vertical dotted black lines with two arrows show the elevation differences across the fault. The dashed white triangles represent 
triangular facets along the fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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which is in good agreement with the reference date of 31.0 ± 1.0 Ma 
(sd) (McDowell et al., 2005). 12 zircons from the Fish Canyon Tuff were 
processed together with our zircon samples and yielded a mean 
206Pb/238U date of 27.8 ± 0.6 Ma (sd), a mean FTK-corrected ZHe date of 
27.9 ± 1.0 Ma (sd), and a mean FTZ-corrected ZHe date of 26.7 ± 1.3 Ma 
(sd) (Tables S2 and S3), which are consistent with an eruption age of 
28.2–28.0 Ma (Boehnke and Harrison, 2014). 

4. Results 

4.1. Geomorphic results 

4.1.1. Local relief 
Along the western slope of the Tahman valley, the local relief within 

~5 km from the northern Tashkurgan fault (i.e., the mountain front 
along the northern segment) is generally <400 m, while along the 
western slope of the Tashkurgan valley, the relief within ~5 km from the 

Table 1 
Summary of new apatite and zircon (U-Th)/He data.  

Sample Longitude 
(◦E) 

Latitude 
(◦N) 

Elevation 
(m) 

Lithology Fault footwall 
a 

Method 
b 

FTK date ± sd (Ma) 
c 

FTZ date ± sd (Ma) 
c 

Comments 

TK1801 75.0260 38.0111 3499 granitoid NTKF AHe 9.05 ± 1.07  Average of 3 
aliquots       

ZHe 9.72 ± 1.11 8.94 ± 1.31 
Average of 4 
aliquots 

TK1808 75.0481 37.9735 3578 granitoid NTKF AHe 8.24 ± 1.48  
Average of 5 
aliquots       

ZHe 8.35 ± 0.76 8.10 ± 0.38 Average of 5 
aliquots 

TK1809 74.9742 37.8584 4270 granitoid NTKF AHe 9.64 ± 1.49  Average of 5 
aliquots       

ZHe 8.84 ± 0.93 9.08 ± 1.68 
Average of 5 
aliquots 

TK1810 74.9949 37.8810 4105 granitoid NTKF AHe 7.49 ± 0.03  1 aliquot       

ZHe 10.6 ± 0.2 9.59 ± 0.26 Average of 4 
aliquots 

TK1811 75.0270 37.9057 3831 granitoid NTKF AHe 6.05 ± 0.95  Average of 5 
aliquots       

ZHe 9.48 ± 0.68 8.92 ± 0.45 
Average of 5 
aliquots 

TK1812 75.0381 37.9121 3743 granitoid NTKF AHe 7.92 ± 1.29  
Average of 3 
aliquots       

ZHe 8.97 ± 0.68 9.04 ± 0.44 Average of 5 
aliquots 

TK1813 75.0618 37.9244 3626 granitoid NTKF AHe 9.30 ± 0.52  Average of 5 
aliquots       

ZHe 9.72 ± 0.26 9.10 ± 0.53 
Average of 5 
aliquots 

TK1814 75.0874 37.9262 3481 granitoid NTKF AHe 8.80 ± 0.38  
Average of 4 
aliquots       

ZHe 9.20 ± 0.88 9.48 ± 1.44 Average of 5 
aliquots 

TK1816 75.1017 37.8400 3830 granitoid NTKF AHe 7.06 ± 2.35  Average of 5 
aliquots       

ZHe 9.46 ± 1.07 9.47 ± 0.79 
Average of 4 
aliquots 

TK1817 75.2333 37.6513 3558 granitoid STKF AHe 2.43 ± 0.56  
Average of 5 
aliquots       

ZHe 4.31 ± 0.56 3.96 ± 0.32 Average of 5 
aliquots 

TK1818 75.1207 37.5916 4685 granitoid STKF AHe 7.76 ± 0.24  Average of 5 
aliquots       

ZHe 12.0 ± 0.7 11.8 ± 0.3 
Average of 5 
aliquots 

TK1824 75.3842 37.6685 3427 gneiss / ZHe 10.7 ± 0.5 10.5 ± 0.7 
Average of 5 
aliquots 

TK1828 75.4947 37.7231 3152 granitoid 
gneiss 

/ ZHe 11.6 ± 1.2 11.1 ± 1.4 Average of 5 
aliquots 

TK1843 75.2791 37.5220 3659 granitoid STKF AHe 3.20 ± 1.28  
Average of 2 
aliquots       

ZHe 4.70 ± 0.77 4.37 ± 0.75 
Average of 5 
aliquots 

TK1845 75.2635 37.5197 3716 granitoid STKF AHe 1.21 ± 0.39  
Average of 4 
aliquots 

TK1846 75.2870 37.5233 3634 granitoid STKF ZHe 4.90 ± 0.92 5.01 ± 1.01 Average of 5 
aliquots 

Analytical details of the measurements are shown in Tables S1 and S2. 
a NTKF is the northern Tashkurgan fault; STKF is the southern Tashkurgan fault. 
b AHe is apatite (U-Th-Sm)/He; ZHe is zircon (U-Th)/He. 
c FTK and FTZ are alpha ejection factors after Ketcham et al. (2011) and Hourigan et al. (2005), respectively. sd is the one standard deviation of each mean date. Bold 

dates were selected. 
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southern Tashkurgan fault (i.e., the mountain front along the southern 
segment) is generally >600 m and locally >1000 m (Fig. 3a). 

4.1.2. Normalized channel steepness index (ksn) 
We extracted four drainage basins (i.e., 1–4) from the footwall of the 

northern Tashkurgan fault and another four basins (i.e., 5–8) from the 
footwall of the southern segment (Fig. 3a, b). On the footwall of the 
northern Tashkurgan fault, the normalized channel steepness index (ksn) 
values within ~5 km from the northern segment (i.e., the mountain 
front along the segment) are <300 or even <200, whereas on the foot
wall of the southern Tashkurgan fault, within ~5 km from the southern 
segment (i.e., the mountain front along the segment), the ksn values of 
about half of the channels are >300 (Fig. 3b). Moreover, more than half 
of the upstream channels in drainage basin 5 have low ksn values of 
<100. 

4.1.3. River χ-plots 
The χ-elevation profiles for the trunk channels in drainage basins 1–4 

are much closer to straight lines than the profiles for the trunk channels 
in basins 5–8 (Fig. 4). Especially for the trunk channel in drainage basin 
5, its upper reach has a lower slope than its lower reach, and three 
knickpoints have been observed (Figs. 3b and 4). 

4.2. Thermochronometric results 

4.2.1. Apatite (U-Th-Sm)/He results 
The results of the (U-Th-Sm)/He dating of our apatites are presented 

in Tables 1 and S1. Two apatites (TK1810a3 and TK1814a3) were lost 
during the analysis. AHe dates (73–13 Ma) from five apatites 
(TK1801a1, TK1801a2, TK1810a1, TK1812a3, and TK1812a5) are older 
than the intrusion age (12–10 Ma) of the sampled pluton (Robinson 
et al., 2007; Jiang et al., 2012; Tang et al., 2022), and AHe dates from 

two apatites (TK1843a1 and TK1845a2) are older than their corre
sponding mean ZHe dates. We have no control on the factors that could 
explain the relatively old AHe dates as, for instance, grain composition 
and U-Th zoning, which can affect helium distribution and diffusion 
kinetics. Therefore, we discard these nine AHe dates from 61 dated 
apatites. The mean AHe date and its standard deviation of each sample 
were calculated after removing the outlier grain dates. 

On the footwall of the northern Tashkurgan fault, samples TK1801, 
TK1808–TK1814, and TK1816 yield nine mean AHe dates of 9.6–6.0 Ma. 
One of these samples (TK1810) includes only one single-grain AHe date. 

Fig. 3. (a) Local relief map of the footwall and hanging wall of the Tashkurgan fault and adjacent area with faults and rivers. (b) Normalized channel steepness (ksn) 
map of main drainage basins on the footwall of the Tashkurgan fault. The drainage basins are labeled by numbers. The location of the maps is shown in Fig. 1b. The 
ellipses with dashed black outlines roughly circle the mountain fronts along the northern and southern Tashkurgan fault segments (i.e., within ~5 km from 
the segments). 

Fig. 4. Normalized distance-elevation plots (χ-plots) for the trunk channels of 
drainage basins on the footwall of the Tashkurgan fault. The locations of the 
drainage basins and their trunk channels are shown in Fig. 3a. The dashed 
straight line is the reference line representing a steady state channel. The black 
arrows point to the knickpoints along the trunk channel of drainage basin 5. 
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Sample TK1816 includes five single-grain dates with a high dispersion 
reflected by the one standard deviation (sd) value of 2.4 Ma, corre
sponding to a relative value of 33%. The remaining samples from the 
footwall of the northern fault segment contains three to five single-grain 
dates with low-to-medium dispersions as attested by their sd values of 
0.4–1.5 Ma, corresponding to relative values of 4%–18%. On the foot
wall of the southern Tashkurgan fault, samples TK1817, TK1843, and 
TK1845 give three mean AHe dates of 3.2–1.2 Ma, while sample TK1818 
yields a relatively old AHe date of 7.8 ± 0.2 Ma (sd). One of these four 
samples (TK1843) includes only two single-grain AHe dates (4.1 Ma and 
2.3 Ma), which are quite apart from each other. The remaining samples 
from the footwall of the southern segment include four or five single- 
grain dates with sd values of 0.2–0.6 Ma, corresponding to relative 
values of 3%–33%. The youngest sample (TK1845) has the highest 
relative dispersion. 

All the acceptable apatites excepting one grain from sample TK1808 
give low-to-medium eU concentrations of 9–65 ppm. FTK-corrected 
single-grain AHe date-versus-eU content plot shows positive correlations 
for samples TK1801, TK1812, and TK1814 and a negative correlation for 
sample TK1818 (Fig. S1a). The remaining samples show no correlation 
between AHe dates and eU contents. 

4.2.2. Zircon U-Th-Pb results 
The U-Th concentration depth-profiles of our zircon grains are shown 

in Fig. S2. The U and Th concentrations are variable along the profile in 
each zircon, and they show strong changes in most grains. The Th/U 
ratio is also variable along the depth-profiles of the grains. Five zircons 
from sample TK1828 give Th/U ratios <0.1 along the entire depth- 
profiles, indicating that they could be of metamorphic origin; some 
zircons (e.g., TK1811z1, TK1813z3, TK1814z5, TK1818z3, and 
TK1846z1) could have experienced metamorphism because they have 
very low Th/U ratios (<0.1) in the interior; but most zircons have Th/U 
ratios >0.1, indicating that they are likely to be of igneous origin 
(Hidaka et al., 2002). 

Most zircons from samples TK1801, TK1808–TK1814, TK1816, 
TK1817, TK1843, and TK1846, which were collected from the Miocene 
pluton, yield 206Pb/238U dates of 15.4–9.8 Ma that are consistent with 
the reported intrusion age (12–10 Ma) of the pluton (Robinson et al., 
2007; Jiang et al., 2012; Tang et al., 2022) within the range of uncer
tainty (Table S3). Some zircons from the pluton (e.g., TK1801z2, 
TK1801z5, TK1808z2, TK1812z4, TK1814z3, TK1816z1, and 
TK1817z2) give relatively old U-Pb dates of 791–37 Ma, which could 
represent inherited dates. In addition, zircons from samples TK1818, 
TK1824, and TK1828 yield late Triassic–early Jurassic U-Pb dates. 

4.2.3. Zircon (U-Th)/He results 
The results of the (U-Th)/He dating of our zircons are given in Ta

bles 1 and S2. The U-Th concentration-depth variations, especially in 
zircons TK1809z2, TK1812z2, TK1813z2, TK1814z2, TK1817z5, 
TK1828z2, TK1843z5, and TK1846z1, have effects on the alpha-ejection 
correction factors (FTK versus FTZ) and on the final ZHe dates (FTK date 
versus FTZ date). We found <20% relative differences in the alpha- 
ejection correction factors, which result in <17% relative date differ
ences (i.e., <1.6 Ma date differences). Herein we used the FTZ-corrected 
dates for our dated zircons. 

FTZ-corrected ZHe dates of zircons TK1801z5, TK1810z3, and 
TK1816z2 range from 24 Ma to 14 Ma, and they are older than the 
intrusion age (12–10 Ma) of the Miocene pluton (Robinson et al., 2007; 
Jiang et al., 2012; Tang et al., 2022); thus, these three single-grain dates 
out of 75 dated zircons are discarded. The mean ZHe date and its stan
dard deviation (sd) of each sample were calculated after removing the 
outlier single-grain dates. In all samples, the sd values vary between 0.3 
Ma and 1.7 Ma, corresponding to relative values of 3% to 20%, indi
cating that our ZHe dates have low-to-medium dispersions. Samples 
(TK1801, TK1808–TK1814, and TK1816) from the footwall of the 
northern Tashkurgan fault yield nine mean ZHe dates of 9.6–8.1 Ma, 

which are younger than the emplacement age of the samples. On the 
footwall of the southern Tashkurgan fault, samples TK1817, TK1843, 
and TK1846 yield three mean ZHe dates of 4.9–4.3 Ma, while sample 
TK1818 yields a relatively old ZHe date of 11.8 ± 0.3 Ma (sd). Two 
samples (TK1824 and TK1828) from the eastern side of the Tashkurgan 
valley give two mean ZHe dates of 10.5 ± 0.7 Ma (sd) and 11.1 ± 1.4 Ma 
(sd). 

All the acceptable zircon grains yield low-to-high eU contents of 
374–4833 ppm, and most of the grains have eU concentrations of 
<3000 ppm. FTZ-corrected single-grain ZHe date-versus-eU content plot 
shows negative correlations for samples TK1813 and TK1828 (Fig. S1b). 

5. Interpretations of the thermochronologic data 

5.1. Cooling dates from the footwall of the northern Tashkurgan fault 

Previous biotite 40Ar/39Ar (Arbt), apatite fission track (AFT), and 
AHe dates (i.e., 11–10 Ma from samples 9.10.10.10G, 10.10.10.10G, 
11.10.10.10G, and XK4-1-8) from the footwall of the northern Tash
kurgan fault overlap with the intrusion age (12–10 Ma) of the Miocene 
pluton (Fig. 5; Cai et al., 2020; Chen and Chen, 2020). Our new ZHe 
dates (i.e., samples TK1801, TK1808–TK1814, and TK1816) vary within 
a relatively narrow range between 9.6 Ma and 8.1 Ma, whereas our new 
AHe dates vary between 9.6 Ma and 6.0 Ma. The ZHe and AHe dates 
have no clear relationship with their location along the northern Tash
kurgan fault or with elevation (Figs. 5 and S3a). The AHe dates from 
samples TK1801, TK1808, TK1809, and TK1812–TK1814 vary in the 
range of 9.6–7.9 Ma and clearly overlap with the ZHe dates within sd, 
indicating rapid post-emplacement cooling. The remaining three AHe 
dates (samples TK1810, TK1811, and TK1816) range from 7.5 Ma to 6.0 
Ma, which is quite younger than the intrusion age of the pluton. 
Although sample TK1810 includes only one acceptable single-grain AHe 
date and sample TK1816 has an over-dispersed AHe date distribution 
ranging from 10.5 Ma to 4.4 Ma, we tentatively suggest that these AHe 
dates could record exhumation-related cooling. Overall, most data on 
the footwall of the northern Tashkurgan fault record rapid cooling 
related to the intrusion of the Miocene pluton, which is consistent with 
the shallow emplacement depths of the pluton (Jiang et al., 2012). The 
available constraints on the exhumation after intrusion consist of the 
three youngest AHe dates, but these constraints do not warrant esti
mation of the dip-slip displacement along the fault segment through 
thermokinematic modeling. Based on the approximate closure temper
ature of the AHe system (65 ± 5 ◦C; Reiners and Brandon, 2006) and on 
the assumption of a constant geothermal gradient in this area (30–50 ◦C/ 
km; Robinson et al., 2007; Thiede et al., 2013; Chen and Chen, 2020), we 
estimated that since ~7 Ma ago, there has been <2 km of exhumation in 
the footwall of the northern Tashkurgan fault. 

5.2. Cooling dates across the southern Tashkurgan fault 

On the hanging wall of the southern Tashkurgan fault, previous ZHe, 
AFT, and AHe dates (12–10 Ma) from a granitic sample (TX-1) overlap 
with the intrusion age of the rock (Fig. 5), indicating that this sample 
was also emplaced at a shallow depth and experienced rapid post- 
emplacement cooling (Chen and Chen, 2020). On the footwall of the 
fault segment, previous data (i.e., samples TX-3, TX-6, 1.10.10.10G, 
2.10.10.10G, 4.10.10.10G, and 7.10.10.10G) record exhumation from 
~5 Ma to present with a rate of 0.6–0.9 mm/a (Chen and Chen, 2020). 
The offset between the hanging wall and footwall cooling dates indicates 
that the southern Tashkurgan fault initiated between 10 Ma and 5 Ma 
(Chen and Chen, 2020). Our new ZHe and AHe dates (samples TK1817, 
TK1843, TK1845, and TK1846) from the footwall of the southern 
Tashkurgan fault range from 5.0 Ma to 1.2 Ma (Fig. 5), supporting onset 
of normal slip along the fault segment before 5 Ma. An exception among 
the samples from the footwall of the southern Tashkurgan fault is sample 
TK1818 that has a ZHe date of ~11.8 Ma and an AHe date of ~7.8 Ma. 
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This sample is from an early Jurassic granitoid, ~11.3 km away from the 
fault, and ~5 km away from the 12–10 Ma old intrusion (Fig. 1c). The 
position and dates of this sample indicate that it could have experienced 
exhumation, which could have occurred at the time of the intrusion of 
the Miocene pluton, and was likely unaffected by the tectonic activity of 
the southern Tashkurgan fault. 

On the eastern side of the Tashkurgan valley (Fig. 1c), samples 
TK1824 and TK1828 are located in Permian–Triassic metamorphic rocks 
and yield ZHe dates of 12–10 Ma, which also record the exhumation that 
could be associated with the emplacement of the Miocene pluton. 

6. Thermokinematic modeling 

The thermochronologic data from the footwall of the northern 
Tashkurgan fault indicate little post-emplacement cooling related to the 
tectonic activity of the fault segment, whereas the ZHe, AFT, and AHe 
data (i.e., samples TK1817, TK1843, TK1845, TK1846, TX-3, TX-6, 
1.10.10.10G, 2.10.10.10G, 4.10.10.10G, and 7.10.10.10G) from the 
footwall of the southern Tashkurgan fault record significant exhumation 
driven by the normal slip along the fault segment. Thus, we focused our 
modeling on the southern Tashkurgan fault to constrain its slip rate with 
the aid of a 3-D thermokinematic model for the exhumation of the fault 
footwall using the Pecube code (version 4.2.1; Braun, 2003; Braun et al., 
2012). This model was implemented into an inversion scheme based on 
the neighborhood algorithm in order to optimize a prediction of the 
observed thermochronometric dates (Braun et al., 2012). To evaluate 
the consistency between the predicted and observed dates, a misfit 
function, ϕ, was used: 

ϕ =
1
N

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1

(
Aoi − Api

sdi

)2
√

(3)  

where N is the number of thermochronologic dates, Ao is the observed 
date, Ap is the predicted date, and sd is the one standard deviation of the 
observed date (Braun et al., 2012). 

6.1. Model setup 

In this study, we tested three tectono-geomorphic scenarios: (1) 
constant slip rate on the southern Tashkurgan fault with steady state 

topography (model STKF1), (2) constant slip rate on the fault with 
evolving topography (model STKF2), and (3) two-stage partitioning of 
slip on the fault with steady state topography (model STKF3). The sur
face topography in models STKF1 and STKF3 is in steady state and was 
defined by the present-day topography. In model STKF2, the initial 
topography was set to a flat surface with an elevation of 3200 m that is 
the present-day elevation of the hanging wall of the southern Tashkur
gan fault, and it evolved linearly towards the modern topography during 
the simulation. 

The initiation age and geometry of the southern Tashkurgan fault are 
poorly constrained by the available data. To reduce the number of free 
parameters, we fixed initiation at 6.5 Ma, which is the initiation age of 
the southern Kongur Shan fault (Chen et al., 2023) and is bracketed by 
post-emplacement cooling dates and fault exhumation-related dates. We 
set the southern Tashkurgan fault as a planar feature without curvature 
(Fig. 6). Based on the dip angles of the triangular facets along the 
southern Tashkurgan fault (Fig. 2b), the dip of the fault segment was set 
to 45◦. The strike and surface extent of the fault segment were deter
mined by the surface trace of the fault. Our models focus on the footwall 
exhumation at shallow depths of <10 km; thus, we set the base of the 
fault segment to a depth of 10 km below sea level. The slip rate on the 
normal fault was taken as an unknown parameter and was set in a range 
of 0–5 mm/a. 

The model domain has a surface extent of ~30 × 35 km. The base of 
the thermal model was set to 70 km depth below sea level based on the 
crust thickness in the study area (Schneider et al., 2019; Xu et al., 2021). 
The present-day temperatures in the uppermost mantle range from 
700 ◦C to 800 ◦C (Mechie et al., 2012). Thus, the basal boundary tem
perature was set in a range of 600–800 ◦C. At the model surface, tem
peratures decrease with increasing elevation from 3.6 ◦C at an elevation 
of ~3100 m (Weather China, 2020) following an atmospheric lapse rate 
of 6.5 ◦C/km (Barry, 2008). Because the footwall of the southern 
Tashkurgan fault mainly consists of granitoids (Fig. 1c; Jiang et al., 
2012; Robinson et al., 2012; Tang et al., 2022), thermal properties, 
including a high heat production, were selected accordingly. For details 
on model input parameters, see Table 2. 

6.2. Helium diffusion kinetic parameters 

To predict dates in our thermokinematic models, we select kinetic 

Fig. 5. Cooling dates along the Tashkurgan fault. For swath location, see Fig. 1c. The dates in the swath and from samples TK1809, TK1810, and TK1818 are 
projected onto the transect. Samples TX-1, TX-3, TX-6, 1.10.10.10G, 2.10.10.10G, 4.10.10.10G, 7.10.10.10G, 9.10.10.10G, 10.10.10.10G, and 11.10.10.10G are from 
Chen and Chen (2020), sample XK4-1-8 is from Cai et al. (2020), and the samples with “TK18” are from this study. Sample TX-1 is the only hanging wall sample, 
while the other samples are from the footwalls of the northern and southern segments of the normal fault. The data in the blue dashed box were input into Pecube 
models. The gray zone shows the intrusion age (12–10 Ma) of the Cenozoic pluton, which is exposed on the footwall of the fault. ZUPb: zircon U-Th-Pb; Arbt: biotite 
40Ar/39Ar; ZHe: zircon (U-Th)/He; AFT: apatite fission track; AHe: apatite (U-Th-Sm)/He. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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parameters which define how helium (He) diffuses in apatite and zircon. 
Controlling factors for He diffusion include the composition, the size of 
the diffusion domain (i.e., grain size), and the radiation damage (Reiners 
and Brandon, 2006; Shuster et al., 2006; Shuster and Farley, 2009; 

Gautheron et al., 2009, 2013; Guenthner et al., 2013). We cannot ac
count for the effect of composition because we do not have enough 
compositional data. However, we can account for the size of the diffu
sion domain and for the radiation damage for individual grains and then 
average across the grains comprising one sample. 

The model input data include only the samples along the southern 
Tashkurgan fault, and these comprise four samples (TK1817, TK1843, 
TK1845, and TK1846) from this study and additional samples from Chen 
and Chen (2020) (Figs. 1c and 5). The apatite samples from this study 
have AHe dates younger than 5 Ma and low-to-medium eU values of 
9–45 ppm (Fig. S1a). The new zircon samples also have ZHe dates 
younger than 5 Ma but have eU contents up to 4833 ppm (Fig. S1b). 
Therefore, we did not account for the radiation damage in the apatites 
but we accounted for the grain size calculating the diffusivity factor (D0/ 
a2) for each apatite grain. This was derived using the frequency factor 
(D0) value of 2.0 × 10− 3 cm2/s (Gautheron et al., 2009) and the 
equivalent spherical radius (a = Rs) of each grain. The D0/a2 values of all 
input apatites range from 138 s− 1 to 239 s− 1 (Table S1). We set the 
activation energy (Ea) value to 109.2 kJ/mol, which was given in Gau
theron et al. (2009). For the new zircon data, we calculated the D0/a2 

values taking into account both the effects of grain size and radiation 
damage by using the empirical relationship between D0 and alpha dose 
established by Guenthner et al. (2013). The alpha dose reflects the total 
alpha-decay damage accumulated since the last high-temperature 
heating event (Guenthner et al., 2013). Given that our samples come 
from a Miocene pluton, we assumed that the modeled zircons have 
accumulated radiation damage since the emplacement of the intrusion 
(i.e., 12–10 Ma ago). This assumption is consistent with almost all of the 
single-grain zircon 206Pb/238U dates, which vary in the range of 
12.7–9.8 Ma (Table S3). Only one zircon (TK1817z2) has a U-Pb date of 
~198 Ma, which is much older than the intrusion age of the Miocene 
pluton. This old date could relate to an inherited zircon and indicates the 
possibility of complex thermal histories. However, we calculated the 
alpha dose of this zircon using the average of the other four available 
zircon U-Pb dates from sample TK1817. The U-Pb dates of the other 14 
modeled zircons were used to calculate the alpha dose of each zircon. 
The effective alpha doses, D0/a2 values, and a consistent Ea value of all 
input zircon grains are 2.9 × 1016–1.6 × 1017 α/g, 1.1 × 104–1.4 × 105 

s− 1, and 165 kJ/mol, respectively (Table S2). 
The additional samples (TX-3, TX-6, 1.10.10.10G, 2.10.10.10G, 

4.10.10.10G, and 7.10.10.10G) from Chen and Chen (2020) contain AHe, 
ZHe, and AFT dates. For the AHe dates, we also calculated the D0/a2 

values using the D0 value of 2.0 × 10− 3 cm2/s and set the Ea value to 
109.2 kJ/mol (Gautheron et al., 2009). Two AHe samples give mean D0/ 
a2 values of 37 s− 1 and 68 s− 1, respectively. For the ZHe date, we assumed 
that radiation damage accumulated since 11 Ma, which is taken as the 
intrusion age. Four zircons from the ZHe sample yield an average effective 
alpha dose of 3.0 × 1016 α/g, an average D0/a2 value of 1.5 × 105 s− 1, and 
a consistent Ea value of 165 kJ/mol. The AFT dates were predicted using 
the kinetic parameters of Crowley et al. (1991), which are valid for the 
most common variety of apatite in nature that is fluorapatite. 

6.3. Model results 

6.3.1. Constant slip rate on the southern Tashkurgan fault with steady state 
topography (model STKF1) 

In inversion model STKF1, the slip rate on the southern Tashkurgan 
fault was assumed to remain constant with a value of <5 mm/a. The 
steady state surface topography was defined by the present-day topog
raphy. The number of iterations and the number of model runs in each 
iteration were respectively set to 201 and 8, which correspond to 1608 
forward models. The misfit, which reflects the goodness-of-fit between 
predicted and observed dates (Eq. (3); Braun et al., 2012), has a lowest 
value of 2.35 in this model. 

The only free parameters in this model are the slip rate and the basal 
temperature, and their values for the lowest-misfit solution can be found 

Fig. 6. Thermokinematic model boundary conditions and temperature gradi
ents. The kinematic model shows normal slip along the southern Tashkurgan 
fault (STKF), which has a dip of 45◦. The red dots represent the thermochro
nologic samples used in Pecube model. The modern topography is derived from 
the global elevation database GTOPO30. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 2 
Model parameters.  

Parameter name and unit Parameter range 
in inversions 

Reference 

Crustal density (kg/m3) 2650 
Drury (1987); Schön 
(2015a) 

Thermal diffusivity (km2/Ma) 31.6 
Drury (1987);  
Eppelbaum et al. (2014) 

Heat production (μW/m3) 2 Hasterok et al. (2018) 

Heat capacity (J/kg/K) 1000 
Drury (1987);  
Eppelbaum et al. (2014); 
Schön (2015b) 

Heat production rate (◦C/Ma) 23.8  
Mean annual surface temperature 

in Tashkurgan County (3100 m 
above sea level) (◦C) 

3.6 Weather China (2020) 

Atmospheric lapse rate (◦C/km) 6.5 Barry (2008) 
Basal temperature (◦C) 600 to 800 Mechie et al. (2012) 
Slip rate on the normal fault (mm/ 

a) 0 to 5  

Running time (Ma) 6.5–0 Chen et al. (2023) 
Horizontal node spacing (decimal 

degree) 
0.0083333  

Vertical node spacing (km) 1  
Model domain (width × length) 

(km) 
~30 × 35  

Base depth (km) − 70 
Schneider et al. (2019);  
Xu et al. (2021)  
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in Table 3 and Fig. 7a: (1) the slip rate on the southern Tashkurgan fault 
is defined at values of between 1.3 mm/a and 1.6 mm/a, with a best-fit 
value of ~1.4 mm/a; and (2) the temperature at the base of the model is 
constrained at a best-fit value of 659 ◦C. The predicted ZHe dates ob
tained from a forward model using the preferred parameters match well 
with the observed dates, while most of the predicted AFT and AHe dates 
have larger deviations from their corresponding observed dates 
(Fig. 8a). 

6.3.2. Constant slip rate on the southern Tashkurgan fault with evolving 
topography (model STKF2) 

In this inversion model, the slip rate on the southern Tashkurgan 
fault was again assumed to remain constant with a value of <5 mm/a. In 
order to quantify the impact of growing topography on the slip rate and 
on the footwall thermochronologic data, the topography in this model 
evolved linearly from a flat surface with an elevation of 3200 m towards 
the modern topography over the last 6.5 Ma. This inversion set also 
comprises 1608 forward models and gives a lowest misfit value of 2.44. 

The two estimated parameter values for the lowest-misfit solution 
can be found in Table 3 and Fig. 7b: (1) the slip rate on the southern 
Tashkurgan fault is defined at values of between 1.4 mm/a and 1.6 mm/ 
a, with a best-fit value of ~1.5 mm/a; and (2) the basal temperature is 
constrained at a best-fit value of 612 ◦C. The best predicted ZHe dates 
from this inversion model also match well with the observed dates, but 
most of the predicted AFT and AHe dates have larger deviations from the 
observed dates (Fig. 8b). 

6.3.3. Two-stage partitioning of slip on the southern Tashkurgan fault with 
steady state topography (model STKF3) 

To investigate the potential for temporal variation in the slip rate on 
the southern Tashkurgan fault over the last 6.5 Ma, a change in slip rate 
was assumed to have occurred at a transition time between 5 Ma and 2 
Ma. Both the slip rate at the first phase (slip rate 1) and the rate at the 
second phase (slip rate 2) were taken as unknowns with a range from 0 
mm/a to 5 mm/a. The steady state topography was defined by the 
modern topography. This inversion set contains 1608 forward models 
and yields a lowest misfit value of 2.35. 

The four free parameter values for the lowest-misfit solution can be 
found in Table 3 and Fig. 7c, d: (1) the best estimate for a change in slip 
rate is 4.5 Ma; (2 and 3) the slip rate 1 is defined at a best-fit value of 
~1.6 mm/a, while the slip rate 2 is defined at values of between 1.2 
mm/a and 1.5 mm/a, with a best-fit value of ~1.4 mm/a; and (4) the 
basal temperature in this model is defined at a best-fit value of 723 ◦C. 
Similar to models STKF1 and STKF2, the predicted ZHe dates from this 
model match well with the observed dates, while most of the predicted 
AFT and AHe dates deviate from the observed dates (Fig. 8c). 

7. Discussion 

7.1. Extension and exhumation along the southern Tashkurgan fault 

As the sole boundary fault of the Tashkurgan valley (Fig. 1c), the 
southern Tashkurgan fault controls the ~E–W extension along the 

valley. The initiation age of the southern Tashkurgan fault is poorly 
constrained between 10 Ma and 5 Ma (Chen and Chen, 2020; this study). 
In the tested scenarios, the initiation age could affect the resulting slip 
rate on the fault segment, especially for the slip rate before 5 Ma that is 
not constrained by the footwall thermochronologic dates. We assumed 
that the initiation age of the southern Tashkurgan fault is consistent with 
the onset timing (i.e., 6.5 Ma) of normal slip along the southern Kongur 
Shan fault, which is another significant fault in the southern portion of 
the Kongur Shan extensional system (Robinson et al., 2007; Cao et al., 
2013a; Thiede et al., 2013; Chen et al., 2023). Another limitation of the 
tested scenarios comes from the assumption of a specific geometry for 
the southern Tashkurgan fault and in particular of a dip angle of 45◦. 
This value is inferred from field observations that constrain the mini
mum dip angle of the fault (Fig. 2b). However, it is possible that the true 
dip of the fault at shallow crustal levels is >45◦, but we have no other 
observations to better constrain the dip angle. 

In this study, all the tested scenarios for the southern Tashkurgan 
fault reproduce quite well the four available ZHe dates, two out of six 
AFT dates, but rather poorly some of the AFT and AHe dates (Fig. 8a, b, 
c). Both the AFT and AHe dates are very scattered and do not show clear 
correlation in space or in elevation (Figs. 5 and S3b); thus, most likely no 
model could easily reproduce these data. We speculate that the date 
scatter may reflect variable track annealing and He-diffusion properties 
of the dated apatites, which our model does not account for because we 
assumed constant kinetic parameters for the date prediction. 

We ran two tectonomorphic scenarios (models STKF1 and STKF2) for 
uplift of the footwall of the southern Tashkurgan fault to evaluate the 
impact of topographic changes on the thermochronologic data from the 
footwall and on the slip rate on the fault segment. The surface topog
raphy in model STKF1 does not change and is defined by the modern 
topography, while the topography in model STKF2 evolves linearly from 
a flat surface with an elevation of 3200 m to the modern topography 
over the last 6.5 Ma. The modeling results show that there is only a small 
difference between the lowest misfit value in model STKF1 (2.35) and 
the value in model STKF2 (2.44) and these two models yield similar best- 
fit predicted dates (Fig. 8a, b), indicating that our model cannot resolve 
how the topographic changes may have impacted the distribution of 
cooling dates. It is most likely because the modeling thermochronologic 
samples were collected along the river valleys and the maximum 
elevation difference among the samples is ~425 m (Figs. 1c and S3b; 
Table S4), which is much less than the modern maximum difference of 
~2300 m across the southern Tashkurgan fault (Fig. 2b). In other words, 
the samples may not be distributed spatially enough to capture the effect 
of topography. The slip rates on the southern Tashkurgan fault are also 
similar for models STKF1 (1.4 mm/a) and STKF2 (1.5 mm/a) (Fig. 7a, 
b). 

Inversion model STKF3 was constructed to test for a possible change 
of slip rate on the southern Tashkurgan fault, and it yields a best-fit slip 
rate of 1.6 mm/a for the time interval 6.5–4.5 Ma and another rate of 
1.4 mm/a for the time interval 4.5–0 Ma (Fig. 7d). These two slip rates 
are similar and give an average rate of ~1.5 mm/a, which is close to the 
slip rates from models STKF1 and STKF2. The lowest misfit value in 
model STKF3 (2.35) is equal to that in model STKF1, indicating that our 
model cannot resolve how the change of slip rate may have impacted the 
date distribution. Thus, we suggest that the southern Tashkurgan fault 
probably has had a constant slip rate of 1.4–1.5 mm/a. Based on the dip 
of the fault in our models, the resulting constant slip rate corresponds to 
6–7 km of both horizontal extension and footwall uplift with a rate of 
~1.0 mm/a since 6.5 Ma ago. 

In addition, the basal temperature in each tested scenario was not 
constrained well, and the resulting best-fit temperature values vary from 
612 ◦C to 723 ◦C (Fig. 7a, b, c). However, the three models give similar 
slip rates on the southern Tashkurgan fault. We believe that the basal 
temperature has insignificant effect on the slip rate, which is because of 
the deep depth of the model base (70 km depth below sea level) and the 
shallow crustal levels (<10 km) that were involved into exhumation. 

Table 3 
Inversion results.  

Parameter name and 
unit 

model STKF1 model STKF2 model STKF3 

Number of simulations 1608 1608 1608 
Best misfit 2.35 2.44 2.35 

Basal temperature (◦C) 
659 (600 to 
800) 

612 (600 to 
800) 

723 (600 to 
800) 

Time step 1 1 2 
Transition time (Ma) n/a n/a 4.5 (5 to 2) 
Slip rate 1 (mm/a) 1.4 (0 to 5) 1.5 (0 to 5) 1.6 (0 to 5) 
Slip rate 2 (mm/a) n/a n/a 1.4 (0 to 5)  
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Fig. 7. Inversion results for models (a) STKF1, (b) STKF2, and (c and d) STKF3. Each dot represents a single forward model, and its colour corresponds to the misfit of 
the forward model. The red star represents the parameter combination obtained from the forward model with the lowest misfit. Probability density functions (PDFs) 
are shown for each parameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The highest temperatures were found at the depths of 40–50 km rather 
than at the model base (Fig. 6), which also implies that the basal tem
perature could have no impact on the geothermal gradients at shallow 
depths and further on the slip rate of the fault segment. 

7.2. Segmentation of the Tashkurgan fault 

The Tashkurgan normal fault can be divided into a northern segment 
and a southern one (Fig. 1c). The elevation difference across the northern 
Tashkurgan fault (~500 m) is significantly less than the difference across 
the southern Tashkurgan fault (~2300 m), and triangular facets are 
observed only along the southern segment (Fig. 2a, b). Further, both the 
local relief and the normalized channel steepness index (ksn) values in the 
mountain front along the northern Tashkurgan fault (i.e., within ~5 km 
from the fault) are generally less than those in the front along the southern 
fault segment (Fig. 3a, b). The χ-elevation profiles for the trunk channels 
in the drainage basins (i.e., 1–4) from the footwall of the northern fault 
segment are much closer to straight lines than the profiles for the trunk 
channels in the basins (i.e., 5–8) from the footwall of the southern fault 
segment (Fig. 4). Along the trunk channel of drainage basin 5, the up
permost knickpoint could be associated with lithologic changes because it 
is located at the boundary between granitoids and sedimentary/meta
morphic rocks, while the lower two knickpoints may be tectonic in origin 
since they lie within granitic rocks and are close to the southern Tash
kurgan fault (Figs. 3b and 4). These geomorphic features indicate that the 
southern Tashkurgan fault is more active than the northern segment, 
which is also supported by the 10Be-derived basin-wide erosion rates (Wu 
et al., 2023). Moreover, almost all of the upstream channels in drainage 
basin 5 have ksn values of <100 (Fig. 3b), and the upper reach of trunk 
channel 5 generally has a lower slope than its lower reach on the 
χ-elevation plot (Fig. 4), indicating that the activity of the southern 
Tashkurgan fault is limited spatially to the region within ~10 km from the 
fault. This is consistent with the relatively old ZHe (~11.8 Ma) and AHe 
(~7.8 Ma) dates from sample TK1818 that is ~11.3 km away from the 
fault segment and records little post-6.5 Ma exhumation. 

The northern Tashkurgan fault has low magnitude of dip-slip 
displacement as indicated by the little exhumation (<2 km) recorded 
since ~7 Ma ago by the thermochronologic data from its footwall 
(Fig. 5). However, the low-temperature thermochronologic dates from 
the footwall of the southern Tashkurgan fault excepting the dates from 
sample TK1818 range from 5 Ma to 1 Ma, considerably younger than the 
dates to the north (Fig. 5). These dates combined with 3-D thermoki
nematic modeling allow us to make a conclusion that the southern 
Tashkurgan fault has accommodated 6–7 km of both horizontal exten
sion and footwall uplift since 6.5 Ma ago. Thus, the southern Tashkurgan 
fault is responsible for the ~E–W extension along the southernmost 
portion of the Kongur Shan extensional system, while the northern 
Tashkurgan fault plays only a minor role in the extension. 

7.3. Fault-slip transfer in the southern Kongur Shan extensional system 

Normal faulting from the late Miocene to the present along the 
southern portion of the Kongur Shan extensional system has resulted in 
exhumation of the western margin of the Muztaghata dome and of the 
Miocene pluton that is located on the footwall of the Tashkurgan fault 
(Fig. 1c) (Robinson et al., 2007; Cao et al., 2013a; Thiede et al., 2013; 
Chen and Chen, 2020; Chen et al., 2023). The southern Kongur Shan 
fault initiated at ~6.5 Ma and has an extension magnitude of 8–9 km, 
whereas the Tahman transfer fault has a low magnitude of dip-slip 
displacement (Chen et al., 2023). In this study, the exhumation magni
tude of the footwall of the northern Tashkurgan fault was estimated to 
be <2 km. The onset timing of normal slip along the southern Tash
kurgan fault is still poorly constrained and could be the same time as the 
southern Kongur Shan fault. Our new modeling results indicate that the 
southern Tashkurgan fault has accommodated 6–7 km of horizontal 
extension since ~6.5 Ma. Thus, the ~E–W extension along the Tahman 
and Tashkurgan valleys is controlled by the normal slip along the 
southern Kongur Shan and southern Tashkurgan faults, respectively, 
while the other faults, including the transfer fault, have minor effects on 
the extension (Fig. 9). In other words, the extension at any site along the 
southern Kongur Shan extensional system can be primarily attributed to 

Fig. 8. Observed-versus-predicted cooling dates from the forward model with 
the lowest misfit in models (a) STKF1, (b) STKF2, and (c) STKF3. ZHe: zircon 
(U-Th)/He; AFT: apatite fission track; AHe: apatite (U-Th-Sm)/He. 
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normal faulting along a single border fault. A similar structural style is 
common in several regions of extensional tectonics (Gawthorpe and 
Hurst, 1993). As a rare example in neotectonic settings, the southern 
Kongur Shan extensional system could be helpful to study the structural 
characteristics of an interbasin transfer zone with a transfer fault. 

8. Conclusions 

In this study, we carried out geomorphologic analysis to evaluate the 
relative tectonic activity along the Tashkurgan fault. Our new AHe and 
ZHe data, in conjunction with previously published work on the Tash
kurgan fault, allow us to constrain the late Miocene to present extension 
and exhumation along different segments of the fault. Our main findings 
are: 

(1) Geomorphic features, including local relief, normalized channel 
steepness index (ksn), and river χ-plots, indicate that the southern 
Tashkurgan fault is more active than the northern Tashkurgan fault. 

(2) The footwall thermochronologic dates show that the southern 
Tashkurgan fault is responsible for the ~E–W extension along the 
southernmost portion of the Kongur Shan extensional system, while the 
northern Tashkurgan fault plays a minor role in the extension. 

(3) The onset timing of the Tashkurgan fault is poorly constrained at 
10–5 Ma, but we infer that the southern fault segment initiated at ~6.5 
Ma, which is the initiation age of the southern Kongur Shan fault. 

(4) The thermokinematic modeling results show that the southern 
Tashkurgan fault probably has had a constant slip rate of 1.4–1.5 mm/a, 
which corresponds to 6–7 km of both horizontal extension and footwall 
uplift. 

(5) The extension at any site along the southern Kongur Shan 
extensional system can be primarily attributed to normal faulting along 
a single border fault, which is a typical characteristic of an interbasin 
transfer zone with a transfer fault. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2024.230305. 
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