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Abstract The Qilian Shan eonstitutes-represents a Cenozoic fold-thrust belt characterized by BE TR 704k g
multi-stage tectonic deformation since the Paleozoic. North of it lies the Fhe-Hexi corridor basins BB THFR: ik Times New Roman, 10.5 B2, JEH4. 7
and the Beishan bleekorogenic belt, which constitute;tocated-nerth-of-the-Qilian-Shan;—are the R R E
southern segment of the Central Asian Orogenic Belt-. The crustal-mantle structure of the study area, \ = s
serves-as-a transition zone, is crucial fer-cemprehendingto understanding the deep processes of BB THA: +4k: Times New Roman, 10.5 , -, 7

accretion and crustal deformation. This study iﬁtreduee&presents a newly acquired 460-km seismie
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wide--angle reflection and refraction profile spanning-traversing from the North Qilian Shan to the
Beishan-bleekBeishan Orogenic Collage (BOC). Fhe-P-wave velocity structure of-the-erust-and
upper-mantle-indieatesreveals a 47.5-60 km thick crust erastal-thickness-between475-tanand 60
km;segmenteddivided into five stratalayers. The deepest Moho (60 km) lies beneath the central

Jiuquan-basin displavs the most substantial erustomeasuring 59.5-60 kv in thickness. The Aaverage

crustal velocities (6.24—6.43 km s ')y varies—between—624—and 643 kam/s—whiletheand Pn /{iﬁﬁ?’#&:‘&:

=

valuesveleeﬁy (F&nges#mm7 74em%s -t0-8.1 kim/skm g 1) reveal strong lateral—The-considerable ,_ﬂ{ BETER

: Bhx

s heterogeneity. North-dipping velocity contours from 20 km to
the uppermost mantle beneath the Qilian Shan, coupled with a lower-crust—upper-mantle low-
velocity corridor beneath the Hexi Basin, support early Paleozoic north-dipping subduction of the
Qilian Ocean. A positive upper-mantle anomaly (8.0-8.3 km s~!, 45-70 km depth) aligns with the
Hongliuhe—Xichangjing ophiolite mélange likely represents a fossil-break-off slab broken off after
north-dipping subduction of the Beishan Ocean. Crustal velocity contrasts across the southern
margin fault of the Beishan affirm its role as a regional strike-slip structure. Integrating geological
and geophysical evidence, we suggest that the Altyn Tagh Fault does not terminate at the Qilian
Shan front but rather extends east-northeast along the southern margin of the BOC into the Beishan

and Alxa Block.

Keywords: North Qilian; BeishanBleekBeishan Orogenic Collage; Altyn Ttagh fault; Crustal-
upper mantle velocity structure;-erustal-deformation

The NW-SE-trending Qilian Shan, situated in the NE Tibet, is bounded by the Altyn Tagh fault
(ATF) to the west, the northern Qaidam thrust system to the south, the Haiyuan fault to the east, and
the north Qilian Shan fault to the north (Fig. 1b). The present-day Qilian Shan exhibits a Cenozoic
fold-thrust belt with ing multi-stage tectonic deformation prior to the Cenozoic (Yin and




Paleeze}%North of the than Shan the Hex1 corrldor basms and the Belshaﬁ—b}eekBelshan
Orogenic Collage (BOC) form the southern section of the Central Asian Orogenic Belt (CAOB,

Xiao etal., 2010; Li et al., 2023; Xiong et al., 2024). As the middle of the South Tienshan-Beishan-

Solonker suture zone, the BOC underwent multi-stage breakup, subduction, collision, and
amalgamation during the closure of the Paleo-Asian Ocean (PAO)AO, mainly in the Paleozoic (Fig.

1; Zuo et al. 1991; L1u 1995 Yue and Liou 1999 Wang et al 2010 Xiao et al. 2010; Zuo and Li

of the BOC is further compllcated by reglonal extension, subsequent mtracontmental overthrusting,

and strike-slip faulting since Mesozoic (Zheng et al. 1996; Meng et al., 2003; Xiao et al. 2010; Zuo
and Li 2011; Zhang and Cunningham 2012; Li et al. 2023). is—inside-the-middle-of the South
Fienshan-Beishan-Selonker suture zone (Fie—tby-Particularly in the Cenozoic, the far-field effect
of the Indian-Eurasian collision led to the outward expansion of the NE Tibetan Plateau, and
reactivated the Qilian Shan, causing stress to propagate across the Hexi corridor basins into the BOC,
and extending even further north to the Mongolian Plateau (Cunningham 2013; Zheng et al. 2017;
Wang et al. 2022).
The Qilian Shan isbeease- an important part of the Tibetan plateau, playing a significant role
in accommodatingresearehing the intracontinental convergence, thrusting-folding and the northern

extension of The-NE Tibetan Plateau (Meyer et al. 1998; Yuan et al. 2013; Zuza et al. 2017). As the
southernmost CAOB, the BOC acted as a major zoneareafor-examining-the for the reactivation of

inherited structures the-aneienterustduringand- the transmission of compressional stress leading to
the upliftentward-exhumation of the NE Tibetan and the-Mongolian Plateaus in Cenozoic. Therefore
aAeting-as a-the transition zone between the NE Tibetan Plateau and CAOB, the crustal-mantle
structure of the studied-s tudy area 1s cruc1al for eempfeheﬂd-xﬂg—understandmg the reglonal evolution
and interaction of'#n e eisha a
the—ﬂefthea&tem—"ﬁbetaﬂ—p}atewﬁbetan Plateau —GN-E—"P}bet—)—aﬂd—the—seuthem—%QB—Tlﬁﬁs—regEﬂ
aets—as—the—transition—zone—between—part of the Tethys tectonic domain, and the Palee-Asian
oceanPAOie (PAO)-tectonic domain (PAO)-since the Paleozoic (Fig. la; Li et al. 1982; Yin and
Harrison 2000; Xiao et al. 2009; Zhao et al. 2018; He et al., 2025: Xiong et al., 2025).

Previous geophysical studies across the Qilian Shan-BOC transition zone, have provided‘—{ WM gtk HAT 4 0 T

valuable insights into the subduction polarity, continental extension, lithospheric foundering and
Xiao et al. 2012; Huang et al. 2014; Wei et al. 2017; Xu et al. 2019; Shen et al.

2020; Huang et al. 2021; Wang et al., 2023: Xiong et al., 2024; Yang et al. 2024). Nevertheless, the
crustal-upper mantle velocity structure remains ambiguous because of the wide shot and receiver
spacing and the relatively weak explosive sources inherited from the earlier, lower-resolution
acquisition design (Cui et al., 1995). In this study, we present a 460-km-long, SW-NE-trending
wide-angle reflection and refraction profile that traverses the North Qilian Shan, Hexi corridor
(containing the Jiuquan basin and the Huahai basin), and the entire BOC. The new data yield a high-
quality crustal-upper mantle velocity structure of the study area. Combined with existing geological
and geophysical evidence, we discuss the tectonic significance of the transition zone, provide new
constraints of the subduction polarity of the Qilian Ocean and the southern PAO, elucidate the

crustal deformation mechanism across main regional faults, and propose the eastern termination and
extension of the ATF%%&WMMM%HHM%%%
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Geological Ssetting

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

The Hexi corridor, sandwiched between the BOC and the Qilian Shan by the southern margin
fault of the Beishan (F5) and northern margin fault of the North Qilian (F8). is a Cenozoic foreland
basin system (Fig. 1b; Li et al. 2002). The basement of the Hexi corridor consists predominantly
Paleozoic rocks, covered by thick Mesozoic and Cenozoic deposits. In this study region, tFhe Hexi
corridor is divided into the Huahai basin in the north and Jiuquan basin in the south by the
Kuantanshan-Heishan fault (F6). The Huahai basin is part of the Dunhuang block, traditionally

assigned as a Precambrian cratonic block or a microcontinent (BGMRGP 1989; Che and Sun 1996;
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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.
2009; Zhang et al. 2011; He et al. 2013; Zong et al. 2013), and involved in the final closureollision
of the PAOaleo-AsianOcean (PAO-Shi et al. 2022). The Jiuquan basin, a subbasin of the Hexi
Corridor foreland basin, has depesited-Cenozoic sediments deposited since as early as ca. 40 Ma
(Dai et al. 2005; Wang et al. 2016), and was subsequently influenced by the uplift of the NOS since
the Cenozoic.

The Beishan-bleekBOC is positioned between the Mongolian Plateau eeHage-system-in the
north and the Dunhuang Block in the south (Fig. 1; Zuo et al. 1991; Yue and Liou 1999; Wang et al.
2010; Xiao et al. 2010; Zuo and Li 2011). It is widely considered to encompass multiple different
voleaniislande??? terranearcs, including the Que’ershan, Hanshan, Mazongshan, Shuangyingshan,
and Shibanshan terranearcs. They are separated by four nearly parallel W-E-trending ophiolite
mélange zones, named Hongshishan-Baiheshan (F1), Shibanjing-Xiaohuangshan (F2), Hongliuhe-
Xichangjing (F3) and Liuyuan-Huitongshan-Zhangfangshan (F4) respeetively-(Fig. 1c; Zuo et al.
1991; Liu 1995; Wei et al. 2004; Ao et al. 2010, 2012, 2016; Xiao et al. 2010; Yang et al. 2010; Zuo
and Li 2011; He et al. 2014; Wang et al. 2017; Wei et al. 2017; He et al. 2018; Wang et al. 2018; Li
et al. 2022; Li et al. 2023). The Hongliuhe-Xichangjing suture zone (F3) is generally recognized as
the final asealine-malgamation positionpesition of the South BeishanBleekBOC and North Beishan
bloekBOC in the middle to -late Ordovician -(Li et al. 26222023).

Data and Mmethods
Sseismic Acquisitioneolection-and-precessing

In 2018, The Chinese Academy of Geological Sciences collectempleted a SW-NE-trending
seismie-wide-angle reflection and refraction profile stretching from the Nerth-QilianNOS to the
BeishanbleekBOC. The profile starts from Yanglong in Qinghai Province in the south, passing
through Qingging, Baiyanghe, Dongxiang Ethnic Town, Ganhaizi, Humuletu Wusu, Sharitaolai

Wautongjing, Heiyingshan, and Har Borogdyn Uul, before ending at the China-Mongolia border in
the north. Nine FNF—trinitrotoluene (TNT) blastsshots, ranging from 1.5 to 3.0 tons, were

detonatedexploded throughout the seismic profile at intervals of-reughly 30-60 km (ZB0-ZB8,
shown in red stars in Fig. Ic). To achieve—thereughensure dense ray coverage, 250 portable
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seismographs (deplcted as blue circles in Flg Ic) were swateglealkydas&rbﬁ%eé eployed along the
whele-entire seismic lineprofile at a spacing of 2-3 km. Thi

quality seismic-data;-and-the speecifie-detailed parameters of the shots are presented in Table 1.

Identification of SSeismic Pphases

Using the ZPLOT plotting package (Zelt, 1994), we performed trace editing, automatic gain
control, band-pass filtering, velocity reduction, and phase picking for each shot. To make-the-seismic
reeords—elearerimprove the signal-to-noise ratio, we applied each-trace-was-bandpass filtered up to

8 Hz and displayed the seismic sectionsed in-redueed-time-using a reduction velocity of 6 km s ,,/{ BWETHRNX:

=

based-on-a-veloeity-of 6-kmn/s-in-the breadthover a time window of -5-10 s (e.g. Fig. 2, Fig. 3).

Uncertainties in phase picking primarily arise from challenging signal-to-noise conditions and
complex subsurface wave propagation effects. The extensive desert sedimentary cover in the study
area significantly attenuates seismic energy, particularly at larger offsets and for deeper arrivals.
Additionally, strong lateral heterogeneities, —ssuch as fault zones and intracrustal velocity variation
s—cause substantial wave scattering, dispersion, and multipathing. This; resultsine in phase
superposition and waveform distortion that complicates accurate phase identification. Following
careful analysis and comparative evaluation, sSix seismic phases, including Pg, P1, P2, P3, P4, Pm
and Pn, are identified based-en-thereduced-seismierecordings-(c.g. Fig. 2, Fig. 3). Pg is a first-

arriving-arrival phase refracting through-prepagating—ever the crystalline basement. Pm is the
strongly wide-angle reflected phase from the Moho-discontinuity. Pn is the head wave refracted

phase from the top of the mantle with a characteristic velocity of 7.7-8.0-1 ksa/skm 5 . P2-P4 are ,‘/{ RETHN:

=

the reflected phases from the intracrustal second-order velocity interfaces. In Fig. 2 and Fig. 3, the
dotted lines represent the identified phases, and the squares mark the position of the computed
traveltime.

The first-arrivals of Pg are picked up to offset of 100 km. the-The travetimes recorded at
ofshotpoint ZB1, located in the NQS, areis early as are the %h*ehﬂ%ve&s%h%shal—loweloc—%of
the NQS-is high-with 5-1-6.3 km/skms 'and 4.0-6.1 km/skm s "average velocity correspondingly.

The-ttraveltimes for the shot ZB8 located @#&h&noﬁhbmﬂekmf—ZBS%eaﬂ!ﬁtoo—demoﬂ%ﬂng
the—shallow—erustal-veloeity—in the northern Beishan-bleekBOC—is—with-33—-63km/skms=1.

Intracrustal reflection phases P2—P4 can be recognized at the offset ranges from 70-90 km, 100—
150 km, and 120-150 km respectively. Pm can be corelated over an offset of 180 km for most shots
(F1g 4a) Pn was found Wlth max1mal amphtude in the offset range of 240 280 km (Flg 3) ?he&ln

The-Vvelocity struetare-mModelling

The2-D-erustal-veloeitystructure-is-based-on-seismie phasesidentification;-and-the first-initial
2-D crustal model is-was built-constructed with-using the greatest-highest elevation of 4300 m as

the datum. The fETheforward fitting calculation adopts the asymptotic ray tracing to fit the
traveltime of each shot-(Fig—4-(Cerveny-et-al1988;:Vidale 1988; Zelt-and-Smith-1992: Cerveny
2001 and gradually improves the initial 2-D velocity structure by constantly modifying the interface
depth and interval velocity (Fig. 4; Cerveny et al. 1988 Vidale 1988; Zelt and Smith 1992; Cerveny
2001). Model construction and editing are carried out with the RAYINVR software (Zelt and Smith,
1992). The travetime fitting of 5—6 phases for nine shots are conducted step by step, top-down to
limit the multi-solution of the model. Fig. 4 illustrates the traveltime fitting of the seismic recordings
of the shot gather and the complete crustal ray coverage. The time error of the ray tracing forward
fitting accuracy is typically less than 0.05 s, and the maximum is not more than 0.1 s. The root mean

square error (RMS) of the traveltime fitting for different earthquake phases is reported in Table 2.

The velocity inaccuracy is controlled within 0.05 km/skm 5!, while the Moho depth error is less /{ BE TR

A5

than 1 km. Poorly-resolved areas based on ray coverage have been masked to prevent BETHA:

TG

TG

Although the ray-tracing misfit is small (RMS < 0.05 s), two tests quantify potential biases. Ray-
density gaps: Pn hits fall below 20 km™ beneath distance 250-350 km (Fig. 4a), increasing the

overinterpretation, tFhe ultimate crustal-upper mantle velocity structure is found in Fig. 5. BETHER:
BETHENX:

TG 40

Moho-depth uncertainty to £1.2 km in that segment; velocity—interface trade-off: 200 bootstrap /{&371‘33&1

TG

inversions give a velocity—depth correlation of r = —0.67; a 3% increase in lower-crustal velocity \( BETHER

LTI A

o L )

5



275
276
277
278
279
280
281
282
283
284
|285
286
287

288

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

can be compensated by a ~1 km deeper Moho without raising misfit, so we adopt £1 km as the
systematic Moho-depth bias bound.

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

Velocity Sstructure of the Uupper Crust //‘{ WE TN

The upper crust, fromeemprising-delineated-bythe-layerfrom- the surface to interface C2 at L

ks ((h0) ORI (2% Light), 105 B, }

depth, has—preneuneedexhibits pronounced lateral segmentation_across the study region. Lower e

BRETHR:

o (FP0) AR (S48 Light), 10.5 5%, }

velocities extend to greater depth NetabbsA-prominentalower—veloeity zoneisprevalentbeneathin
the NQSerth-Qilian-Jiuquan basin, contrasting sharply laterally with the a significantly greater
higher velocities characteristic ofy zene-in-the Beishan-bloekBOC. Along interface C1 amid-within
the upper crust, discretemany- high-velocity entities-zones with an-interval velocitiesy of 6.3-6.4

km/skm 5! are seenobserved. //{ WE TN

A5

The-base—of-ilnterface C1 ecerresponds—tomarks the basement surface, characterized by a

velocitiesy ranging frome of 3.4 _to —6.5 km/skm g '. The basement profile—surface exhibits ,,/{ WETHENR:

A5

significant undulationes-extensively within-the depths varying betweenef 6.1 and —12.5 km (Fig-5b.

5). The interval velocity of the uppermost crust measuresranges from 5.2 to —6.05 km/skm g !, with //{ BETHEN:

A5

an interface depth of 6.3—7.2 km in the middle-central QitianNOS. In the southern North-QitianNQS,

the interval velocity ranges—fromis between 5.2_and —6.1 km/skm 5 !, having-and a high-velocity ,,/{ BETERN:

=

bedyzone i@ present in the bettem—lower section, with an—interval velocitiesy of 6.2-6.45

kem/skm g '+ here, the and-the-interface deepensth-lowers to 10.8—11.4 km. In the northern seetion /{ WETHEA:

A5

ef—th&NeﬁhQﬂ}aﬁ QS, the interval velocity falls-decreases to 4.0-6.0 km#skmg while the //{&E'.T%iﬁ

: bk

interface depth deepens-increases to 9.7-10.1 km.

Withints the Jiuquan basin, the interval velocity redueesranges fromte 3.6 to —6.1 km/skm 5", /{ WETHEA:

=

with-anand the interface deepenspth-falling to 11.2-12.5 km. The Huahai basin has-showsan interval

veloeity-velocities of 3.8-6.2 kmfskm § !, and-thewith interface depths between ranges-from-11.5 ,‘/{ WE TN

Lhw

and —12.5 km. Additienally;-a high-velocity bedy-zone with -an-interval veloeity-velocities of 6.3—

6.5 km/skm 5! appears-is also observed beneath at-the bettombelow-the F5 faultracture. In the ,,/{ BETHER

: bk

southern Beishan—bloekBOC, laverinterval velocities on the south side measure—are 4.6-6.2

kem/skm 5!, with interface depths rangingfremof 11.5-12.0 km, whereas on the northern side, ,‘/{ WE TN

A5

laerinterval velocities reduee-decrease to 3.4-6.1 km/skm g ', and interface depths are range from _/{ HETRR

: bbR

. J ) J CJu A ) J ) UJ U

9.4 to—11.3 km.
In the Northern Beishan—bleekBOC, layerinterval velocities are—vary from 4.2 to —6.2

km/skm g!, with thean interface at depths of 10.5-12.5 km. Further north within the Beishan /{&E{T#&;‘&:

b7 )

bleekBOC, the interval velocity istemains between 4.2 and —6.2 km/skm § !, and the interface depth /{ BETHRR: [ ]

is-ranges from 10.0 to —11.3 km. A%th&beﬁm%ﬂ#%h&B&s%%bleeleB@&mﬁ%@%Several high-

velocity bedieszones -are-observed-with fayerinterval velocities of 6.3-6.4 ke/skm s ' are identified /{ WETHENR:

Eb# )

at the base of the BOC, including one benecath the-high-veloeitybedy—under the Mazhoushan
Mazongshan terranearc.

The deeper upper crustalbettom layer exhibits velocities rangingfromof 6.0-6.3 km/skm s ' and ,,/{ WETHENR:

Eb7 )

interface depths ranging—frembetween 13.2_and —27.6 km. Although this layer shows no While

lacking-significantmajor lateral segmentation, its interface is highly undulatorythislayer-exhibits
eeﬁﬁéemb%&m%erﬁae&tmduiaﬂeﬂs (Fig-—5b. 5). South of fault F9, the interval velocity is 6.05-6.15

kemfskm 5!, with an-the interface depth-of-at 12.8-18.3 km_depth. Between faults F9 and F5, the /{ BETERN:

Eb# )

layer thickens substantialbyconsiderably, and the interface depth-elimbsdeepens to 17.6-27.5 km.
North of fault F5, the layer thickness reduees-decreases to values similar to those inmateh the

southernmost part of the profile, but the velocity increases to 6.1-6.4 kim/skm g . This-These /{&ET*&B«”

F ot 7 ]
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characteristics shews-indicate that the Nerth-QilianNQS -and the Jiuquan basin have-share a
consistent basement_ structure, matehing—which aligns with the findings from residual gravity

anomaly findingsanalyses (Yang et al. 2024).

Vxelocity Sstructure of the Mmid-dle-Cerust

The intermediate crust —exhibits distinct zoning features ef—the—intermediate—erust—are
notablythat differ netblynotablyent from the tep-upper crust with; with-interface-depth-of 234387

lkems-and layerinterval velocityies of 6.2-6.5 kea/skm g . This layer is There’re-eCcomparatively ,‘/{ BETHN:

=

slowerlylow-veloeityzones-are-observed oecurring-inbencath the northern Nerth-QitianNQS and
the Jiuquan basins (Fig-5b. 5).

The interface C3 depth ef-the-centaetacross the fault F8 between-separating the NQS and the
Jiuquan basin is-varies from 23.4 to —38.7 kilemeterskm. The mintmum-lowest interval velocitiesy

i5 (6.2-6.35 km/skm § ) occur in the middle-central NQSQikian, increasing northward to 6.25-6.45 ,,/{ WETHENR:

=

kam/skm s '-nerthward. In the Huahai basin, tThe interface depthlies at inthe Huahai-basinis 27.5— _/{ BETER

: bhx

38.7 km depth, with interval velocities of ¥-6.25-6.5 kim/skm § ':; and-the highestmaximum interval
velocity in this regionreaches (6.32-6.45 km/skm g ') are found in its central partthe middleregion

~{ RETHR:

A5

(Fig-5b. 5). —{ RETHR:

Lhw

Within the BOC, tFhe interface C3 depthshallows in-the Beishan-block-deereases-to 24.4-31.2

km. Mid-crustal ifFhe-interval velocitiesy in the Shibanshan arc areis 6.3-6.5 km/skm g !, decrease /{ WETHENR:

=

0 6.25-6.4 km § ' whereas-these in the southern Shuangyingshan terranearc, and-—deerease to-6:25— _4,{ BETHRR: [

6:4-km/s-The-interval-veloeity increases to 6.3—6.42 km/skm ! further north.
The Vvelocity contours display contrasting dip directions: in the NOS Qilian-and the Jiuquan

~{ RETHER:

=

o ) LU U U

basin, they show a gentlyn undulating northward inclination-pattern, while these-in the Huahai basin
they dip steeply to-the-southward (Fig-5b. 5).

Vxelocity Sstructure of the Llower Cerust

The lower crust can be subdivided typically-separated-into three pertions-segments from south
to north, boundrdered by faults F9 and F4 (Fig-5b. 5). The consistent undulation of the interface C4

and Moho discontinuity-is-consistent; which-signifies the thickness variations of the upper and lower
fayers-portions of the lower crust is—with-the-samefollow a similar trend along the entirceemplete
profile.

Upper layer: #n-Tthis layer-with between C3 and C4 Hfh&faeteﬂ—zed—b%abe&eméep&ketha

36.7-49-5km-and-an-an_interval velocity of 6.45-6.7 km/skm s | (Fig-—5b. 5). ;-distinguishing ,‘/{ BETHEN:

A5

features—emerge—South of fault F9, interface C4 lies istocated-at-a depths of 36.7-42.4 km,

indicating-with an-interval velocity of 6.45-6.7 km/skm g '. Between faults F9 and F4, interface C4 ,,/{ WETHEA:

A5

deepens to 38.6-49.2 km, and the interval velocity increases to 6.5-6.7 kim/skm g '. Notably, a ﬂ,{ BETHRR: [

jwb%mm&nlﬁcant upward undulation of a high-velocity bedyzone is observed withfeund-in this
segmentzene. North of the fault F4, interface C4 is-pesitioned-at-a-depth-efshallow to 37. 4—40 3 km,

and-theaccompanied by a decrease in interval velocity decreases-to 6.47—6.65 km/skm g ! /{ WETHEA:

=

Lower layer: The Moho diseentinuity-is identified at a-depths of 47.5-60.0 km and %&haﬁd
thij%lewer layer between C4 and the Moho exhibitsexhibitings an interval velocity of 6.65-6.85

ken/skm g ! (Fig—5b. 5). Beneathln the Qilian Shan and Jiuquan basin,-the the Moho reaches -is-ata ,,/{ BWE TR

F ot 7

depth of 57.8-60.0 km, with an an-interval velocity of 6.7-6.85 km/skm g '. The central part-of the _/{ HETRR

F ot 7

Jiuquan basin displays-exhibits the deepest Moho at-(60 km), where accompanied-by-a-deerease-in

the interval velocity decreases slightly to 6.7-6.78 km/skm s !. In the Huahai basin and Beishan ,,/{ BETHR

© bbR

bleekthe BOC, the the-Moho depths spansrange from 47.5 to —57 km, and the veloeitvelocitiesy of

the-layerreduces to 6.7-6.75 km/skm g . The shallowest Moho; (at 47.5 km); is observedreeorded ,,/{ BETHEX:

=

beneathin the Que’ershan terranearc, where the lowermost crust has with-an interval velocity of

6.65-6.78 kem/skm g | _{BETHER:

Lhw

) U UJ L J

Upper mMantlePn velocity structure revealed from Pn

The upper mantle Pa-velocity structure exhibits auanees-distinct lateral variations across the
study areathrougheuttheanalyzedlocations (Fig. 5). The Qilian Shan is characterized by a relatively
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high uppermost mantleshows-a—tep-ef-the-upper-mantle velocity range of 7.9-8.4-3 km/skm § /{ WETHERN: i
with sub-horizontal velocityappreximatelyflat contours. A velocity reduction to 7.7-8.3 km g ! B ‘[&E‘.T#&iﬁ: ki
observed trom F}eﬂﬁhe Jiuquan basm to the Shibanshan terranearc, followed by a slight increase
ises—to 7.9-8.6-3 km/skmy | in-bencath the | BETHR: i

Shuangyingshan terranearc. Furthel nonh tThe Mazongshan, Hanshan, and Que’ershan iemaﬂearcs
have-show progressively lowerdeereasing Pn velocities, ranging from-of 7.8_to —8.5-2 km/skm g ! ,//[ BETHERN: bis
indicating a pregressive-drop—from-south--to-north decreasing trend. The lowest Pn values eleer%y
(7.7-7.8 kma/skm g ')-isreperted are localized beneath faults F5, F1, and Fé6. ,//{ BWETHN: bis
Crustal-Uupper Mmantle Vwelocity Aanomaly Sstructure

To improve the visibilitysensitivity of the velocity heterogeneity of the crustal-upper mantle
structure the mean layer velocities are subtracted to produce a velocity anomaly structure of the
crustal-upper mantle is-determined-(Fig—6b. 6 6%&%&96%%%%%9&&6%@%&&%
and thetr mea valges)
e ek e ke
Figu). Figure 6b demonstrates that in the upper layer of the crust from depths of 0 to 12.5 km, the
composition is significantly heterogeneous, and lateral segmentation is visible. The Qilian Shan is
with a high positive velocity anomaly (0.3-1.0 kis/skm g '). The Jluquan basin and Huahai basin ,,//{ BETHN: Lis
showare-with negative velocity anomaly (-1.1—_-0.15 km/skm g "), and extend northward to the _,,,{ BRETER: [
southern Shuangyingshan terranearc, which arepreventedterminate atby the strong positive velocity
anomaly in the central Shuangyingshan terranearc. Three positive velocity anomaly bodies (0.12—
0.45 kan/skm § ') with closed contours exist beneath the faults F5, F4, and the core Shuangyingshan ///[ BETHERN: L
terranearc. In the northern Shuangyingshan terranearc, a negative velocity anomaly (-1.3—0.12
km/skm s ) develops, and thins out to the north extending to the southern Mazongshan terranearc. ,//{ BWETHN: i
The positive velocity anomaly (0.15-0.45 kim/skm § ') starting from the Mazongshan terranearc _,,,{ BETHER: L
dives-extends northward to the northern end of the Que’ershan terranearc, and the central part is
covered by the low-velocity negative anomalies (-0.4—0.08 km/skm g ') in the upper Hanshan ,,//{ BWETHN: bis
terranearc.

At a depth of 9.2-38.5 km between interface C1_and C3, the middle Qilian and the southern
Nerth-QihanNOS consisted of the northward-tilted, small-variation positive velocity anomalies (0.0
to 0.08 km/skmg ') and negative anomalies (-0.03—0.01 ksa/skms—1). The northern Netth ,,//{ BWETHN: bis
QilianNQS, the Jiuquan basin and the southern portion of the Huahai basin are northward-tilted,
downward-curved layers of the low-velocity negative anomalies (-0.05—0.2 km/skm s '). The ,,//{ WETHERN: i
northern half of the Huahai basin and the Shibanshan terranearc are positive anomaly (0.0-0.08
kim/skm g 1) layers with small velocity changes. The southern Shuangyingshan terranearc is a mixed ///[ WETHENR: s
layer of the positive velocity anomaly (0.01-0.08 km/skm s—1) and negative velocity anomaly (-
0.01—-0.04 ksm/skm 5 ). The velocity anomaly from the northern Shuangyingshan terranearc to the ,,//{ BWETHEN: i
Que’ershan terranearc is positive (0.03-0.12 kin/skm g '), and only locally negative (-0.01—-0.03 _,,,{ BETHER: L
kmfskm g!). : =

In the upper layer of the lower crust, the Qilian Shan is characterized by a positive velocity —[ BETHR: L
anomaly (0.01—0.12 km/skm g ') in the upper section, and a negative velocity anomaly (-0.01-0.08 ,,//{ BETHEN: EiF
km/skm s ') in the lower part. The Jiuquan basin and Huahai basin are characterized by minor *-ﬁ{ BETHRR: [
negative velocity anomalies (-0.02—0.08 kin/skm § ). The BeishanbleekBOC is characterized by ‘ =
a strong positive velocity anomaly (0.02—0.12 kim/skm g ') and exhibits a northward-increasing —[ BE TR L5
trend (Fig—6b. 6). T RETER: i
In the lowest layer of the lower curst, From the Nerth-QitianNOS to the southern Huahai basin, the
velocity anomaly reveals positive (0.01-0.07 ksn/skm ') with a relatively minor variance. From ///[ WETHER: Lir
the northern Huahai basin to the southern Shuangyingshan terranearc, the velocity anomaly is with
a positive to negative (0.01—0.07 km/skms ') from top to bottom. From the northern ///[ WETHER: bis
Shuangyingshan to the Que’ershan terranearc, lesser positive anomalies (0.01 to 0.03 km/skm g ") A[ BETHRR: i

8
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are observed (Fig—6b. 6).
At the top of the upper mantle, the Nerth-Qilian-ShanNQS and the southern Jiuquan basin show

positive velocity anomaly with modest changes (0.05-0.15 ksm/skm 5 '), whereas negative anomaly /{ BETHEX:

Lhw

with substantial velocity variations (-0.1 to -0.25 km/skm s ) from the northern Jiuquan basin to //{ BETEAR

H

the Shibanshan terranearc. The southern Shuangyingshan terranearc is characterized with a gradient

of the velocity anomaly ranging from negative to positive (-0.1-0.12 ki/skm g '). The northern /{ WETHER

: bhx

Shuangyingshan and Mazongshan display positive anomaly (0.03-0.12 km/skm g ') moving //{&E'.Tﬁiﬁ

: bhx

downwardly. The southern Hanshan terranearc has a positive anomaly (0.01-0.1_kmsg!)

~{ RETHER:

=

characterized by a gradual reduction from south to north. The northern Hanshan terranearc and the

Que’ershan terranearc show negative anomaly (-0.01—0.12- km ) that diminish steadily from ,/{ BETHEX:

LEhw

o J L

south to north (Fig—6b. 6).

Discussion, A mETER:

HiF

The ebserved-crustal-upper mantle structure (Fig. 5; Fig. 6) recordsis a what-is know-to-be-a
complicated eutceme-history shaped-by-beth-of vertical and lateral material-mass transferpert
proeesses, reflecting Precambrican inheritancre.- Fhese-aetivities-arerelated-to-Paleozoic subduction;
eellision;—and—/accretion—events, Mesozoic intracontinental defermationsreworking, and—the
Cenozoic northward spread-expansion of the NE Fibetan-Tibetan plateau (Cunningham et al., 2009
Zhang and Cunningham, 2012; Li et al., 202 | REEERENCES )sinee-the Precambrian.

The Nnature of the Beishan Orogenic Collage BOC-crust ‘—[ WA AR 2

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

crust (Yang et al. 2019; Zhang et al. 2020; Yun et al. 2021; Zhang et al. 2023).

Paleozoic Subduetion-Ssubduction Ppolarity efthe-Qilian-Ocean-and-the seuthern

PAOand Aaccretionary Aarchitecture

Strata of ‘—( AR 1 IE3C

Fthe—Nerth Qilian Ocean, a part—pranch of the Proto-Tethys Ocean, deformsevelved _/{ BETER
predeminantly-along the Kunl ilian Altyn mountain beltMts: in the northern

D TR

H 3 BE

FibetanPlateayTibetan Plateau. The dynamics of the closure of the Qilian Ocean resultingfromthe

O BETER:

TG

HEhBE

eeltisionyia collision between the Kuntun-Qaidam continent and the southern bewndarymargin of

BRETH:

TR

H3hi%E

the North China Craton remains a-matter-of-considerable-debated (Yin and Harrison 2000; Guterch

BRETH:

TR

H3)i%E

et al. 2003; Xiao et al. 2009; Song et al. 2014; Wu et al. 2017; Zuza et al. 2017; 2019). The BETHR

L TR

HEhBE

subduction polarity of this-the eceanQilian Ocean has been proposed as: 1) north-dipping (Zuo and

Liu 1987; Song et al. 2013; Li et al. 2022); 2) south-dipping (Wang and Liu 1981; Li et al. 2016); BETH:

TG

H 3 BE

3) bidirectional (Zhao et al. 2024); er—or divergent_models (Wu et al. 2011; Chen et al. 2019). BETHEN:

TG

HEhBE

Although previous geophysical investigations have covered the Qilian Shan (Xiao et al. 2016; Guo BETHER

L TR

HEhBE

o JC U U U U L L

etal. 2019; Shen et al. 2020; Li et al. 2021), focuseencentration has largely been on the neotectonics
rather than the Paleozoic evolution. In this study, we observed north-dipping velocity contour from
interface C2 to the uppermost mantle beneath the Qilian Shan, coupled with a lower-crust—upper-
mantle low velocity anomaly beneath the Hexi Corridor (Fig. 6). These features most plausibly
record early Paleozoic north-dipping subduction of the Qilian Ocean, which aligns with the surface
geology: later collisional or bidirectional shortening may have locally overprinted the original
polarity (Davis and Darby, 2010).
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Despite intensive geochemical and chronological research on Paleozoic rocks in the Dunhuang
block and the BOC, the accretionary architecture of the PAO stilbremainsremained enigmatic (Xiao
etal. 2010; Shi et al. 2020, 2021; Li et al. 2023). Our deep seismic velocity model now provides the
direct geophysical evidence for the subduction polarity within the northern BOC. Beneath the
Que’ershan arc, the northernmost portion of the BOC, north-dipping velocity contours from

interface C2 to the Moho imply south-dipping subduction of the Hongshishan Ocean, consistent
with surface geology (Xiao et al. 2018; Duan et al. 2020; Niu et al. 2020: Xin et al. 2020). Velocity

undulations between faults F9 and F1 probably reflect late-Paleozoic collision or Cenozoic
bidirectional compression, obscuring primary dip direction.

Between faults F2 and F4, a positive upper-mantle velocity anomaly (8.0-8.3 km s™") between
~45 km and ~70 km depth likely represents a broken off fossil breakeff-subduction slab following
north-dipping subduction of the Beishan Ocean, although residual oceanic crust or mafic
underplating cannot be entirely excluded. This anomaly aligns with the Hongliuhe—Xichangjing

ophiolite mélange in surface (Yu et al, 2012: Hu et al, 2015; Song et al, 2015: Wang et al, 2015: Li /{ WETHER:

S A%

etal. 2023).

WETHEN: REPHE Gk
. . . o . BWE TR i AEER, REDHS E
Cenozoic Ce€rustal Ddeformation and Sstrain Ppartitioning across Mmajor BETHR: LAlEEE:
Ffaultsmechanism BRETHR: OIS RIEE
, " EAIE
Northward-propagating crustal shortening since the Miocene is accommodated through a series ﬁTﬁi' Rt %*DT % —
of parallel NW-SE-trending thrust faults in the Qilian Shan and successively reaches the Hexi BE TR Tk AR, REH S Ak
corridor and the BOC (Cunningham 2010, 2013; Wang et al., 2020 Yu et al., 2021; Zhang et al. BETHEN: BaPERIEE
2023é tric d d undulati f the velocity cont (6.2-6.8 kms™") th th BETHA: B
ymmetric downward undulation of the velocity contours (6.2—6. s™") across the southern S - ——
margin fault of the Beishan (F5) demonstrates that fault F5 acts as a lithospheric-scale partition zone ﬁT#&iﬁ. A ik
rather than other faults (Fig. 5, Fig. 6). South of the fault F5, north-tilting high velocity anomaly BE TN F0h: LB, AP S REL
bodies with 6.2-6.45 km s—1 at the base of the upper crust (1825 km depth) form the Qilian Shan BB TR MBS EE
to the Shibanshan arc, correlate to the north-vergent thrusting that decouples from a co-thickened S g pEE—
middle-lower crust (25-50 km, 6.5-6.8 km s™"), which is consistent with the reflection structure ﬁTﬁi' ﬁﬁﬁf* 1;&
(Xiong et al., 2025). North of the fault F5, complementary velocity gradients (6.1-6.6 km s!, 15— BB TR S AT
45 km) indicate conjugate north-direction upper-crustal thrusting accompanied by whole-crust BETHEN: 08 LB, BAPHEREL
gentle folding in the BOC. The downward-undulation of the velocity contours imply co-thickening BWETHER: KBS RIE:
of the middle-lower curst of the NQS—Shuangyingshan area, with the uppermost crust experiencin BE TR oS flE

thrusting and overthrusting. Our velocity structure indicated that low Pn velocity with 7.7-7.9

km § ! and dome-shaped uplift of the crust directly beneath the fault F5 (Fig. 5). The electrical /{iﬁﬁT*&iﬁ:

bR

(D U D WD WD W | W W WD | WD | WD | WD | WD | WD | W | W | W | W

resistivity imaging (Yang et al. 2019) also highlighted the boundary fault, termed Baihewan fault

(in Fig. 7) in the southernmost Shibanshan arc;; this faultwhich penetrates the lower crust with low
resistivity, to both sides of which the direction of the interpreted thrusting is opposing{¥Yaneetal
2049).

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

F5 further reveals the middle-lower crustal thickening by duplexing (Huang et al. 2021).
Within the southern BOC north of the fault F5, north-direction thrusting dominates the

uppermost crust, while the rest of crust undergoes gentle folding identical to the NQS—Hexi corridor
style (Gaudemer et al. 1995; Meyer et al. 1998; Tapponnier et al. 2001; Yuan et al. 2013; Zuza et al.
2017, 2019). Crustal deformation across the fault F5 is therefore distinctly asymmetric: south of the

fault, the uppermost crust is decoupled from the underlying crust (Fig. 5), whereas north of the fault /{ BETHER:

ARR R

the entire crust participates in coherent gentle folding, (Fig. 8). &ET*&?Q

ARR R

AR R
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607 Eastern Eextension of the Altyn Tagh FaultATE ‘—{ HRRAR : hRA 2

608 The ~1600 km-long ATF is a major left-lateral strike-slip fault that defines the northern
609 boundary of the Tibetan Plateau (Yin et al., 2002; Ritts et al., 2004; Dai et al., 2023; Xie et al., 2024).
610  While its western and central segments are well-defined (Xie et al., 2023; Wu et al., 2024; Yao et
611 al., 2025), its eastern termination and continuation remain highly controversial due to extensive
612 sedimentary cover of the desert and discontinuous bedrock outcrops (Yue et al., 2001; Cunningham
613 and Zhang, 2020; Yang et al., 2023). Definition of its eastern extentThereselution-of this-debate is

614 critical for understanding deformation propagation into northeast Tibetan plateau and for regional
615 seismic hazard assessment. Yue et al. (2001) proposed that the ATF likely extends east-northeast to
616 northeast along the Alxa—East Mongolia fault (Donskaya et al., 2008), with Cenozoic motion
617 displacing the Hexi Corridor and cutting through the BOC. An alternative view suggests that the
618 ATF transfers its slip northward into the thrust systems along the northern margin of the Hexi
619 Corridor, transitioning from predominantly strike-slip in the west to dip-slip in the east, where it
620 eventually terminates against reverse faults within the Alxa Block (Xiao et al., 2015; Yang et al.
621 2023).

622 This study suggests that interpretsF5-as-the principal-eastern-splay-of the ATE the ATF does

13
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into the BOC and the Alxa Block. The notable velocity contrast observed across the fault F5 may HE(E )

: “F4k: (BRiA) Times New Roman, (H130) Ak, }

indicate the ATF extends at least across the southern margin of the BOC. -The projected left slip rate
with-of 1.52-2.69 mm/a, is significantlysubstantially greaterhigher than the thrust rate with-of 0.35

R kP N S E SR

not terminate at the Qilian Shan frontland, but rather extendseentintes eastward to east-northeast /iﬁi?#&:‘&

keI BE IR EUR: 0 55, LIUE 2 s, ik J

mm/a in the southernmost Beishan area (Yang et al. 2019; Yun et al. 2021). Geodetic The-GPS 8 RSy —

meotien-and-velocities (Yang et al. yrate-result-fields revealed thats the moving direction changed ﬁé? T 4: (BRA) Times New Roman, (7130) A%,

from northeast in the Qilian Shan to nearly-east in the Beishan-bleekBOC with a significant lateral - — —

motion rates (Fig. 7; Yang et al., 2021). Darby et al. (2005) identified five major left -lateral strike- /l[ ﬁ%?‘ﬁﬁ: FAA: (BRIN) Times New Roman, (#130) A4k, J

slip_faults within the BOC and the Alxa block, which strike is consistent with the ATF, and t’m”(%)

accommodated >70 km post-Cretaceous offset based on Landsat/ASTER imagery and field {1%%7*35&2 A4 (BRIN) Times New Roman, (1130) AR A%, }

mappingwerk. Thus, we propose that the ATF continues straight-eastward-along a consistent NEE e GeH)

strike at the southern margin of the BOC.; Local faults identified within the southern margin of the BE TN 7k (BRIN) Times New Roman, (H130) Hik, J

BOC, such as the Beihewan fault, the Heishan fault, the Jiujing-Bantan fault, and the Ebomiao fault P3EEHE))

may be the secondary splays of the ATF and eventually terminate against it (Fig. 7; Yun et al., 2019; BETHENR: 74 (BRIL) Times New Roman, (F132) HAk, }

Zhang et al., 2020; Yang et al., 2019; 2024). These subsidiary structures collectively accommodate JEE(GER)

distributed crustal deformation Fheseresultsfurthertend support-to-eurresult—Thustheregionally. WE THA: F4A: (BRIL) Times New Roman, (H130) H4A, J

This kinematic model also provides a coherent explanation for the distinct slip-rate decline from the JLiT(SEE)

western-central to eastern segment of the ATF (Yan et al., 2024). Furthermore, the distribution of {]‘&ET#&&.": F4£: (BRiL) Times New Roman, (H130) A%, }

seismicity supports this structural boundary: all recorded earthquakes of M > 4.57 occur south of YLiE(GE )

the ATF and its eastern Drolongation,. WiFh no events (.letected poﬁh of the‘ fault within the intgrior !! WETHR: Tk (k) Times New Roman, (130) HAk, J

of the BOC (Fig. 7).-erustal-deform on-in-th nsitionzone-is-d 3 he-arcas to bo ¢ ERTHES:))

f. rEREATeATSO Geto ]&%T%ﬁ.iﬁ A (BRIN) Times New Roman, (H130) AR A%, }
Jeif(EE)

FAR: (BRIN) Times New Roman, (H130) A4k, J

FAAR: (BRIN) Times New Roman, (H130) AR A%k, }

SHECRE)

BRETHR:

FAR: (BRIN) Times New Roman, (H130) A4k, J

PAECSE))

BRETHX:

A (BRIN) Times New Roman, (H130) AR A%, J

P )

BRETHR:
P )
BETHR:
PEH(EE)

BETHR:

FAK: (BRN) Times New Roman, (7 30) A%, }

=

PEIECEE)

BRETH:

FAA: (BRIN) Times New Roman, (H130) AR A%, }

P )

BRETHR:
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Fig. 1 (a) Simplified tectonic framework of East Asia, cmphasmng the CAOB and the Tethys
tectonic belt (modified after Xiao et al. 2017);-).and (b) Map of the distribution of main-fault systems in
NE-Tibetthe NE Tibetan Plateau, theand-Beishan Orogenic Collage and surrounding regionsbleek

(modified from Zhang et al. 2023);). Base map: SRTM 30 m DEM. NASA/USGS (public domain).
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113 Fig. 7 Earthquake distribution, GPS motion direction, and velocity in NE-Fibetthe NE Tibetan
114 Plateau and the Beishan-bleek-Beishan Orogenic Collage (modified from Yang et al., 2021). Purple
115 arrows indicate GPS vectors relative to stable Siberia. The dashed white line indicates the proposed
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124 Table 1 Explosion position of the deep seismic sounding profile ‘—( RN - Gk A4 0 DK
125 : : : : BRI Al L 0 K, S AR
Shot No. %ﬂor;gltude I:at;\tll;de E:le)vanon ;l;{ll\gl;f charge S(I[lj()]E (tjl_r:ge) 4\‘_[ e
7B0 98406 | 38.825 | 3387 2000 00:00:04.900 «\j RN A 00 0 K, HATARIE: 0 FAT
ZB1 97.761 | 39.702 | 2466 2000 23:59:46.890 \\\f ek A ﬁ”‘fﬁlﬁ 0 @*
ZB2 97.724 | 40.074 | 1447 2000 23:01:44.285 \\\{ OB il AT 0 K
ZB3 97.965 40512 | 1334 1500 22:04:11.157 < {0 K
ZB4 98271 | 41.038 | 1302 1500 22:01:44.340 (BRI i 4 0 Ik
ZBS 98367 | 41.495 | 1341 2000 22:00:13.350 o BRI il AT 0 K
ZB6 98364 | 41.937 | 1520 3000 23:00:27.270 o BRI il P 0 K
ZB7 98.818 | 42.172 | 1243 2000 20:05:02.438 o {BRRI: Gk A 0
ZB8 98.958 | 42.387 | 1154 3000 23:03:05.596 (R Gl AT 0 K
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Table 2 The RMS error of traveltime fitting for different seismic phases

Shot
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ZB4
ZB5
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ZB8
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RMS

time

(s)
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picks

Pg
No.
of
picks
16
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48
35
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32

28

333

RMS
time
()
0.0251
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P2
No.
of
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time
(s)
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0.0155
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0.033

0.0209

P3
No.
of
picks
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time
(s)
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P4
No.
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RMS
time
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0.0144
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0.0228
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Pm
No.
of
picks
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time
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Pn
No.
of
picks
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