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Abstract The Qilian Shan constitutes represents a Cenozoic fold-thrust belt characterized by 16 

multi-stage tectonic deformation since the Paleozoic. North of it lies the The Hexi corridor basins 17 
and the Beishan blockorogenic belt, which constitute, located north of the Qilian Shan, are the 18 
southern segment of the Central Asian Orogenic Belt . The crustal-mantle structure of the study area, 19 
serves as a transition zone, is crucial for comprehendingto understanding the deep processes of 20 
accretion and crustal deformation. This study introduces presents a newly acquired 460-km seismic 21 
wide -angle reflection and refraction profile spanning traversing from the North Qilian Shan to the 22 
Beishan blockBeishan Orogenic Collage (BOC). The P-wave velocity structure of the crust and 23 
upper mantle indicatesreveals a 47.5–60 km thick crust crustal thickness between 47.5 km and 60 24 
km, segmenteddivided into five stratalayers. The deepest Moho (60 km) lies beneath the central 25 
Jiuquan basin displays the most substantial crust, measuring 59.5–60 km in thickness. The Aaverage 26 
crustal velocities (6.24−6.43 kmௗs−1)y varies between 6.24 and 6.43 km/s, while theand Pn 27 
valuesvelocity (ranges from 7.7 km/s− to 8.1 km/skmௗs−1) reveal strong lateral. The considerable 28 
variance in crustal velocity indicates heterogeneity. North-dipping velocity contours from 20 km to 29 
the uppermost mantle beneath the Qilian Shan, coupled with a lower-crust–upper-mantle low-30 
velocity corridor beneath the Hexi Basin, support early Paleozoic north-dipping subduction of the 31 
Qilian Ocean. A positive upper-mantle anomaly (8.0–8.3 km s⁻¹, 45–70 km depth) aligns with the 32 
Hongliuhe–Xichangjing ophiolite mélange likely represents a fossil break-off slab broken off after 33 
north-dipping subduction of the Beishan Ocean. Crustal velocity contrasts across the southern 34 
margin fault of the Beishan affirm its role as a regional strike-slip structure. Integrating geological 35 
and geophysical evidence, we suggest that the Altyn Tagh Fault does not terminate at the Qilian 36 
Shan front but rather extends east-northeast along the southern margin of the BOC into the Beishan 37 
and Alxa Block. 38 

 in the crustal composition of the Qilian Shan and Beishan block. The southern edge fault of 39 
the Beishan block delineates the area, where northward and southward thrusting induces upper 40 
crustal deformation on opposing sides. The crust of the southern Beishan block is weaker than that 41 
of the bordering regions. Additionally, we propose a north-direction subduction polarity of the 42 
Qilian Ocean based on the northward-tilted velocity contour in Paleozoic. 43 

 44 
Keywords: North Qilian; Beishan BlockBeishan Orogenic Collage; Altyn Ttagh fault; Crustal-45 

upper mantle velocity structure; crustal deformation 46 
 47 
The NW-SE-trending Qilian Shan, situated in the NE Tibet, is bounded by the Altyn Tagh fault 48 

(ATF) to the west, the northern Qaidam thrust system to the south, the Haiyuan fault to the east, and 49 
the north Qilian Shan fault to the north (Fig. 1b). The present-day Qilian Shan exhibits a Cenozoic 50 
fold-thrust belt withenduring multi-stage tectonic deformation prior to the Cenozoic (Yin and 51 
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Harrison 2000; Gehrels et al. 2003; Song et al. 2014; Wu et al. 2016; Zuza et al. 2017; 2019).. The 52 
Qilian Shan exhibits a Cenozoic fold-thrust belt with multi-stage tectonic deformation since 53 
Paleozoic. North of the Qilian Shan, the Hexi corridor basins and the Beishan blockBeishan 54 
Orogenic Collage (BOC) form the southern section of the Central Asian Orogenic Belt (CAOB, 55 
Xiao et al., 2010; Li et al., 2023; Xiong et al., 2024). As the middle of the South Tienshan-Beishan-56 
Solonker suture zone, the BOC underwent multi-stage breakup, subduction, collision, and 57 
amalgamation during the closure of the Paleo-Asian Ocean (PAO)AO, mainly in the Paleozoic (Fig. 58 
1; Zuo et al. 1991; Liu 1995; Yue and Liou 1999; Wang et al. 2010; Xiao et al. 2010; Zuo and Li 59 
2011; Şengör 2015; Liu 1995; Yuan et al. 2015; He et al. 2018; Li et al. 2023). The geological history 60 
of the BOC is further complicated by regional extension, subsequent intracontinental overthrusting, 61 
and strike-slip faulting since Mesozoic (Zheng et al. 1996; Meng et al., 2003; Xiao et al. 2010; Zuo 62 
and Li 2011; Zhang and Cunningham 2012; Li et al. 2023). is inside the middle of the South 63 
Tienshan-Beishan-Solonker suture zone (Fig. 1b).Particularly in the Cenozoic, the far-field effect 64 
of the Indian-Eurasian collision led to the outward expansion of the NE Tibetan Plateau, and 65 
reactivated the Qilian Shan, causing stress to propagate across the Hexi corridor basins into the BOC, 66 
and extending even further north to the Mongolian Plateau (Cunningham 2013; Zheng et al. 2017; 67 
Wang et al. 2022). 68 

 The Qilian Shan isbecame  an important part of the Tibetan plateau, playing a significant role 69 
in accommodatingresearching the intracontinental convergence, thrusting-folding and the northern 70 
extension of The NE Tibetan Plateau (Meyer et al. 1998; Yuan et al. 2013; Zuza et al. 2017). As the 71 
southernmost CAOB, the BOC acted as a major zonearea for examining the for the reactivation of 72 
inherited structures the ancient crust duringand  the transmission of compressional stress leading to 73 
the upliftoutward exhumation of the NE Tibetan and the Mongolian Plateaus in Cenozoic. Therefore, 74 
aActing as a the transition zone between the NE Tibetan Plateau and CAOB, the crustal-mantle 75 
structure of the studied study area is crucial for comprehending understanding the regional evolution 76 
and interaction of including the Qilian Shan and Beishan block operates as the contact zone between 77 
the northeastern Tibetan plateauTibetan Plateau,  (NE Tibet) and the southern CAOB. This region 78 
acts as the transition zone between part of the Tethys tectonic domain, and the Paleo-Asian 79 
oceanPAOic (PAO) tectonic domain (PAO) since the Paleozoic (Fig. 1a; Li et al. 1982; Yin and 80 
Harrison 2000; Xiao et al. 2009; Zhao et al. 2018; He et al., 2025; Xiong et al., 2025).  81 

Previous geophysical studies across the Qilian Shan–BOC transition zone, have provided 82 
valuable insights into the subduction polarity, continental extension, lithospheric foundering and 83 
magmatic activity (Xiao et al. 2012; Huang et al. 2014; Wei et al. 2017; Xu et al. 2019; Shen et al. 84 
2020; Huang et al. 2021; Wang et al., 2023; Xiong et al., 2024; Yang et al. 2024). Nevertheless, the 85 
crustal-upper mantle velocity structure remains ambiguous because of the wide shot and receiver 86 
spacing and the relatively weak explosive sources inherited from the earlier, lower-resolution 87 
acquisition design (Cui et al., 1995). In this study, we present a 460-km-long, SW-NE-trending 88 
wide-angle reflection and refraction profile that traverses the North Qilian Shan, Hexi corridor 89 
(containing the Jiuquan basin and the Huahai basin), and the entire BOC. The new data yield a high-90 
quality crustal-upper mantle velocity structure of the study area. Combined with existing geological 91 
and geophysical evidence, we discuss the tectonic significance of the transition zone, provide new 92 
constraints of the subduction polarity of the Qilian Ocean and the southern PAO, elucidate the 93 
crustal deformation mechanism across main regional faults, and propose the eastern termination and 94 
extension of the ATF.The NW-SE-trending Qilian Shan, situated in NE Tibet, is bordered by the 95 
Altyn Tagh fault to the west, the northern Qaidam thrust system to the south, the Haiyuan fault to 96 
the east, and the north Qilian Shan fault to the north (Figure 1b). The present-day Qilian Shan has 97 
witnessed Cenozoic reactivation as a fold-thrust belt (Zuza et al. 2017, 2019), enduring multi-stage 98 
tectonic deformation prior to the Cenozoic (Yin and Harrison 2000; Gehrels et al. 2003; Song et al. 99 
2014; Wu et al. 2016; Zuza et al. 2017). The Beishan block, sometimes referred to as the Beishan 100 
orogenic belt (Liu 1995; Yuan et al. 2015; He et al. 2018; Li et al. 2023), is inside the middle of the 101 
South Tienshan-Beishan-Solonker suture zone (Fig. 1b). Experiencing multi-stage breakup, 102 
subduction, collision, and amalgamation during the closure of the PAO, mainly in the Paleozoic 103 
(Fig. 1; Zuo et al. 1991; Yue and Liou 1999; Wang et al. 2010; Xiao et al. 2010; Zuo and Li 2011; 104 
Şengör 2015), the geological history of the Beishan block is further complicated by regional 105 
extension overlap, subsequent intracontinental overthrusting, and strike-slip faulting since 106 
Mesozoic (Zheng et al. 1996; Xiao et al. 2010; Zuo and Li 2011; Zhang and Cunningham 2012; Li 107 
et al. 2023). The NE-trending grabens in the Gobi Altai, southeastern Mongolia and Beishan forms 108 
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a rift system, associated with the termination of the final subduction of the PAO (Meng 2003; 109 
Donskaya et al. 2008; Cunningham et al. 2009; Davis and Darby 2010) or the Cenozoic Indian-110 
Eurasian collision (Zhang et al. 2007, 2021; Buslov 2012). This study proposes a new-acquired 460-111 
km-long seismic wide angle and refraction profile encompassing the North Qilian Shan-to- Beishan 112 
block. The crustal-upper mantle P-wave velocity structure reveals the crustal thickness ranging from 113 
47.5 to 60 km, divided into five layers. The central Jiuquan basin has the thickest crust at 59.5–60 114 
km. Average crustal velocity ranges from 6.24 to 6.43 km/s, and Pn velocity of 7.7–8.1 km/s. 115 
Notably, the considerable variance in crustal velocity shows inhomogeneity non the crustal 116 
composition of the Qilian Shan and Beishan block. Bounded by the southern edge fault of the 117 
Beishan block, north-direction and south-direction thrusting contribute to upper crustal deformation 118 
to separate sides. The crust of the southern Beishan block is weaker than that of the bordering 119 
regions. Additionally, we propose a north-direction subduction polarity of the Qilian Ocean based 120 
on the northward-tilted velocity contour in Paleozoic. 121 

 122 
 123 
In Cenozoic, the far-field effect of the Indian-Eurasian collision led to the outward expansion 124 

of NE Tibet, spreading across the Hexi corridor basins into the Beishan block or the Mongolian 125 
Altai Mountains (Mts.) (Cunningham 2013; Zheng et al. 2017; Wang et al. 2022). The reactivated 126 
Qilian Shan finally became an important part of the Tibet plateau, playing a significant role in 127 
researching the intracontinental convergence, thrusting-folding and the northern extension of NE 128 
Tibet (Meyer et al. 1998; Yuan et al. 2013; Zuza et al. 2017). As the southernmost CAOB, the 129 
Beishan block also served as a major place for examining the reactivation of the ancient crust and 130 
the transmission of compressional stress arising from the outward exhumation of NE Tibet and the 131 
Mongolian plateau in Cenozoic. 132 

While previous geophysical studies have been conducted in the Qilian Shan– Beishan block 133 
transition zone to comprehend the subduction polarity, continental extension, foundering and 134 
magmatic activities (Xiao et al. 2012; HUANG et al. 2014; Wei et al. 2017; Xu et al. 2019; Shen et 135 
al. 2020; Huang et al. 2021; Yang et al. 2024), the crustal-upper mantle structure remains ambiguous 136 
due to limited resolution quality. In this study, a N-S-trending 460-km-long seismic wide angle and 137 
refraction profile sweeps throughout the North Qilian, Hexi corridor (containing the Jiuquan basin 138 
and the Huahai basin), and the entire Beishan block was done. This profile reflects the high-quality 139 
crustal-upper mantle velocity structure of the research area. Combined with other geological and 140 
geophysical datasets, we examined the tectonic consequence of the key characteristics of the 141 
velocity structure, hoping to throw light on the northern extension of the NE Tibet plateau, and the 142 
reactivation of the Beishan crust. 143 

Geological Ssetting 144 

The early Paleozoic Qilian Shan, recording the closure of the Qilian Ocean as part of the Proto-145 
Tethys Ocean (Yu et al. 2021), has beenis a typical orogen traditionally divided into three structural 146 
units: the North Qilian Shan Orogenic belt (NQS), the Central Qilian block, and the South Qilian 147 
thrust belt (Yin and Harrison 2000). The boundary between the former two units is delimited by the 148 
North Qilian fault (F9). The NQS principally comprises early Paleozoic ophiolite suites (Fig. 1c), 149 
blueschists, eclogites, greenschists, and arc-related magmatic and volcanic rocks (Xu et al. 2005; 150 
Zhang et al. 2007; Song et al. 2009; Xiao et al. 2009; Zhao et al. 2024). These strata are overlain by 151 
Silurian flysch, Devonian molasse and Carboniferous-Triassic sedimentary periods (Wang et al. 152 
2023). In the Mesozoic, the extensional and transtensional basins evolved over the Qilian Shan from 153 
the Xining Basin in the south to the Hexi corridor in the north (Horton et al. 2004; Pan et al. 2004). 154 
In the Cenozoic, the Qilian Shan has been reactivated as a fold-thrust belt to accommodate the 155 
crustal deformation resultant from the Indian-Eurasian collision with development of massive 156 
thrusts and strike-slip faults (Tapponnier et al. 1990; Zuza et al. 2019). 157 

The Hexi corridor, sandwiched between the BOC and the Qilian Shan by the southern margin 158 
fault of the Beishan (F5) and northern margin fault of the North Qilian (F8), is a Cenozoic foreland 159 
basin system (Fig. 1b; Li et al. 2002). The basement of the Hexi corridor consists predominantly 160 
Paleozoic rocks, covered by thick Mesozoic and Cenozoic deposits. In this study region, tThe Hexi 161 
corridor is divided into the Huahai basin in the north and Jiuquan basin in the south by the 162 
Kuantanshan-Heishan fault (F6). The Huahai basin is part of the Dunhuang block, traditionally 163 
assigned as a Precambrian cratonic block or a microcontinent (BGMRGP 1989; Che and Sun 1996; 164 



4 
 

Mei et al. 1997; Mei 1998; Yu et al. 1998; Ren et al. 1999; Xu et al. 1999; Lu et al. 2008; Liu et al. 165 
2009; Zhang et al. 2011; He et al. 2013; Zong et al. 2013), and involved in the final closureollision 166 
of the PAOaleo-Asian Ocean (PAO, Shi et al. 2022). The Jiuquan basin, a subbasin of the Hexi 167 
Corridor foreland basin, has deposited Cenozoic sediments deposited since as early as ca. 40 Ma 168 
(Dai et al. 2005; Wang et al. 2016), and was subsequently influenced by the uplift of the NQS since 169 
the Cenozoic. 170 

The Beishan blockBOC is positioned between the Mongolian Plateau collage system in the 171 
north and the Dunhuang Block in the south (Fig. 1; Zuo et al. 1991; Yue and Liou 1999; Wang et al. 172 
2010; Xiao et al. 2010; Zuo and Li 2011). It is widely considered to encompass multiple different 173 
volcaniislandc??? terranearcs, including the Que’ershan, Hanshan, Mazongshan, Shuangyingshan, 174 
and Shibanshan terranearcs. They are separated by four nearly parallel W-E-trending ophiolite 175 
mélange zones, named Hongshishan-Baiheshan (F1), Shibanjing-Xiaohuangshan (F2), Hongliuhe-176 
Xichangjing (F3) and Liuyuan-Huitongshan-Zhangfangshan (F4) respectively (Fig. 1c; Zuo et al. 177 
1991; Liu 1995; Wei et al. 2004; Ao et al. 2010, 2012, 2016; Xiao et al. 2010; Yang et al. 2010; Zuo 178 
and Li 2011; He et al. 2014; Wang et al. 2017; Wei et al. 2017; He et al. 2018; Wang et al. 2018; Li 179 
et al. 2022; Li et al. 2023). The Hongliuhe-Xichangjing suture zone (F3) is generally recognized as 180 
the final asealing malgamation positionposition of the South Beishan BlockBOC and North Beishan 181 
blockBOC in the middle to -late Ordovician  (Li et al. 20222023). 182 

  183 
The Hexi corridor, sandwiched between the Beishan block and the Qilian Shan by the southern 184 
margin fault of the Beishan (F5) and northern margin fault of the North Qilian (F8), is a Cenozoic 185 
foreland basin system (Fig. 1b; Li et al. 2002). The basement of the Hexi corridor consists 186 
predominantly Paleozoic rocks, covered by thick Mesozoic and Cenozoic deposits. In this study 187 
region, The Hexi corridor is divided into the Huahai basin in the north and Jiuquan basin in the 188 
south by the Kuantanshan-Heishan fault (F6). The Huahai basin is part of the Dunhuang block, 189 
traditionally assigned as a Precambrian cratonic block or a microcontinent (BGMRGP 1989; Che 190 
and Sun 1996; Mei et al. 1997; Mei 1998; Yu et al. 1998; Ren et al. 1999; Xu et al. 1999; Lu et al. 191 
2008; Liu et al. 2009; Zhang et al. 2011; He et al. 2013; Zong et al. 2013), and involved in the final 192 
collision of the PAO (Shi et al. 2022). The Jiuquan basin, a subbasin of the Hexi Corridor foreland 193 
basin, has deposited Cenozoic sediments since as early as ca. 40 Ma (Dai et al. 2005; Wang et al. 194 
2016), and was subsequently influenced by the uplift of the North Qilian since Cenozoic.  195 
The early Paleozoic Qilian Shan, recording the closure of the Qilian Ocean as part of the Proto-196 
Tethys Ocean (Yu et al. 2021), is a classic orogen traditionally divided into three structural units: 197 
the North Qilian Shan Orogenic belt (NQS), the Central Qilian block, and the South Qilian thrust 198 
belt (Yin and Harrison 2000). The previous two units are delimited by the North Qilian fault (F9). 199 
The NQS principally comprises early Paleozoic ophiolite suites (Fig. 1c), blueschists, eclogites, 200 
greenschists, and arc-related magmatic and volcanic rocks (Xu et al. 2005; Zhang et al. 2007; Song 201 
et al. 2009; Xiao et al. 2009; Zhao et al. 2024). These strata are overlain by Silurian flysch, Devonian 202 
molasse and Carboniferous-Triassic sedimentary periods (Wang et al. 2023). In Mesozoic, the 203 
extensional and transtensional basins evolved over the Qilian Shan from the Xining Basin in the 204 
south to the Hexi corridor in the north (Horton et al. 2004; Pan et al. 2004). In Cenozoic, the Qilian 205 
Shan has been reactivated as a fold-thrust belt to accommodate the crustal deformation resultant 206 
from the Indian-Eurasian collision with development of massive thrusts and strike-slip faults 207 
(Tapponnier et al. 1990; Zuza et al. 2019). 208 

 209 

Data and Mmethods 210 

Sseismic Acquisitioncollection and processing  211 

In 2018, The Chinese Academy of Geological Sciences collectempleted a SW-NE-trending 212 
seismic wide-angle reflection and refraction profile stretching from the North QilianNQS to the 213 
Beishan blockBOC. The profile starts from Yanglong in Qinghai Province in the south, passing 214 
through Qingqing, Baiyanghe, Dongxiang Ethnic Town, Ganhaizi, Humuletu Wusu, Sharitaolai, 215 
Wutongjing, Heiyingshan, and Har Borogdyn Uul, before ending at the China-Mongolia border in 216 
the north. Nine TNT trinitrotoluene (TNT) blastsshots, ranging from 1.5 to 3.0 tons, were 217 
detonatedexploded throughout the seismic profile at intervals of roughly 30–60 km (ZB0–ZB8, 218 
shown in red stars in Fig. 1c). To achieve thoroughensure dense ray coverage, 250 portable 219 
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seismographs (depicted as blue circles in Fig. 1c) were strategically distributeddeployed along the 220 
whole entire seismic lineprofile at a spacing of 2–3 km. This deployment sought to capture high-221 
quality seismic data, and the specific detailed parameters of the shots are presented in Table 1.  222 

 223 

Identification of SSeismic Pphases 224 

Using the ZPLOT plotting package (Zelt, 1994), we performed trace editing, automatic gain 225 
control, band-pass filtering, velocity reduction, and phase picking for each shot. To make the seismic 226 
records clearerimprove the signal-to-noise ratio, we applied each trace was bandpass filtered up to 227 
8 Hz and displayed the seismic sectionsed in reduced time using a reduction velocity of 6 kmௗs−1  228 
based on a velocity of 6 km/s in the breadthover a time window of -5–10 s (e.g. Fig. 2, Fig. 3).  229 

Uncertainties in phase picking primarily arise from challenging signal-to-noise conditions and 230 
complex subsurface wave propagation effects. The extensive desert sedimentary cover in the study 231 
area significantly attenuates seismic energy, particularly at larger offsets and for deeper arrivals. 232 
Additionally, strong lateral heterogeneities, —ssuch as fault zones and intracrustal velocity variation,  233 
s—cause substantial wave scattering, dispersion, and multipathing. This, resultsing in phase 234 
superposition and waveform distortion that complicates accurate phase identification. Following 235 
careful analysis and comparative evaluation, sSix seismic phases, including Pg, P1, P2, P3, P4, Pm 236 
and Pn, are identified based on the reduced seismic recordings (e.g. Fig. 2, Fig. 3). Pg is a first- 237 
arriving arrival phase refracting through propagating over the crystalline basement. Pm is the 238 
strongly wide-angle reflected phase from the Moho discontinuity. Pn is the head wave refracted 239 
phase from the top of the mantle with a characteristic velocity of 7.7–8.0 1 km/skmௗs−1. P2–P4 are 240 
the reflected phases from the intracrustal second-order velocity interfaces. In Fig. 2 and Fig. 3, the 241 
dotted lines represent the identified phases, and the squares mark the position of the computed 242 
traveltime. 243 

The first-arrivals of Pg are picked up to offset of 100 km. the The travetimes recorded at 244 
ofshotpoint ZB1, located  in the NQS, areis early as are the , which reveals the shallow velocity of 245 
the NQS is high with 5.1–6.3 km/skmௗs−1 and 4.0–6.1 km/skmௗs−1 average velocity correspondingly. 246 
The ttraveltimes for the shot ZB8 located  of the north branch of ZB8 is early too, demonstrating 247 
the shallow crustal velocity in the northern Beishan blockBOC is with 3.3–6.3 km/skmௗs−1. 248 
Intracrustal reflection phases P2–P4 can be recognized at the offset ranges from 70–90 km, 100–249 
150 km, and 120–150 km respectively. Pm can be corelated over an offset of 180 km for most shots 250 
(Fig. 4a). Pn was found with maximal amplitude in the offset range of 240–280 km (Fig. 3). The Pn 251 
displayed in shot ZB1 seismic record is with 7.9–8.1 km/skmௗs−1 velocity, while 7–8.1 km in shot 252 
ZB8 (Fig. 4). 253 

 254 

The Vvelocity structure mModelling 255 

The 2-D crustal velocity structure is based on seismic phases identification, and the first initial 256 
2-D crustal model is was built constructed with using the greatest highest elevation of 4300 m as 257 
the datum. The fFThe forward fitting calculation adopts the asymptotic ray tracing to fit the 258 
traveltime of each shot (Fig. 4 (Cerveny et al. 1988; Vidale 1988; Zelt and Smith 1992; Cervený 259 
2001) and gradually improves the initial 2-D velocity structure by constantly modifying the interface 260 
depth and interval velocity (Fig. 4; Cervený et al. 1988; Vidale 1988; Zelt and Smith 1992; Cervený 261 
2001). Model construction and editing are carried out with the RAYINVR software (Zelt and Smith, 262 
1992). The travetime fitting of 5–6 phases for nine shots are conducted step by step, top-down to 263 
limit the multi-solution of the model. Fig. 4 illustrates the traveltime fitting of the seismic recordings 264 
of the shot gather and the complete crustal ray coverage. The time error of the ray tracing forward 265 
fitting accuracy is typically less than 0.05 s, and the maximum is not more than 0.1 s. The root mean 266 
square error (RMS) of the traveltime fitting for different earthquake phases is reported in Table 2. 267 
The velocity inaccuracy is controlled within 0.05 km/skmௗs−1, while the Moho depth error is less 268 
than 1 km. Poorly-resolved areas based on ray coverage have been masked to prevent 269 
overinterpretation, tThe ultimate crustal-upper mantle velocity structure is found in Fig. 5.  270 
Although the ray-tracing misfit is small (RMS < 0.05 s), two tests quantify potential biases. Ray-271 
density gaps: Pn hits fall below 20 km⁻² beneath distance 250–350 km (Fig. 4a), increasing the 272 
Moho-depth uncertainty to ±1.2 km in that segment; velocity–interface trade-off: 200 bootstrap 273 
inversions give a velocity–depth correlation of r = –0.67; a 3% increase in lower-crustal velocity 274 
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can be compensated by a ~1 km deeper Moho without raising misfit, so we adopt ±1 km as the 275 
systematic Moho-depth bias bound. 276 

The typical continental crust is stratified into three principal layers: the upper crust, comprising 277 
sedimentary cover overlying crystalline basement characterized by an average P-wave velocity of 278 
6.0–6.3 km s⁻¹; the mid-dle crust, composed of interleaved silicic and basic lithologies, with 279 
velocities of 6.3–6.5 km s⁻¹; and the lower crust, dominated by more mafic assemblages, exhibiting 280 
velocities of 6.6–6.9 km s⁻¹ (Christensen, 1995; Jia et al., 2019).  Based on our velocity structure 281 
result, The result shows the crust can be splitdivided into upper crust (from the surface to P2C2), 282 
middle crust (from P2 C2 to P3C3), and lower crust (from P3 C3 to the Moho discontinuity). The 283 
upper crust can be separated into two layers by intracrustal interface C1 determined by seismic 284 
phase P2. The lower crust can also be subdividedseparated into two layersstrata as well as by 285 
intracrustal interface C4 indicated by seismic phase P4. 286 

 287 

Velocity Sstructure of the Uupper Crust 288 

The upper crust, fromcomprising delineated bythe layer from  the surface to interface C2 at 289 
depth, has pronouncedexhibits pronounced lateral segmentation across the study region. Lower 290 
velocities extend to greater depth  Notably, A prominenta lower- velocity zone is prevalent beneathin 291 
the NQSorth Qilian-Jiuquan basin, contrasting sharply laterally with the a significantly greater 292 
higher velocities characteristic ofy zone in the Beishan blockBOC. Along interface C1 amid within 293 
the upper crust, discretemany  high-velocity entities zones with an interval velocitiesy of 6.3–6.4 294 
km/skmௗs−1 are seenobserved.  295 

The base of iInterface C1 corresponds tomarks the basement surface, characterized by a 296 
velocitiesy ranging frome of 3.4 to –6.5 km/skmௗs−1. The basement profile surface exhibits 297 
significant undulationes extensively within the depths varying betweenof 6.1 and –12.5 km (Fig. 5b. 298 
5). The interval velocity of the uppermost crust measures ranges from 5.2 to –6.05 km/skmௗs−1, with 299 
an interface depth of 6.3–7.2 km in the middle central QilianNQS. In the southern North QilianNQS, 300 
the interval velocity ranges fromis between 5.2 and –6.1 km/skmௗs−1, having and a high-velocity 301 
bodyzone is present in the bottom lower section, with an interval velocitiesy of 6.2–6.45 302 
km/skmௗs−1, ; here, the and the interface deepensth lowers to 10.8–11.4 km. In the northern section 303 
of the North QilianNQS, the interval velocity falls decreases to 4.0–6.0 km/skmௗs−1, while the 304 
interface depth deepens increases to 9.7–10.1 km.  305 

WithinIn the Jiuquan basin, the interval velocity reduces ranges fromto 3.6 to –6.1 km/skmௗs−1, 306 
with anand the interface deepenspth falling to 11.2–12.5 km. The Huahai basin has showsan interval 307 
velocity velocities of 3.8–6.2 km/skmௗs−1, and thewith interface depths between  ranges from 11.5 308 
and –12.5 km. Additionally, a high-velocity body zone with  an interval velocity velocities of 6.3–309 
6.5 km/skmௗs−1 appears is also observed beneath at the bottom below the F5 faultracture. In the 310 
southern Beishan blockBOC, layerinterval velocities on the south side measure are 4.6–6.2 311 
km/skmௗs−1, with interface depths ranging fromof 11.5–12.0 km, whereas on the northern side, 312 
layerinterval velocities reduce decrease to 3.4–6.1 km/skmௗs−1, and interface depths are range from 313 
9.4 to– 11.3 km.  314 

In the Northern Beishan blockBOC, layerinterval velocities are vary from 4.2 to –6.2 315 
km/skmௗs−1, with thean interface at depths of 10.5–12.5 km. Further north within the Beishan 316 
blockBOC, the interval velocity is remains between 4.2 and –6.2 km/skmௗs−1, and the interface depth 317 
is ranges from 10.0 to –11.3 km. At the bottom of the Beishan blockBOC, multiple Several high-318 
velocity bodieszones  are observed with layerinterval velocities of 6.3–6.4 km/skmௗs−1 are identified 319 
at the base of the BOC, including one beneath the high-velocity body under the Mazhoushan 320 
Mazongshan terranearc.  321 

 322 
The deeper upper crustalbottom layer exhibits velocities ranging fromof 6.0–6.3 km/skmௗs−1 and 323 
interface depths ranging frombetween 13.2 and –27.6 km. Although this layer shows no While 324 
lacking significantmajor lateral segmentation, its interface is highly undulatorythis layer exhibits 325 
considerable interface undulations (Fig. 5b. 5). South of fault F9, the interval velocity is 6.05–6.15 326 
km/skmௗs−1, with an the interface depth of at 12.8–18.3 km depth. Between faults F9 and F5, the 327 
layer thickens substantiallyconsiderably, and the interface depth climbsdeepens to 17.6–27.5 km. 328 
North of fault F5, the layer thickness reduces decreases to values similar to those inmatch the 329 
southernmost part of the profile, but the velocity increases to 6.1–6.4 km/skmௗs−1. This These 330 
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characteristics shows indicate that the North QilianNQS  and the Jiuquan basin have share a 331 
consistent basement structure, matching which aligns with the findings from residual gravity 332 
anomaly  findingsanalyses (Yang et al. 2024). 333 

 334 

Vvelocity Sstructure of the Mmid-dle Ccrust 335 

The intermediate crust  exhibits distinct zoning features of the intermediate crust are 336 
notablythat differ notblynotablyent from the top upper crust with, with interface depth of 23.4–38.7 337 
km, and layer interval velocityies of 6.2–6.5 km/skmௗs−1. This layer is There’re cCcomparatively 338 
slowerly low-velocity zones are observed occurring inbeneath the northern North QilianNQS and 339 
the Jiuquan basins (Fig. 5b. 5).  340 

The interface C3 depth of the contactacross the fault F8 between separating the NQS and the 341 
Jiuquan basin is varies from 23.4 to –38.7 kilometerskm. The minimum lowest interval velocitiesy 342 
is (6.2–6.35 km/skmௗs−1) occur in the middle central NQSQilian, increasing northward to 6.25–6.45 343 
km/skmௗs−1 northward. In the Huahai basin, tThe interface depthlies at in the Huahai basin is 27.5–344 
38.7 km depth, with interval velocities of y 6.25–6.5 km/skmௗs−1;, and the highestmaximum interval 345 
velocity in this regionreaches (6.32–6.45 km/skmௗs−1) are found in its central partthe middle region 346 
(Fig. 5b. 5).  347 

Within the BOC, tThe interface C3 depthshallows in the Beishan block decreases to 24.4–31.2 348 
km. Mid-crustal iIThe interval velocitiesy in the Shibanshan arc areis 6.3–6.5 km/skmௗs−1, decrease 349 
to 6.25–6.4 kmௗs−1 whereas those in the southern Shuangyingshan terranearc, and  decrease to 6.25–350 
6.4 km/s. The interval velocity increases to 6.3–6.42 km/skmௗs−1 further north.  351 

The Vvelocity contours display contrasting dip directions: in the NQS Qilian and the Jiuquan 352 
basin, they show a gentlyn undulating northward inclination pattern, while those in the Huahai basin 353 
they dip steeply to the southward (Fig. 5b. 5). 354 

  355 

Vvelocity Sstructure of the Llower Ccrust 356 

The lower crust can be subdivided typically separated into three portions segments from south 357 
to north, boundrdered by faults F9 and F4 (Fig. 5b. 5). The consistent undulation of the interface C4 358 
and Moho discontinuity is consistent, which signifies the thickness variations of the upper and lower 359 
layers portions of the lower crust is with the samefollow a similar trend along the entirecomplete 360 
profile.  361 

Upper layer: in Tthis layer, with between C3 and C4 is characterized by a bottom depth ofhas 362 
36.7–49.5 km and an an interval velocity of 6.45–6.7 km/skmௗs−1 (Fig. 5b. 5). , distinguishing 363 
features emerge. South of fault F9, interface C4 lies is located at a depths of 36.7–42.4 km, 364 
indicating with an interval velocity of 6.45–6.7 km/skmௗs−1. Between faults F9 and F4, interface C4 365 
deepens to 38.6–49.2 km, and the interval velocity increases to 6.5–6.7 km/skmௗs−1. Notably, a 366 
sigsubstantial nificant upward undulation of a high-velocity body zone is observed withfound in this 367 
segmentzone. North of the fault F4, interface C4 is positioned at a depth ofshallow to 37.4–40.3 km, 368 
and theaccompanied by a decrease in interval velocity decreases to 6.47–6.65 km/skmௗs−1. 369 

Lower layer: The Moho discontinuity is identified at a depths of 47.5–60.0 km and , withand 370 
thise lower layer between C4 and the Moho exhibitsexhibitings an interval velocity of 6.65–6.85 371 
km/skmௗs−1 (Fig. 5b. 5). BeneathIn the Qilian Shan and Jiuquan basin, the the Moho reaches  is at a 372 
depth of 57.8–60.0 km, with an an interval velocity of 6.7–6.85 km/skmௗs−1. The central part of the 373 
Jiuquan basin displays exhibits the deepest Moho at (60 km), where accompanied by a decrease in 374 
the interval velocity decreases slightly to 6.7–6.78 km/skmௗs−1. In the Huahai basin and Beishan 375 
blockthe BOC, the the Moho depths spans range from 47.5 to –57 km, and the velocitvelocitiesy of 376 
the layer reduces to 6.7–6.75 km/skmௗs−1. The shallowest Moho, (at 47.5 km), is observedrecorded 377 
beneathin the Que’ershan terranearc, where the lowermost crust has with an interval velocity of 378 
6.65–6.78 km/skmௗs−1.  379 

  380 

Upper mMantlePn velocity structure revealed from Pn 381 

The upper mantle Pn velocity structure exhibits nuances distinct lateral variations across the 382 
study areathroughout the analyzed locations (Fig. 5). The Qilian Shan is characterized by a relatively 383 
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high uppermost mantleshows a top-of-the-upper-mantle velocity range of 7.9–8.4 3 km/skmௗs−1, 384 
with sub-horizontal velocityapproximately flat contours. A velocity reduction to 7.7–8.3 kmௗs−1 is 385 
observed from From the Jiuquan basin to the Shibanshan terranearc, followed by a slight increase 386 
the velocity reduces to 7.7–8.3 km/s, then rises to 7.9–8.6 3 km/skmௗs−1 in beneath the 387 
Shuangyingshan terranearc. Further north, tThe Mazongshan, Hanshan, and Que’ershan terranearcs 388 
have show progressively lowerdecreasing Pn velocities, ranging from of 7.8 to –8.5 2 km/skmௗs−1, 389 
indicating a progressive drop from south- to- north decreasing trend. The lowest Pn values elocity 390 
(7.7–7.8 km/skmௗs−1) is reported are localized beneath faults F5, F1, and F6. 391 

 392 

Crustal Velocity Structure Implications 393 

The crustal velocity structure proposes an unusual scenario where the deepest Moho is found 394 
in the central Jiuquan basin, rather than the North Qilian Shan with the highest elevation. 395 
Additionally, the Qilian Shan and southern Shibanshan terrane exhibit a thin upper-middle crust and 396 
a thick lower crust, while other parts have the reverse pattern (Fig. 5b. 5) 397 

Crustal-Uupper Mmantle Vvelocity Aanomaly Sstructure 398 

To improve the visibilitysensitivity of the velocity heterogeneity of the crustal-upper mantle 399 
structure the mean layer velocities are subtracted to produce a velocity anomaly structure of the 400 
crustal-upper mantle is determined (Fig. 6b. 6, the difference between the velocity contour values 401 
and their mean values).  402 
Figu). Figure 6b demonstrates that in the upper layer of the crust from depths of 0 to 12.5 km, the 403 
composition is significantly heterogeneous, and lateral segmentation is visible. The Qilian Shan is 404 
with a high positive velocity anomaly (0.3–1.0 km/skmௗs−1). The Jiuquan basin and Huahai basin 405 
showare with negative velocity anomaly (-1.1– -0.15 km/skmௗs−1), and extend northward to the 406 
southern Shuangyingshan terranearc, which are preventedterminate atby the strong positive velocity 407 
anomaly in the central Shuangyingshan terranearc. Three positive velocity anomaly bodies (0.12–408 
0.45 km/skmௗs−1) with closed contours exist beneath the faults F5, F4, and the core Shuangyingshan 409 
terranearc. In the northern Shuangyingshan terranearc, a negative velocity anomaly (-1.3–-0.12 410 
km/skmௗs−1) develops, and thins out to the north extending to the southern Mazongshan terranearc. 411 
The positive velocity anomaly (0.15–0.45 km/skmௗs−1) starting from the Mazongshan terranearc 412 
dives extends northward to the northern end of the Que’ershan terranearc, and the central part is 413 
covered by the low-velocity negative anomalies (-0.4–-0.08 km/skmௗs−1) in the upper Hanshan 414 
terranearc. 415 

At a depth of 9.2–38.5 km between interface C1 and C3, the middle Qilian and the southern 416 
North QilianNQS consisted of the northward-tilted, small-variation positive velocity anomalies (0.0 417 
to 0.08 km/skmௗs−1) and negative anomalies (-0.03–-0.01 km/skmௗs−1). The northern North 418 
QilianNQS, the Jiuquan basin and the southern portion of the Huahai basin are northward-tilted, 419 
downward-curved layers of the low-velocity negative anomalies (-0.05–-0.2 km/skmௗs−1). The 420 
northern half of the Huahai basin and the Shibanshan terranearc are positive anomaly (0.0–0.08 421 
km/skmௗs−1) layers with small velocity changes. The southern Shuangyingshan terranearc is a mixed 422 
layer of the positive velocity anomaly (0.01–0.08 km/skmௗs−1) and negative velocity anomaly (-423 
0.01–-0.04 km/skmௗs−1). The velocity anomaly from the northern Shuangyingshan terranearc to the 424 
Que’ershan terranearc is positive (0.03–0.12 km/skmௗs−1), and only locally negative (-0.01–-0.03 425 
km/skmௗs−1). 426 

In the upper layer of the lower crust, the Qilian Shan is characterized by a positive velocity 427 
anomaly (0.01–-0.12 km/skmௗs−1) in the upper section, and a negative velocity anomaly (-0.01-0.08 428 
km/skmௗs−1) in the lower part. The Jiuquan basin and Huahai basin are characterized by minor 429 
negative velocity anomalies (-0.02–-0.08 km/skmௗs−1). The Beishan blockBOC is characterized by 430 
a strong positive velocity anomaly (0.02–-0.12 km/skmௗs−1) and exhibits a northward-increasing 431 
trend (Fig. 6b. 6).  432 

 433 
In the lowest layer of the lower curst, From the North QilianNQS to the southern Huahai basin, the 434 
velocity anomaly reveals positive (0.01-0.07 km/skmௗs−1) with a relatively minor variance. From 435 
the northern Huahai basin to the southern Shuangyingshan terranearc, the velocity anomaly is with 436 
a positive to negative (0.01–-0.07 km/skmௗs−1) from top to bottom. From the northern 437 
Shuangyingshan to the Que’ershan terranearc, lesser positive anomalies (0.01 to 0.03 km/skmௗs−1) 438 
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are observed (Fig. 6b. 6).  439 
At the top of the upper mantle, the North Qilian ShanNQS and the southern Jiuquan basin show 440 

positive velocity anomaly with modest changes (0.05-0.15 km/skmௗs−1), whereas negative anomaly 441 
with substantial velocity variations (-0.1 to -0.25 km/skmௗs−1) from the northern Jiuquan basin to 442 
the Shibanshan terranearc. The southern Shuangyingshan terranearc is characterized with a gradient 443 
of the velocity anomaly ranging from negative to positive (-0.1–0.12 km/skmௗs−1). The northern 444 
Shuangyingshan and Mazongshan display positive anomaly (0.03–0.12 km/skmௗs−1) moving 445 
downwardly. The southern Hanshan terranearc has a positive anomaly (0.01–0.1 kmௗs−1) 446 
characterized by a gradual reduction from south to north. The northern Hanshan terranearc and the 447 
Que’ershan terranearc show negative anomaly (-0.01–-0.12  kmௗs−1) that diminish steadily from 448 
south to north (Fig. 6b. 6). 449 

 450 

Discussion 451 

The observed crustal-upper mantle structure (Fig. 5; Fig. 6) recordsis a what is know to be a 452 
complicated outcome history shaped by both of vertical and lateral material mass transferport 453 
processes, reflecting Precambrican inheritancre,. These activities are related to Paleozoic subduction, 454 
collision, and /accretion events, Mesozoic intracontinental deformationsreworking, and the 455 
Cenozoic northward spread expansion of the NE Tibetan Tibetan plateau (Cunningham et al., 2009; 456 
Zhang and Cunningham, 2012; Li et al., 2021REFERENCES)since the Precambrian. 457 

The Nnature of the Beishan Orogenic Collage BOC crust 458 

It has been previously interpreted that Tthe middle-lower crust beneath the BOC behaves as a 459 
mechanically stable 'fossil archive' in the Cenozoic, preserving pre-Cenozoic architecture, whereas 460 
the  uppermost mantle and upper crust show active deformation (Cui et al. 1995). Instrumentally 461 
recorded seismicity isn confined to the Qilian Shan, the Hexi Corridor basins, the Huahai Basin, 462 
and local areas west of Xingxingxia, mostly at depths of 15–16 km (Fig. 7), ), which acted as the 463 
decollement as shown in the seismic profile (Fig. 5, Fig.6; Fig. 8).. Tthe Beishan interior has 464 
spatially and temporally sparse low magnitudeis almost aseismic (M< 4.7) seismicity and exhibits 465 
low topographic relief (Xiong et al. 2003; Yang et al. 2019; Zhao et al. 2019), indicating limited 466 
present-day strain. Slight mid-lower-crustal flexure and reduced resistivity in southern Beishan 467 
(Xiao et al. 2015) nevertheless imply a rheologically (not seismically) slightly weaker zone relative 468 
to its surroundings. Active left-lateral and thrust faults in the southern BOC also indicate a weaker 469 
crust (Yang et al. 2019; Zhang et al. 2020; Yun et al. 2021; Zhang et al. 2023). 470 

  471 

Paleozoic Subduction Ssubduction Ppolarity of the Qilian Ocean and the southern 472 

PAOand Aaccretionary Aarchitecture  473 

Strata of  474 
Tthe North Qilian Ocean, a part branch of the Proto-Tethys Ocean, deformsevolved 475 

predominantly along the Kunlun– Mts., Qilian Shan and– Altyn mountain beltMts. in the northern 476 
Tibetan PlateauTibetan Plateau. The dynamics of the closure of the Qilian Ocean resulting from the 477 
collisionvia collision between the Kunlun-Qaidam continent and the southern boundary margin of 478 
the North China Craton remains a matter of considerable debated (Yin and Harrison 2000; Guterch 479 
et al. 2003; Xiao et al. 2009; Song et al. 2014; Wu et al. 2017; Zuza et al. 2017; 2019). The 480 
subduction polarity of this the oceanQilian Ocean has been proposed as: 1) north-dipping (Zuo and 481 
Liu 1987; Song et al. 2013; Li et al. 2022); 2) south-dipping (Wang and Liu 1981; Li et al. 2016); 482 
3) bidirectional (Zhao et al. 2024); or or divergent models (Wu et al. 2011; Chen et al. 2019). 483 
Although previous geophysical investigations have covered the Qilian Shan (Xiao et al. 2016; Guo 484 
et al. 2019; Shen et al. 2020; Li et al. 2021), focusconcentration has largely been on the neotectonics 485 
rather than the Paleozoic evolution. In this study, we observed north-dipping velocity contour from 486 
interface C2 to the uppermost mantle beneath the Qilian Shan, coupled with a lower-crust–upper-487 
mantle low velocity anomaly beneath the Hexi Corridor (Fig. 6). These features most plausibly 488 
record early Paleozoic north-dipping subduction of the Qilian Ocean, which aligns with the surface 489 
geology; later collisional or bidirectional shortening may have locally overprinted the original 490 
polarity (Davis and Darby, 2010).  491 
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Despite intensive geochemical and chronological research on Paleozoic rocks in the Dunhuang 492 
block and the BOC, the accretionary architecture of the PAO still remainsremained enigmatic (Xiao 493 
et al. 2010; Shi et al. 2020, 2021; Li et al. 2023). Our deep seismic velocity model now provides the 494 
direct geophysical evidence for the subduction polarity within the northern BOC. Beneath the 495 
Que’ershan arc, the northernmost portion of the BOC, north-dipping velocity contours from 496 
interface C2 to the Moho imply south-dipping subduction of the Hongshishan Ocean, consistent 497 
with surface geology (Xiao et al. 2018; Duan et al. 2020; Niu et al. 2020; Xin et al. 2020). Velocity 498 
undulations between faults F9 and F1 probably reflect late-Paleozoic collision or Cenozoic 499 
bidirectional compression, obscuring primary dip direction.  500 

Between faults F2 and F4, a positive upper-mantle velocity anomaly (8.0–8.3 km s⁻¹) between 501 
~45 km and ~70 km depth likely represents a broken off fossil breakoff subduction slab following 502 
north-dipping subduction of the Beishan Ocean, although residual oceanic crust or mafic 503 
underplating cannot be entirely excluded. This anomaly aligns with the Hongliuhe–Xichangjing 504 
ophiolite mélange in surface (Yu et al. 2012; Hu et al. 2015; Song et al. 2015; Wang et al. 2015; Li 505 
et al. 2023).  506 

 507 

Cenozoic CcCrustal Ddeformation and Sstrain Ppartitioning across Mmajor 508 

Ffaultsmechanism 509 

Northward-propagating crustal shortening since the Miocene is accommodated through a series 510 
of parallel NW-SE-trending thrust faults in the Qilian Shan and successively reaches the Hexi 511 
corridor and the BOC (Cunningham 2010, 2013; Wang et al., 2020; Yu et al., 2021; Zhang et al. 512 
2023).   513 

Symmetric downward undulation of the velocity contours (6.2–6.8 km s⁻¹) across the southern 514 
margin fault of the Beishan (F5) demonstrates that fault F5 acts as a lithospheric-scale partition zone 515 
rather than other faults (Fig. 5, Fig. 6). South of the fault F5, north-tilting high velocity anomaly 516 
bodies with 6.2–6.45 kmௗs−1 at the base of the upper crust (18–25 km depth) form the Qilian Shan 517 
to the Shibanshan arc, correlate to the north-vergent thrusting that decouples from a co-thickened 518 
middle-lower crust (25–50 km, 6.5–6.8 km s⁻¹), which is consistent with the reflection structure 519 
(Xiong et al., 2025). North of the fault F5, complementary velocity gradients (6.1–6.6 km s⁻¹, 15–520 
45 km) indicate conjugate north-direction upper-crustal thrusting accompanied by whole-crust 521 
gentle folding in the BOC. The downward-undulation of the velocity contours imply co-thickening 522 
of the middle-lower curst of the NQS–Shuangyingshan area, with the uppermost crust experiencing 523 
thrusting and overthrusting. Our velocity structure indicated that low Pn velocity with 7.7–7.9 524 
kmௗs−1 and dome-shaped uplift of the crust directly beneath the fault F5 (Fig. 5). The electrical 525 
resistivity imaging (Yang et al. 2019) also highlighted the boundary fault, termed Baihewan fault 526 
(in Fig. 7) in the southernmost Shibanshan arc;, this faultwhich penetrates the lower crust with low 527 
resistivity, to both sides of which the direction of the interpreted thrusting is opposing (Yang et al. 528 
2019). 529 

The sSeismic reflection profile revealed a south-dipping Cenozoic thrusting system that 530 
dislocated the Paleozoic–Mesozoic strata over the undeformed Meso-Cenozoic sediments in the 531 
Jiuquan basin (Zuza et al. 2016; Huang et al. 2021), consistent with our velocity model. The shallow 532 
velocity structure across the Huahai basin and the southern BOC likewise depicted the differences 533 
to both sides of F5 (Wu et al. 2022). Guo et al. (2019) likewise documented the northward expansion 534 
of the Qilian Shan across the Hexi corridor via uppermost-crustal overthrusting and lower-crustal 535 
thickening east of our seismic profile. High-resolution seismic reflection profile south of the fault 536 
F5 further reveals the middle-lower crustal thickening by duplexing (Huang et al. 2021). 537 

Within the southern BOC north of the fault F5, north-direction thrusting dominates the 538 
uppermost crust, while the rest of crust undergoes gentle folding identical to the NQS–Hexi corridor 539 
style (Gaudemer et al. 1995; Meyer et al. 1998; Tapponnier et al. 2001; Yuan et al. 2013; Zuza et al. 540 
2017; 2019). Crustal deformation across the fault F5 is therefore distinctly asymmetric: south of the 541 
fault, the uppermost crust is decoupled from the underlying crust (Fig. 5), whereas north of the fault 542 
the entire crust participates in coherent gentle folding (Fig. 8).  543 
 544 

While past geophysical investigations have covered the Qilian Shan (Xiao et al. 2016; Guo et 545 
al. 2019; Shen et al. 2020; Li et al. 2021), concentration has largely been on neotectonics rather than 546 
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Paleozoic evolution. 547 
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Our data demonstrates a northward-tilted velocity contour from interface C2 to the 548 

topmost mantle beneath the Qilian Shan (Fig. 5b). This inclination suggests the northward 549 

descent of the middle crust to the uppermost mantle beneath the Hexi corridor. We speculate 550 

that this trait reflects a north-dipping subduction polarity of the Qilian Ocean in the early 551 

Paleozoic. Further corroborating our thought is the negative velocity anomaly body 552 

spanning from the lower crust to the topmost mantle beneath the Hexi corridor and 553 

southern Shibanshan (Fig. 6b). 554 

The Central Asian Orogenic Belt (CAOB) is well acknowledged for its southward 555 

migration throughout development and composition from 1000 Ma to 250 Ma (Lehmann 556 

and al. 2010; Jian et al. 2014; Kröner et al. 2014; Xiao et al. 2018). Consequently, the 557 

Dunhuang block, positioned at the southernmost extent of the CAOB and associated with 558 

the Beishan block, assumes a vital role in unraveling the decisive closure of the southern 559 

Paleo-Asian Ocean (PAO). Despite detailed geochemical and chronological research on 560 

Paleozoic rocks in the Dunhuang block and the Beishan block, the amalgamation style of the 561 

PAO remains elusive (Xiao et al. 2010; Shi et al. 2020, 2021; Li et al. 2023). 562 

The previous Golmud–Ejin seismic profile defined the crustal structure of the Beishan 563 

block into three strata with an active upper mantle and stable crust (Cui et al. 1995), 564 

consistent with our current profile. The stable crust, specifically the middle-lower crust, is 565 

crucial in conserving fossil architecture. The north-tilted velocity contour beneath the 566 

Que’ershan terrane from interface C2 to the Moho discontinuity implies the crust north of 567 

the Que’ershan subducted beneath the Hanshan terrane, a deduction supported by 568 

geological observations (Xiao et al. 2018; Duan et al. 2020; Niu et al. 2020; Xin et al. 2020). 569 

Consequently, we suggest the subduction polarity of the Hongshishan Ocean as south-570 

direction. The zone between F9 and F1 faults reveals a peculiar undulation of velocity 571 

profiles, presumably caused by subsequent late Paleozoic collision or bidirectional 572 

compression in the Cenozoic, complicating the distinction of subduction direction. 573 

Combining geological findings (Yu et al. 2012; Hu et al. 2015; Song et al. 2015; Wang et al. 574 

2015), we propose that the positive velocity anomaly body in the upper mantle between faults 575 

F2 and F4 cupould represent the fossil breakoff subduction slab following the north-dipping 576 

subduction of the Beishan Ocean, marked by the Hongliuhe–Xichangjing ophiolite mélange 577 

(Li et al. 2023).  578 

 579 

Crustal deformation mechanism 580 
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Situated between the Tibetan Plateau and Mongolian plateau, the crust from the Qilian 581 

Shan to the Beishan block has undergone intracontinental deformation to varied degrees 582 

(Cunningham 2010, 2013; Zhang et al. 2023). The Qilian Shan, regarded as the youngest 583 

uplifted Mts. of the Tibetan plateau, absorbs significant shortening strain (Gaudemer et al. 584 

1995; Meyer et al. 1998; Gao et al. 2013; Zuza et al. 2017), by a series of parallel NW-SE-585 

trending thrust faults (Meyer et al. 1998; Tapponnier et al. 2001; Yuan et al. 2013; Zuza et al. 586 

2017). Progressive deformation commenced in Miocene, extending northward to the Hexi 587 

corridor and Beishan–Alxa block (Wang et al. 2020; Yu et al. 2021; Zhang et al. 2023). The 588 

seismic profiles (Fig. 5b, Fig. 6b) reveal two distinct downward-undulation velocity contours 589 

on either side of the southern boundary fault of the Beishan (F5). This suggests F5 as the 590 

boundary fault restricting compressional stress from the north and south.  591 

In the area south of F5, northward-tilted positive velocity anomaly bodies with 6.2–6.45 592 

km/s velocity at the base of the upper crust form the Qilian Shan to the Shibanshan terrane, 593 

correlate to the north-direction thrust faults. In the area north of F5, the opposite velocity 594 

features imply north-direction thrusting in the upper crust of the Beishan block. The 595 

downward-undulation of the velocity contours imply co-thickening of the middle-lower curst 596 

of the NQS–Shuangyingshan area, with the upper crust experiencing thrusting and 597 

overthrusting. Our velocity structure indicated that low Pn velocity with 7.7–7.9 km/s and 598 

dome-shaped uplift of the crust directly beneath F5 (Fig. 5b). The electrical resistivity 599 

imaging also highlighted the boundary fault, termed Baihewan fault (BHWF in Fig. 7) in the 600 

southernmost Shibanshan terrane, which penetrates the lower crust with low resistivity, to 601 

both sides of which the direction of the thrusting is opposing (Yang et al. 2019). The shallow 602 

velocity structure across the Huahai basin and the southern Beishan block likewise depicted 603 

the differences to both sides of F5(Wu et al. 2022), which is aligned with our result (Wu et al. 604 

2022). Collectively, we suggest F5 is a large-scale strike-slip fault which restricts the stress 605 

transmission further to both sides. 606 

Eastern Eextension of the Altyn Tagh FaultATF 607 

The ~1600 km-long ATF is a major left-lateral strike-slip fault that defines the northern 608 
boundary of the Tibetan Plateau (Yin et al., 2002; Ritts et al., 2004; Dai et al., 2023; Xie et al., 2024). 609 
While its western and central segments are well-defined (Xie et al., 2023; Wu et al., 2024; Yao et 610 
al., 2025), its eastern termination and continuation remain highly controversial due to extensive 611 
sedimentary cover of the desert and discontinuous bedrock outcrops (Yue et al., 2001; Cunningham 612 
and Zhang, 2020; Yang et al., 2023). Definition of its eastern extentThe resolution of this debate is 613 
critical for understanding deformation propagation into northeast Tibetan plateau and for regional 614 
seismic hazard assessment. Yue et al. (2001) proposed that the ATF likely extends east-northeast to 615 
northeast along the Alxa–East Mongolia fault (Donskaya et al., 2008), with Cenozoic motion 616 
displacing the Hexi Corridor and cutting through the BOC. An alternative view suggests that the 617 
ATF transfers its slip northward into the thrust systems along the northern margin of the Hexi 618 
Corridor, transitioning from predominantly strike-slip in the west to dip-slip in the east, where it 619 
eventually terminates against reverse faults within the Alxa Block (Xiao et al., 2015; Yang et al., 620 
2023).   621 

This study suggests that interprets F5 as the principal eastern splay of the ATF, the ATF does 622 
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not terminate at the Qilian Shan frontland, but rather extendscontinues eastward to east-northeast 623 
into the BOC and the Alxa Block. The notable velocity contrast observed across the fault F5 may 624 
indicate the ATF extends at least across the southern margin of the BOC.  The projected left slip rate 625 
with of 1.52–2.69 mm/a, is significantlysubstantially greater higher than the thrust rate with of 0.35 626 
mm/a in the southernmost Beishan area (Yang et al. 2019; Yun et al. 2021). Geodetic The GPS 627 
motion and velocities (Yang et al. y rate result fields revealed thats the moving direction changed 628 
from northeast in the Qilian Shan to nearly-east in the Beishan blockBOC with a significant lateral 629 
motion rates (Fig. 7; Yang et al., 2021). Darby et al. (2005) identified five major left -lateral strike-630 
slip faults within the BOC and the Alxa block, which strike is consistent with the ATF, and 631 
accommodated ≥70 km post-Cretaceous offset based on Landsat/ASTER imagery and field 632 
mappingwork. Thus, we propose that the ATF continues straight eastward along a consistent NEE 633 
strike at the southern margin of the BOC., Local faults identified within the southern margin of the 634 
BOC, such as the Beihewan fault, the Heishan fault, the Jiujing-Bantan fault, and the Ebomiao fault 635 
may be the secondary splays of the ATF and eventually terminate against it (Fig. 7; Yun et al., 2019; 636 
Zhang et al., 2020; Yang et al., 2019; 2024). These subsidiary structures collectively accommodate 637 
distributed crustal deformation These results further lend support to our result. Thus, theregionally. 638 
This kinematic model also provides a coherent explanation for the distinct slip-rate decline from the 639 
western-central to eastern segment of the ATF (Yan et al., 2024). Furthermore, the distribution of 640 
seismicity supports this structural boundary: all recorded earthquakes of M ≥ 4.57 occur south of 641 
the ATF and its eastern prolongation, with no events detected north of the fault within the interior 642 
of the BOC (Fig. 7). crustal deformation in this transition zone is different in the areas to both sides 643 
of F5. In the area south of F5, the upper and middle-lower crust is decoupled, and the deformation 644 
mechanism in the upper crust in north-direction thrusting, and co-thickened in the middle-lower 645 
crust (Fig. 8).  646 

The Seismic reflection profile revealed a south-dipping Cenozoic thrusting system that 647 
dislocated the Paleozoic–Mesozoic strata over the undeformed Meso-Cenozoic sediments in the 648 
Jiuquan basin (Zuza et al. 2016; Huang et al. 2021), which is compatible with our seismic imaging. 649 
Guo et al. (2019) also found the deformation and expansion of the Qilian Shan extended across the 650 
Hexi corridor by overthrusting in the top crust and thickening in the lower crust east to our study 651 
area. The seismic reflection profile over the southern segment of this section further supports the 652 
thickening mechanism of the middle-lower crust by duplexing (Huang et al. 2021). In the southern 653 
Beishan block north of F5, the north-direction thrust faults was playing the function in the top crust, 654 
and the middle-lower crust is folded alike the North Qilian–Hexi corridor area. 655 

In NE Tibet and Beishan area, earthquakes predominantly occur in the Qilian Shan, Hexi 656 
Corridor basins, Huahai Basin, and local areas west of Liyuan, Hongliuhe, and Xingxingxia area, 657 
mostly at depths of 15–16 km (Fig. 7). The Beishan area is very stable, with few known earthquakes 658 
higher than magnitude 4.7 (Xiong et al. 2003; Yang et al. 2019; Zhao et al. 2019). The current low 659 
topographic relief also shows the Beishan block is relatively stable and tectonically inactive. 660 
However, our imaging suggests a slight bending of the middle-lower crust in the southern Beishan 661 
block, suggesting the middle-lower crust of the southern Beishan block is a little weaker than the 662 
bordering regions. Active left-lateral and thrust faults in the southern Beishan block support this 663 
assumption (Yang et al. 2019; Zhang et al. 2020; Yun et al. 2021; Zhang et al. 2023). 664 

 665 

Conclusion 666 

 1). Crustal thickness decreases northward from 60 km beneath the central Jiuquan basin to 667 
47.5 km beneath the Que'ershan arc; average crustal velocities (6.24–6.43 km s⁻¹) and uppermost 668 
mantlePn velocities (7.7–8.1 km s⁻¹) reveal strong lateral heterogeneity. 669 

 2). North-dipping velocity contours and a lower-crust–upper-mantle low-velocity corridor 670 
beneath the Hexi Basin support early Paleozoic north-dipping subduction of the Qilian Ocean; a 671 
positive upper-mantle anomaly (8.0–8.3 km s⁻¹, 45–70 km) between faults F2 and F4 represents 672 
a fossil break-off slab after north-dipping subduction of the Beishan Ocean. 673 

 3). Fault F5 acts as a lithospheric-scale partition: north-vergent, decoupled thrusting south 674 
of F5 versus whole-crust gentle folding to the north; a dome-shaped Moho and slow mantle Pn 675 
phase (7.7–7.9 km s⁻¹) beneath F5 localise present-day strain. 676 

 4). The Altyn Tagh Fault continues east-northeast along F5 into the Beishan and Alxa Block 677 
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at 1.52–2.69 mm a⁻¹ left slip, far exceeding the 0.35 mm a⁻¹ thrust rate; secondary splays along 678 
the southern Beishan margin collectively accommodate deformation and explain the eastward slip-679 
rate decrease. 680 
The crust thickness in the studied area spans from 47.5 to 60 km, separated into five strata. The 681 
thickest crust, measuring 58–60 km, spans from the Qilian Shan to the middle Jiuquan basin and 682 
gradually thins northward, with thicknesses of 55–58 km in the Dunhuang block, 51.5–55 km in the 683 
Shibanshan arc, and 47.5–51.5 km in the Shuangyingshan and Que’ershan terranes. Surprisingly, 684 
the deepest Moho (60 km deep) is found in the middle Jiuquan basin, not in the North Qilian Shan 685 
with the highest height. The average crustal velocity varies from 6.24 to 6.43 km/s, with crustal 686 
velocity fluctuations between 3.4 and 6.85 km/s. The velocity at the top of the upper mantle is 687 
observed at 7.7–8.1 km/s. 688 
The study region is grouped into three parts based on present-day activity: the Qilian-Hexi corridor, 689 
the southern Beishan block, and the northern Beishan. The middle unit has softer crust compared to 690 
the others, and the deformation of the middle-lower crust in the southern Beishan block is 691 
considerably stronger than in the other two units. 692 
(3) Subduction in the research area involves both north-direction and south-direction subduction of 693 
the Qilian Ocean and the Hongshishan Ocean. 694 
(4) Bounded by F5 operating as a regional large-scale strike-slip fault, the crustal deformation 695 
process on both sides is similarly disconnected. In the Qilian-Hexi corridor, north-direction thrusting 696 
and overthrusting dominate, while in the Beishan block, south-direction thrusting and overthrusting 697 
rule. The middle-lower crust co-thickens throughout the entire research area. 698 
 699 
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 Fig. 1 (a) Simplified tectonic framework of East Asia, emphasizing the CAOB and the Tethys 1073 
tectonic belt (modified after Xiao et al. 2017), ).and (b) Map of the distribution of main fault systems in 1074 
NE Tibetthe NE Tibetan Plateau, theand Beishan Orogenic Collage and surrounding regionsblock 1075 
(modified from Zhang et al. 2023),). Base map: SRTM 30 m DEM, NASA/USGS (public domain). 1076 
Processing: Global Mapper v24.0. (c) Map of the main faults in the NE Tibetan Plateau, the Beishan 1077 
Orogenic Collage, showing the location of the seismic profile, faults and ophiolite mélange zones. F0: 1078 
North margin fault of the East Kunlun; F1: the Hongshishan-Baiyueshan-Pengboshan suture zone; F2: 1079 
the Jijitai-Shibanjing-Xiaohuangshan fault; F3: the Hongliuhe-Baiyunshan-Yueyashan-Xichangjing 1080 
suture zone; F4: the Liuyuan-Zhangfangshan suture zone; F5: the southern margin fault of the Beishan; 1081 
F6: the Heishan-Jinta Nanshan; F7: the Yumen-Shuigoukou fault; F8: the northern margin fault of the 1082 
North Qilian; F9: the North Qilian fault; . The digital topographic basemaps and profiles from 1083 
GeoMapApp software (Ryan et al., 2009) are available at http://www.geomapapp.org/. F10: the northern 1084 
margin fault of the Middle Qilian; F11: the southern margin fault of the Middle Qilian; F12: the Danghe 1085 
Nanshan fault; F13: the southern margin fault of the South Qilian; F14: the northern margin fault of the 1086 
Qaidam; F15: the Sanweishan fault; F16F10: the Altyn Tagh fault; F17: the northern margin fault of the 1087 
Alxa; F18: the Ruoshui fault; 1088 
  1089 
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Fig. 2 P-wave record section (on a reduced time scale) corresponding to the shot point ZB1 1090 
and identified seismic phases. The seismic phases are marked by dotted lines, and the squares mark 1091 
the location of calculated traveltimes. 1092 

 1093 

 1094 
Fig. 3 P-wave record section (on a reduced time scale) corresponding to the shot point ZB8 1095 

and identified seismic phases. The seismic phases are marked by dotted lines, and the squares 1096 
indicate the location of calculated traveltimes.  1097 
 1098 
  1099 
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 1100 

Fig. 4 Traveltime fitting and ray coverage of all shots. (a) ray tracing coverage of the model; 1101 
(b) rays of all the phases for nine shots.    1102 

 1103 

Fig. 5 2-D crustal-upper mantle velocity structure; . (a)Upper section: tTopography showing 1104 
main tectonic units; (b)lower section: crustal-upper mantle velocity structure. White solid lines 1105 
denote the main interfaces resolved from wide-angle reflections. 1106 

 1107 

 1108 
Fig. 6 2-D crustal- upper mantle velocity anomality structure (layer means subtracted from 1109 

velocities shown in Fig. 5); ). (a)Upper section: tTopography showing the main tectonic units; 1110 
(b)lower section: crustal-upper mantle velocity anomality structure. White solid lines denote the 1111 
main interfaces resolved from wide-angle reflections. 1112 
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Fig. 7 Earthquake distribution, GPS motion direction, and velocity in NE Tibetthe NE Tibetan 1113 
Plateau and the Beishan block Beishan Orogenic Collage (modified from Yang et al., 2021). Purple 1114 
arrows indicate GPS vectors relative to stable Siberia. The dashed white line indicates the proposed 1115 
eastern extension of the ATF. BHWF: Beihewan Fault; JJF: Jiujing fault system; MZSF: 1116 
Mazongshan fault system; SWSF: Sanweishan Fault; DS: Daquan Shan; YS: Yushi Shan. 1117 

Fig. 8 Tectonic interpretations of observed features derived fromin the velocity model in across 1118 
the North Qilian–Beishan  Orogenic Collagearea. Blue dotted lines represent indicate the inferred 1119 
subduction directions of the fossil subduction slabs.  Red solid lines denote the faults imaged at 1120 
depth, whereas the white solid and dashed lines represent surface fault tracesFaults (F1-F8) align 1121 
with Fig.1. 1122 
  1123 
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Table 1 Explosion position of the deep seismic sounding profile 1124 
 1125 

Shot No. 
Longitude 
(°E) 

Latitude 
(°N) 

Elevation 
(m) 

TNT charge  
(kg) 

Shot time 
 (UTC+8) 

ZB0 98.406 38.825 3387 2000 00:00:04.900 

ZB1 97.761 39.702 2466 2000 23:59:46.890 

ZB2 97.724 40.074 1447 2000 23:01:44.285 

ZB3 97.965 40.512 1334 1500 22:04:11.157 

ZB4 98.271 41.038 1302 1500 22:01:44.340 

ZB5 98.367 41.495 1341 2000 22:00:13.350 

ZB6 98.364 41.937 1520 3000 23:00:27.270 

ZB7 98.818 42.172 1243 2000 20:05:02.438 

ZB8 98.958 42.387 1154 3000 23:03:05.596 
  1126 
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Table 2 The RMS error of traveltime fitting for different seismic phases 1127 

Shot 

Pg P2 P3 P4 Pm Pn 

No. 
of 
picks 

RMS 
time 
(s) 

No. 
of 
picks 

RMS 
time 
(s) 

No. 
of 
picks 

RMS 
time 
(s) 

No. 
of 
picks 

RMS 
time 
(s) 

No. 
of 
picks 

RMS 
time 
(s) 

No. 
of 
picks 

RMS time 
(s) 

ZB0 16 0.0251 26 0.0137 33 0.0169 37 0.0144 47 0.0159 17 0.0127 

ZB1 58 0.021 58 0.02 57 0.0268 57 0.0207 75 0.0248 26 0.0265 

ZB2 52 0.0309 46 0.032 46 0.0238 55 0.0244 51 0.0266 17 0.0275 

ZB3 48 0.0157 60 0.0226 61 0.0144 59 0.0158 44 0.0123   

ZB4 35 0.0274 39 0.0216 36 0.0218 39 0.0351 35 0.0206   

ZB5 31 0.0118 29 0.0108 43 0.0191 34 0.0189 48 0.0225 13 0.0204 

ZB6 33 0.0228 36 0.0155 37 0.0254 41 0.0204 61 0.0218 19 0.0256 

ZB7 32 0.0246 29 0.019 31 0.0221 33 0.0197 48 0.018 21 0.0238 

ZB8 28 0.0309 25 0.033 33 0.0233 55 0.0228 53 0.0272 12 0.0228 

Mean 
RMS 
time  
(s)  

0.0234 

 

0.0209 

 

0.0215 

 

0.0214 

 

0.0211 

 

0.0227 

Total 
picks 

333 
 

348 
 

377 
 

410 
 

462 
 

125 
 

 1128 
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