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Abstract The left-lateral Altyn Tagh Fault (ATF) system is the northern boundary of the Tibetan Plateau
resulted from the India—Eurasia continental collision. How intracontinental deformation across the central ATF
responds to the distal collision remains elusive, primarily due to unclear crustal structure. We obtained detailed
crustal structure across the central ATF using receiver functions recorded by ~NNW-SE oriented linear dense
array. The images reveal the Tarim lower crust is underthrusting beneath the Tibetan Plateau and reaches to a
maximum depth of ~75 km and undergoing partial eclogitization. The two south-dipping interfaces imaged
beneath the Altyn Tagh Range (ATR) represent the thrusting Northern Altyn Fault and its branch fault. Oblique
convergent forces extruded upper crustal materials along the thrust faults, creating the pop-up structure of ATR,
supported by low Vp/Vs ratios. Our balanced cross-section for the Moho suggests intracontinental deformation
in the ATR has accelerated since the late Miocene.

Plain Language Summary The Altyn Tagh Fault (ATF), serving as the northern boundary of the
Tibetan Plateau, demarcates the Tarim Basin from the Qaidam Basin. Understanding how intracontinental
deformation across the boundary region would better inform the uplift and expansion of the plateau. This study
reveals the fine crustal structure by analyzing seismic data from a ~NW-SE oriented linear dense array across
the central ATF. Combined with fault slip rates, we propose that the Tarim lower crust is underthrusting beneath
the Tibetan Plateau, leading to the extrusion of upper crustal materials and the rapid uplift of the Altyn Tagh
Range since the late Miocene, which provides insight into the lateral growth of the plateau.

1. Introduction

The Cenozoic India—Eurasia collision has resulted in the uplift of the Tibetan Plateau, as well as the activation of
major boundary faults such as the Altyn Tagh Fault (ATF) (Yin & Harrison, 2000). The left-lateral ATF system is
one of the most prominent active strike-slip fault systems on Earth (Molnar & Dayem, 2010), which marks the
boundary between the Tarim Basin and the northern Tibetan Plateau. Far-field effects of the India—Eurasia
continental collision have induced the continuous northward migration of the northern boundary of the Ti-
betan Plateau by incorporating the neighboring rigid blocks (Hu et al., 2022; Tapponnier et al., 2001; Tian
et al., 2021). Hence, investigating the intracontinental deformation across the ATF system contributes to our
understanding of the uplift and expansion of the plateau.

The ATF system primarily comprises the 1,600-km-long left-lateral ATF trending ENE, and the North Altyn
Fault (NAF) to the north of the central ATF as well as the prism-shaped Altyn Tagh Range (ATR) between them
(Figure 1, Cowgill et al., 2003). The deformation pattern of the ATF system depends on how strain associated
with India—Eurasia convergence has been partitioned. One perspective argues that the ATF exhibits left-slip
motion and the NAF experiences thrust/reverse slip with limited left-slip of <30 km (Yue & Liou, 1999; Yue
et al., 2004). On the other hand, the NAF was regarded as a primary strike-slip fault with an offset of 120 km
(Cowgill et al., 2000, 2003; Yin et al., 2002). Recent studies suggest a mid-Miocene tectonic reorganization when
the NAF transitioned from a left-lateral fault to a reverse-slip fault (S. Gao et al., 2022; L. Wu et al., 2019). Indeed,
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a better understanding of the spatial and temporal evolution of deep structures throughout the ATF system could
greatly enhance our comprehension of how the continental lithosphere reacts to the far-field continental collision.

Quite a few geophysical observations suggest that the Tarim continental lithosphere is underthrusting beneath the
ATR, but the patterns vary in underthrusting depth and polarity (R. Gao et al., 2001; Shi et al., 2007; Wittlinger
et al., 1998; L. Zhang et al., 2015; J. Zhao et al., 2006). Teleseismic tomography suggests that the whole Tarim
crust plunges steeply southward beneath the ATF to 150 km depth (Wittlinger et al., 1998), supported also by
magnetotellurics (MT) observations (L. Zhang et al., 2015), suggesting the ATF is a through-going lithospheric
fault. However, the results from a wide-angle reflection profile propose southwestward underthrusting of the
Tarim lithosphere below the ATR and viewed ATF as an intracrustal fault (J. Zhao et al., 2006).

Geodynamic modeling suggests that the crustal rheological heterogeneity governed the intracontinental defor-
mation of the Tibetan margin (L. Chen et al., 2017; R. Xie et al., 2023; J. Yang et al., 2020). The intracontinental
deformation of the ATR was closely correlated to the crustal structures and relative strengths of the eastern Tarim
Basin (ETB) and western Qaidam Basin (WQB) located on both sides of the ATR. The Precambrian basement of
Tarim comprises continental blocks that assembled in the Paleoproterozoic (H. Yang et al., 2018). Cenozoic strata
exhibit negligible deformation (Laborde et al., 2019). The most significant event that impacted the Tarim
basement during the Phanerozoic was an early Permian mantle plume which strengthened the Tarim lithosphere
(X. Xuetal., 2021; Y.-G. Xu et al., 2014), despite some controversy surrounding the existence of mantle plumes.
The Qaidam Basin, the largest Cenozoic sedimentary basin of the plateau, formed on the Proterozoic—Paleozoic
basement, and numerous active reverse faults bound the basin to the north and south, implying N-S shortening
related to the India—Eurasia continental collision (Y. Wang et al., 2012). Some geophysical studies suggest the
existence of lower-crustal flow beneath the western basin (L. Zhang et al., 2015; J. Zhao et al., 2006), however,
such a model contradicts the crust-mantle coupling deformation indicated by SKS splitting measurements (Chang
& Wang, 2023).

Here, we used the P-wave Receiver function (RF) technique to investigate the fine crustal structure across the
central ATF. The deployed NW-SE oriented dense array crosses the ETB, ATR, and WQB, separated by the NAF
and ATF, respectively. Our observations shed new light on the intracontinental deformation pattern across the
northern edge of the Tibetan Plateau.

2. Data and Methods

A generally NW-SE-trending dense seismic array was employed across the northern boundary of the Tibetan
Plateau from September 2021 to November 2021 (Figure 1, T. Xie et al., 2023). The array consisted of 475 short-
period seismic stations along a ~430-km long cross-section with a ~0.9-km station spacing. We selected well-
recorded teleseismic events with Mw > 5.5 at epicentral distances from 28 to 95°. After rotating the wave-
forms from the ZNE to the ZRT coordinate system, we calculated radial RFs by applying the time-domain
iterative deconvolution technique (Ligorria & Ammon, 1999) with a Gaussian parameter of 5.0. Upon
removing low-quality RFs through visual inspection, a collection of 7,013 RFs from 41 events was obtained,
offering satisfactory coverage in both azimuth and distance aspects (Figure 1, Figure S1 in Supporting
Information S1).

We employed the Common Conversion Point (CCP) stacking technique (Zhu, 2000) to obtain the crustal structure
under the seismic array (Figure 2c; See Text S1 in Supporting Information S1). The reference velocity model for
migration was based on the wide-angle reflection profile (J. Zhao et al., 2006), and varying Vp/Vs ratios were
determined with the H—x method (Table S1 in Supporting Information S1). All amplitudes were projected
orthogonally onto the reference profile (green line in Figure 1) to generate the CCP image. The H—x stacking
approach was utilized to estimate crustal thickness (H) and bulk Vp/Vs ratio (k) (Zhu & Kanamori, 2000) (Text
S2 and Figures S2—S5 in Supporting Information S1). A cluster of RFs within a range of 21 stations were collected
at the center station and were analyzed with the H—x method, and the center stations were shifted in increments of
10 stations (Figure 2, Table S2 in Supporting Information S1).

A two-dimensional hybrid numerical approach (Y. Liu et al., 2013, 2014, 2017; L. Zhao et al., 2008) was used to
generate the synthetic seismograms for various crustal structures (Text S3 in Supporting Information S1). The
crustal velocity model (Figure 3c) was designed based on the interpreted CCP image (Figure 2¢) and the velocity
model from the wide-angle profile (J. Zhao et al., 2006). Then, we computed the radial RFs and conducted the
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Figure 1. Tectonic setting of the Altyn Tagh Range and location of the dense seismic array. The red triangles indicate the
dense array with the numbers representing the reference station codes, and the green line shows the imaging profile. Black
and gray solid lines represent the main faults. The black dashed lines are inherited but non-reactivated faults. The blue
crosses show the piercing points at 50 km depth for Ps conversions. The upper-right inset shows the employed earthquake
events. The lower-left inset is the map of the Tibetan Plateau and surrounding tectonic units. The red box and the red line
denote the study region and the seismic array, respectively. Those light-blue arrows show the average GPS velocity field (D.
Wang et al., 2020). TDF: Tadong Fault; CF: Cherchen fault; NAF: North Altyn Fault; NABF: North Altyn Branch Fault; LF:
Lapeiquan Fault; ATR: Altyn Tagh Range; and ATF: Altyn Tagh Fault.

CCP stacking method utilizing the identical deconvolution algorithm, migration technique, and parameters as
those used for the real data set (Figure 3d).

3. Results

Limited events recorded by some stations in the WQB restricted the CCP imaging (Figures S1 in Supporting
Information S1), and there are four possible scenarios for tectonic interpretation based on the CCP image
(Figure 2c). Through synthetic tests and CCP imaging with different Gaussian parameters, three scenarios can be
ruled out (Figures S6-S9 and Text S4 in Supporting Information S1). Finally, we tend to support the current
scenario (Figure 2c).

Various approaches were used to establish the reliability of the findings. First, most bins of the CCP volume have
more than 100 stacked RFs (Figure S10 in Supporting Information S1), ensuring an adequate sampling size for
CCP imaging. Second, we constructed the crustal structure image by CCP stacking of the PpPs multiples (Figure
S11 in Supporting Information S1). The consistency of the interpreted interfaces produced from the PpPs and Ps
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Figure 2. Comprehensive geophysical observations along the profile. (a) Strain rates and Bouguer gravity observations across
the Altyn Tagh Range (ATR) (Kreemer et al., 2014; Pavlis et al., 2012). (b) The station locations (red triangles) with a
spacing of 20 stations and surface topography along the profile. The study region is divided into three tectonic units including
eastern Tarim Basin, ATR, and western Qaidam Basin, separated by North Altyn Fault (NAF) and Altyn Tagh Fault,
respectively. (¢) Common Conversion Point image. The interpreted interfaces include crystalline basement (CB1 and CB2),
Conrad discontinuity CD1, the faults NAF and NABF (D1 and D2), and the Moho. The black circles denote the earthquakes
with magnitudes greater than 3.0 that occurred between 1977 and 2012, and these earthquakes are within 80 km from the
migrated profile. (d) Crustal thickness at the center stations (see Section 2. Data and Methods) estimated by H—k stacking
approach (blue circles), also denoted by the green circles in panel (b). (¢) Vp/Vs ratios derived from H—x stacking approach
(blue circles). The mean Vp/Vs ratios for the three tectonic units are shown by the pink solid lines.

phases suggests that the CCP images are reliable and the Vp/Vs ratios are adequate. Furthermore, additional tests
including bootstrap resampling, event back-azimuths, and stacking bins confirm that the crustal structure image is
robust (Figures S10, S12, and S13 in Supporting Information S1). In addition, to mitigate the impact of the
tortuosity of the profile on CCP imaging, we conducted segmented CCP imaging for four sections along the
survey line and obtained a crustal structure that is almost identical to that in Figure 2¢ (Figure S14 in Supporting
Information S1). Finally, the strong agreement between the observed and synthetic CCP images validates the
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Figure 3. Comparison of the observed and synthetic migrated images and balanced cross-section across the Altyn Tagh
Range (ATR). (a) The station locations (red triangles) with a spacing of 20 stations and surface topography along the profile.
(b) Migrated Ps image of the crustal structure, same as Figure 2c. (¢) Two-dimensional Vp velocity model constructed based
on panel (b). (d) Synthetic Common Conversion Point image for the preferred velocity model (c). The light gray lines in
panels (c, d) are identical to the black lines in panel (b). (e) Estimation of the Cenozoic crustal shortening across the ATR
based on the balanced cross-section of Moho length.

interpreted crustal structure as reliable interfaces (Figure 3). Comparison with previous geophysical observations
also supports the underthrusting of the Tarim lower crust beneath the Tibetan Plateau (Text S5 and Figure S15 in
Supporting Information S1).

The dense array reveals the fine crustal structure across the ATR. Predominant positive conversions at the depths
of 50-75 km are recognized as signals of the Moho (Figure 2c), which also can be identified at 6-9 s in the time-
domain stacked RFs (Figure S1 in Supporting Information S1). Based on the Moho undulation and the regional
tectonics, the CCP image is partitioned into three segments: ETB, ATR, and WQB, divided by the NAF and the
ATEF, respectively. Our CCP image shows that the Moho below the ETB remains at ~50 km, consistent with the
results from wide-angle reflection (J. Zhao et al., 2006). Moreover, the image also clearly reveals a prominent
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Moho offset of ~5 km under the Tadong Fault (TF). The Moho beneath the ATR deepens to the southeast and
reaches 75 km depth under the ATF. Beneath the WQB, the Moho increases from 45 to 59 km, then decreases to
54 km (Figure 2c).

Some intracrustal signals are also recognized in the Ps image. The CB1 signal, positive conversions at 6-9 km
depth under the ETB, likely represents the crystalline basement. CB1 bulges upwards from 9 to 6 km, which is
also recognized as the Tadong uplift by the prospecting reflection profile (H. Liu et al., 2016). The CD1 signal is
the Conrad discontinuity under the ETB corresponding to the continuous positive conversions at 18—-28 km depth.
The two intermittent southeast-dipping interfaces D1 and D2 under the ATR could be traced to the NAF and
NABF. They are regarded as the deeper segments of the two faults, respectively. The seismicity appears to be
distributed along the two southeast-dipping listric faults (Figure 2¢). The CB2 signal, the positive amplitudes at
~7 km depth under the WQB, likely represents the crystalline basement.

Apart from the large lateral undulation under the complicated ATF, the Moho geometry in the CCP image co-
incides well with the crustal thickness estimated by H—« stacking (Figure 2c). The consistency improves the
dependability of the varying crustal Vp/Vs ratios (Figure 2e). The ETB is featured by the highest bulk Vp/Vs
ratios spanning from 1.80 to 1.88 with an average of 1.84. In comparison, the ATR stands out for the lowest Vp/
Vs ratios (1.71-1.78 with an average of 1.75). The WQB exhibits some variations of Vp/Vs ratios from 1.70 to
1.83, averaging at 1.77 (Figure 2e).

4. Discussion
4.1. Strengthening the Ancient Crust of Tarim by Plume Activity

The horizontally layered Cenozoic strata suggests negligible deformation in the Tarim Basin (Laborde
et al., 2019). The ETB crustal structure, including the Moho offset and upward convexity of CB1 and CDI,
preserves remnants of major tectonic events prior to the Cenozoic. The Moho offset beneath the TF is located
within the Central Tarim Terrain (CTT), delineated by an increased aeromagnetic anomaly along 40°N latitude,
which separates the Northern and Southern Tarim Terranes (W.-C. Yang et al., 2012). Extensive magmatic ac-
tivity at ca. 1.9 Ga indicates that the CTT represents a Paleoproterozoic orogenic belt formed by the amalgamation
of the two terranes (H. Yang et al., 2018). The spatial correlation suggests that the inherited and non-reactivated
TF functions as the Tarim suture zone. The CB1, also known as the Tadong uplift, is one of the major ancient
uplifts within Tarim. A comprehensive analysis indicates that the most intense deformation in the Paleozoic
occurred in the middle Devonian, which led to the uplifts of CB1 and CD1 (Lin et al., 2012). The Tianshan—Tarim
collision is considered the main factor responsible for the deformation within the Tadong uplift (Lin et al., 2012).

The high Vp/Vs value of 1.84 (Figure 2e), along with low heat flow (Jiang et al., 2019), high Vp in the mid-lower
crust (J. Zhao et al., 2006), and high resistivity (L. Zhang et al., 2015), indicates mafic/ultramafic compositions in
the crust of the ETB, even considering the sedimentary layer (see Text S6 in Supporting Information S1).
Widespread igneous activity in the Tarim Basin during the early Permian formed a large igneous province,
presumably triggered by a mantle plume (Y.-G. Xu et al., 2014). A thermal pulse related to the plume impacted
most of the Tarim Basin (X. Xu et al., 2021). The interactions between the plume and lithosphere reinforced
Tarim into a stable cratonic continent by intruding mafic rocks into the lower crust (Deng et al., 2017; X. Xu
et al., 2021). The process led to the high Vp/Vs ratios observed in the ETB. Additionally, being a pre-existing
structurally suture zone, the crust beneath the TF might have experienced Moho uplift during plume activity,
contributing to the currently notably Moho offset of ~5 km.

4.2. Underthrusting of Tarim Lower Crust Beneath Tibetan Plateau

The most striking feature in our CCP image is that the Moho gradually deepens southeastward from 50 to 75 km,
terminating beneath the ATF. This observation does not support the idea that the underthrust crust exceeds
100 km depth (Wittlinger et al., 1998; L. Zhang et al., 2015). The continuously traceable Moho signals and an
obvious Moho offset beneath the ATF appear to contradict the southwestward underthrusting of the Tarim lower
crust (J. Zhao et al., 2006). The dipping Moho combined with D1 (NAF) delineates the underthrusting of the
Tarim lower crust under the ATR. Thus, the NAF is a reverse-dominated fault, which is corroborated by sedi-
mentary evidence (Yue et al., 2004). The NW-SE oriented two-dimensional array may not fully capture the
complex three-dimensional structure. By combining the N-S oriented GPS observations in the ETB and
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Figure 4. Cartoon for Tarim lower crust underthrusting beneath the Tibetan Plateau. The interpreted interfaces were based on
the Common Conversion Point image (Figure 2c). The white arrows are the directions of relative motion indicated by GPS
observations. The mafic Tarim lower crust is underthrusting to ~75 km beneath the Tibet Plateau, and the underthrusting
wedge experienced partial eclogitization. Oblique convergent forces extruded upper crustal materials along the two faults
North Altyn Fault and NABF, generating the pop-up structure of Altyn Tagh Range.

clockwise rotation of the Tarim Block (J. Zhao et al., 2019), we inferred that the Tarim lower crust is likely
underthrusting southward beneath the ATF. The ATR experienced transpressive deformation as a result of the
oblique convergence between the Tarim and Qaidam. In contrast to the lower crust modified by mantle plume
activity, the weaker upper crustal materials were extruded upward along the thrusts D1 and D2 due to oblique
convergent forces, leading to the formation of the pop-up structure (Figure 4). The pop-up structures refers to
uplifted blocks or topography formed by compression between thrusts and reverse faults that have opposing
vergence, or at restraining bends and stepovers on strike-slip faults. One common scenario leading to the for-
mation of pop-up structures is during the collision of tectonic plates, such as in this study region. The upper-
crustal thickening induced the bulk felsic composition, suggested by the average Vp/Vs value of 1.75 for
ATR (Figure 2e). The intense deformation in the upper crust resulted in stronger seismicity of the ATR compared
to the surrounding blocks (Figure 2c), substantiated by the elevated strain rate (Figure 2a).

The underthrusting root zone, which extends from 50 to 75 km depth, is featured by an elevated Bouguer gravity
anomaly (Figure 2a), a wedge-shaped low-velocity of 7.3-7.8 km/s (J. Zhao et al., 2006) and a high-density
anomaly of 40 kg/m® (Deng et al., 2017). These observations suggest that the lower crust is probably partially
eclogitized. The seismic properties of eclogite, which resemble those of peridotite in the upper mantle, result in
weaker Moho conversions under the ATF (Figure 2¢). The presence of a Moho offset of ~30 km demonstrates
that the ATF cuts through the entire crust. The nearly vertical ATF slightly dips southeastward in the deep section.
The deep shear zone along the fault, resembling the metamorphic mylonite belt (Wittlinger et al., 1998), serves as
a barrier, preventing the underthrusting of the Tarim lower crust (Figure 4).

The underthrusting process caused the uplift of the Qaidam Moho to 45 km depth. The mean Vp/Vs value for the
WQB is a moderate value of 1.77, reflecting intermediate crustal compositions (Christensen, 1996). The Vp/Vs
ratios at most stations for the WQB are too low to substantiate the presence of a crustal flow layer (L. Zhang
et al., 2015), which would increase Vp/Vs ratio to at least 1.80 (Z. Liu et al., 2021). The NNE-oriented
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compressional stress field created the WNW-ESE-trending thrusts and the strike-parallel fast directions, indi-
cating that the crust-mantle coupling deformation in the WQB (Chang & Wang, 2023).

4.3. Onset of Altyn Tagh Range Uplift

Due to the early Cenozoic peneplanation in northern Tibet (Liu-Zeng et al., 2008), the Moho undulation in the
CCP image can serve as a crucial marker for estimating the shortening across the ATR in response to the Cenozoic
India—Eurasia collision. The Moho under the ATR and WQB was assumed to be flat prior to the Cenozoic. Based
on the balanced cross-section technique (Li et al., 2016), we summed the lengths of each Moho section and
estimated the NW-SE pre-deformation width of the target area to be ~250 km. This suggests NW-SE shortening
of ~18 km when comparing with the present width of ~232 km (Figure 3e), consistent with the shortening of
24 £+ 9 km by structural restorations (Laborde et al., 2019). The shortening rate perpendicular to the NAF is
estimated to be 2—4 mm/yr according to reconnaissance of fault scarps (Molnar et al., 1987), velocity models for
the India—Eurasia collision region (Peltzer & Saucier, 1996), as well as GPS velocities projected along NW-SE
orientation (D. Wang et al., 2020). Thus, we can infer that the significant shortening commenced at ca. 9-5 Ma.
Since the pop-up structure of the upper crust has also absorbed some deformation, the estimated time may
represent a lower limit. The starting time aligns approximately with the onset of rapid uplift of the ATR (late
Miocene, ca. 10 Ma), based on sedimentology (Song et al., 2019), thermochronology (Z.-L. Chen et al., 2006),
and other methods (T. Zhang et al., 2016). Therefore, the ductile deformation in the lower crust coincides well
with the pop-up structure in the upper crust, and with geomorphic and geodesic observations, supporting the
notion that there was an intensification of intracontinental deformation in the ATR since the late Miocene.

5. Conclusion

We obtained a detailed crustal structure across the central ATF by RF method using the data from a dense array.
The image indicates that the Tarim lower crust is underthrusting beneath the Tibetan Plateau to ~75 km depth.
Oblique convergent forces has caused the uplift of the ATR since the late Miocene.

Data Availability Statement

The receiver functions used in this study are available at C. Wu et al. (2023). The hkl1.3 software package
(Zhu, 2009) is used for calculating receiver functions and conducting H—x stacking. The ccp1.0 codes (Zhu, 2009)
are used for CCP stacking of receiver functions.
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