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The Altai orogen is a typical intracontinental orogen in Central Asia that experienced far-field deforma-
tion associated with Indian-Eurasian plate convergence. This region is characterized by uplift comparable
to that of the Tianshan Mountains but has a distinct strain rate. Half of the Indo-Asia strain is accommo-
dated by the Tianshan Mountains, whereas the Altai Mountains accommodates only 10%. To elucidate
how the Altai Mountains produced such a large amount of uplift with only one-fifth of the strain rate
of the Tianshan Mountains, we constructed a detailed crustal image of the Altai Mountains based on a
new 166.8-km deep seismic reflection profile. The prestack migration images reveal an antiform within
the Erqis crust, an �10 km Moho offset between the Altai arc and the East Junggar area, and a major
south-dipping (30� dip) thrust in the lower crust beneath the Altai Mountains, which is connected to
the Moho offset. The south-dipping thrust not only records the southward subduction of the Ob-Zaisan
Ocean in the Paleozoic but also controlled the Altai deformation pattern in the Cenozoic with the Erqis
antiform. The Erqis antiform prevented the extension of deformation to the Junggar crust. The south-
dipping thrust in the lower crust of the Altai area caused extrusion of the lower crust, generating uplift
at the surface, thickening of the crust, and steep (�10 km) Moho deepening in the Altai Mountains. This
process significantly widened the deformation zone of the Altai Mountains. These findings provide a new
geodynamic model for describing how inherited crustal structure controls intraplate deformation with-
out strong horizontal stress.

� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

According to plate tectonics theory, orogenic settings are usu-
ally associated with plate boundaries and their immediate vicinity,
resulting from interactions between rigid lithospheric plates [1].
However, in the last 50 years, with advances in plate tectonic
research, it has been widely accepted that major deformations
are not exclusive to plate boundaries but can also occur within
plate interiors [2]. In the absence of local plate margin interactions,
the deformation must be controlled either by the transmission of
horizontal far-field stress from a plate boundary or vertical intra-
plate stresses via processes such as viscous dripping and delamina-
tion or interactions between large igneous provinces at the surface
[2,3].
Central Asia provides a unique opportunity to study intraplate
deformation because intraplate deformation is spread across a
broad area in this region, leading to the generation of two typical
orogens with intraplate deformation: the Tianshan Mountains
and the Altai Mountains (Fig. 1). Many studies have attributed
the Cenozoic deformation in Central Asia to the far-field stress
transmission resulting from the collision between the Indian and
Eurasia plates [7,8]. However, if only the transmission of horizontal
stress is considered, it is difficult to explain the almost equivalent
amount of deformation between the Tianshan and Altai Mountains.
GPS observations suggested that �20 mm/a (approximately half of
the Indo-Asia strain) was accommodated by the Tianshan Moun-
tains, while �4 mm/a (�10% of the Indo-Asia strain) appeared to
be taken up across the Altai Mountains [9,10]. Additionally, there
is no seismic or geological evidence, such as lithospheric delamina-
tion or a mantle plume, for the generation of vertical stress in the
Altai Mountains. Moreover, the Altai Mountains are characterized
by transpressional deformation, which can result from the
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Fig. 1. Regional geology of the Altai Mountains. (a) The total strain rate in and around the Altai Mountains was modified after Kreemer et al. [4]. The colored lines overlaid on
the map are faults. The gray circles are earthquakes larger than ML1.0 recorded between 2007 and 2022 (downloaded from the China Earthquake Networks Center). (b) A
simplified tectonic map extending from the Junggar Basin to the Chinese Altai terrane is modified from Xiao et al. [5] and Li et al. [6], with its location indicated by a rectangle
in Fig. 1a. The blue line represents the reflection seismic profile, in which every 200 common depth points (CDPs) are represented by a filled circle (yellow with label or red).
F1, F2, F3, and F4 are thrust faults in the upper crust imaged by seismic data [6].
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reactivation of Paleozoic inherited transpressional and/or transten-
sional strike-slip faults such as the Eriqis fault zone [11,12]. There-
fore, to resolve the contradiction between the deformation amount
and the local stress in the Altai Mountains, it is necessary to con-
sider the role of inherited crustal structures in deformation, as such
structures record the tectonic history and the effects of the
dynamic process of lithospheric deformation [13,14].

Deep seismic reflection profile is a reliable and robust seismic
imaging technique that has been used and improved since the
1758
1970s; this technique provides high-resolution images of the inter-
nal structures and physical properties of the crust and uppermost
lithosphere [15–17]. In this study, we acquire a 166.8 km-long
deep seismic reflection profile that samples the Junggar Basin, East
Junggar, and the Chinese Altai Mountains and crosses the Erqis
fault in the southwestern margin of the Altai Mountains. With
these data, combined with other geophysical and geological data,
we first analyze the crustal structures in the Altai-East Junggar
region and then elucidate the Paleozoic tectonic activity recorded
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by the crustal structures; finally, we discuss how the inherited
crustal structures controlled the intraplate deformation process
in the Cenozoic.
2. Geological setting

The deep seismic reflection profile investigated in this study is
located in the southeastern margin of the Altai Mountains. It
extends from the Junggar Basin across the East Junggar terrane
and ends in the Chinese Altai Mountains. This belt is a key corridor
for understanding the evolution of the Central Asian Orogenic Belt,
which is the largest accretionary collage in the world and was
formed by the subduction and accretion of juvenile material
between the Neoproterozoic and the Paleozoic [18,19]. From SW
to NE, the major terranes include the Kalameili ophiolite belt, the
Yemaquan arc, the Armantai ophiolite belt, the Dulate arc, the Erqis
fault zone, and the Chinese Altai Mountains (Fig. 1b). The Junggar
Basin, which is mostly covered by Mesozoic-Cenozoic sediments,
is a collage of arcs, accretionary complexes, and trapped oceanic
crust that formed in the Paleozoic [5]. The study region contains
mainly the Jimunai-Buerjin Basin, the Wulungu Depression, and
the Luliang Uplift. The Wulungu Depression can be further divided
into the Hongyan High and Suosuoquan Sag based on several
thrust faults in the upper crust imaged by seismic data [6]. The East
Junggar area and Chinese Altai Mountains have complex Paleozoic
tectonic histories [11,19–22]. Based on volcanic-sedimentary
strata data, the East Junggar arc is a magmatic arc created by
slab-flux melting during subduction in the Devonian-early
Carboniferous [23]. It contains two volcanic arcs, one with the
Dulate arc in the north and one with the Yemaquan arc in the
south. In the late Carboniferous, granitoids in East Junggar were
characterized by a transition from I-type granites to A-type
granites, suggesting that the tectonic setting shifted from subduc-
tion to a postcollisional environment [24,25]. The Erqis fault zone
features an E-W-striking crustal-scale thrust, with a length of more
than 1000 km and a width of 10–15 km. The kinematics of the
Erqis fault and the widespread shear zone-related Au deposits indi-
cate that it was active in the Permian [11,26]. The Chinese Altai
Mountains, which are composed of variably deformed and meta-
morphosed sediments, volcanic rocks, and granitic intrusions, were
generated by continental margin activation, reshaping, back-arc
oceanic basin formation, and final closure between �460
and �408 Ma [27]. Widespread mantle-derived felsic intrusions
in the Chinese Altai formed by ridge subduction in the Devonian
and postcollisional extension in the late Carboniferous to early
Permian [22]. Apatite fission track (AFT) data show that the Altai
Mountains were tectonically reactivated in the Mesozoic, coinci-
dent with the final closure of the Mongol-Okhotsk Ocean, and were
affected by the India–Eurasia collision in the late Cenozoic [28].
Between the late Cretaceous and Paleogene, the Altai Mountains
were tectonically quiescent and underwent peneplanation [12].
The almost complete geological records, excellent exposure of
ophiolites, magmatic arcs, and accretionary wedges, together with
the subsequent collisional orogeny, make this region an ideal nat-
ural laboratory for studying the interrelationships between
subduction-accretion processes in the Paleozoic and intraplate
deformation in the Cenozoic [21,26].
3. Data acquisition and processing

Seismic data were acquired as conventional two-dimensional
vertical component explosive-source land profiles. In total, we
detonated 715 explosions, including 701 small and medium shots,
11 large shots, and 3 very large shots, from September 6 to October
10, 2018. The data acquisition parameters are listed in Table S1
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online. For each shot, the receiver array had a near offset of 20 m
and a nominal far offset of 19 km. For some southern shots,
restricted by wildlife reserving regulations, 38 km long offsets
were used for small and medium shots, 60 km long offsets were
used for large shots, and up to 84 km long offsets were used for
very large shots. In practice, the far offsets were also dependent
on the crooked-line geometry of the recording route. A common
receiver interval of 40 m was used for all shots.

The seismic reflection profile was processed using the CGG Geo-
cluster (now Geovation) and Psg-mig seismic processing packages.
An industrial reflection processing workflow, including static cor-
rection, noise attenuation, amplitude compensation, surface-
consistent deconvolution, velocity analysis, residual static correc-
tions, and dip moveout stacking, was applied to generate the stack-
ing image and the Kirchhoff prestack time migration image (Fig. S1
online).
4. Results

Fig. 2a shows a common shot gathered from a 2-ton charge near
the center of the survey line. These profiles delineate lateral varia-
tions in the crust corresponding to the Junggar Basin, East Junggar
arc, and Altai Mountains. Fig. 3b shows a high-quality migrated
prestack time migration image from the deep seismic reflection
profile. Fig. 3c shows the low-frequency filtered stacking image,
which outlines the overall pattern of the underground structures
(refer to Fig. S2 online for a comparison between the unfiltered
and filtered stack images). The terrane divisions are based on crus-
tal characteristics.
4.1. Moho dislocation between the East Junggar arc and the Altai
Mountains

Normally, the Moho discontinuity is defined as a sharp velocity
difference between the crust and upper mantle [30]. However,
recent studies have revealed that the Moho discontinuity is not
always a sharp interface; rather, there are substantial variations
in its characteristics both horizontally and vertically globally, par-
ticularly in dynamically complex regions [31]. According to deep-
reflection seismic profiles, Moho reflections can vary from simple
impulse-like signals to a series of multiple arrivals, and some com-
plex regions even lack clear Moho reflection phases [32–34]. The
resulting images along the Junggar Basin, the East Junggar arc,
and the Chinese Altai Mountains reveal that the Moho discontinu-
ity varies significantly along the profile in terms of both its reflec-
tivity and depth (Fig. 3).

The Moho discontinuity along the profile can be divided into
three segments, which are consistent with those of the Junggar
Basin, the East Junggar arc, and the Chinese Altai Mountains. The
most prominent Moho discontinuity lies beneath the Junggar
Basin, where the Moho reflections exhibit large amplitudes at
approximately 15 s and continually extend horizontally for
approximately 40 km between CDPs 1001 and 3001. Based on
the 6.5 km/s average crustal velocity, the crustal thickness
reaches �49 km [29]. The East Junggar Moho reflections are
weaker and more diffused and appear as a group of arrivals that
lasts for approximately 2 s and extend for approximately 56 km
from CDPs 3001 to 5801. For convenience, we took the bottom of
these diffusive Moho reflections as the Moho depth. Considering
the latest reflections that arrive at �16 s, we calculated that the
East Junggar crust is approximately 52 km thick. The Moho discon-
tinuity beneath the Chinese Altai Mountains is characterized by a
series of relatively high-amplitude, laterally discontinuous,
south-dipping seismic events. The Moho depth in this section
changes from 61.75 km (�19 s) at CDP 6101 to approximately



Fig. 2. (a) A typical common shot gather from a 3-ton charge. The interval of each trace is 40 m. The inset map illustrates the locations of the source (red star), receivers (blue
line), and three selected traces (green hexagons), overlaid by faults (brown lines). (b-d) The amplitude curves for three selected traces. The related seismograms in the shaded
areas are enlarged and shown in the inset map. (b) Trace 1301 from East Junggar arc, where the Moho transition is between �15 and 17 s. (c) Trace 2701 next to the
Kalatongke ore field, where the Moho reflections occur between �16 and �20 s. (d) Trace 3301 in the Chinese Altai Mountains, where the Moho transition is between �17
and �19 s.
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58.5 km (�18 s) at the northern end of the profile. The shallower
Moho discontinuities beneath the Junggar Basin and East Junggar
arc and the deeper Moho beneath the Altai Mountains are consis-
tent with those of a previous seismic refraction study in the same
region [29]. The change in the Moho depth from 16 to 19 s (equiv-
alent to a depth change of approximately 10 km) occurs within a
horizontal distance of approximately 6 km between CDPs 5800
and 6100. This change in Moho depth is prominent and can be
observed even in a single shot, suggesting the presence of a deep
suture between the East Junggar arc and the Altai Mountains
(Fig. 2).

4.2. Fine intracrustal structures

Along the reflection profile, the intracrustal reflections can be
divided into three domains from south to north (Fig. 3). Zone I cor-
responds to the Junggar Basin and is characterized by strong reflec-
tions throughout the crust. These layers can be further divided into
two layers. The upper layer ranges from 0 to 5 s and features ran-
domly oriented reflections with poor continuity, and the lower
layer ranges from 5 to 15 s and features gently dipping reflection
fabrics with better continuity. An unusually strongly reflective
1760
zone S1 occurs at 14 to 17 s and CDPs 2600 to 3600 (labeled in
Fig. 4c). Zone II corresponds to the East Junggar arc, which features
clear positive magnetic anomalies, similar to the other Paleozoic
magmatic arcs in the Junggar Basin [37]. The lithofacies can also
be divided into a strongly reflective upper layer ranging from 0
to 4 s and a ‘‘sandwich-like” lower layer ranging from 5 to 15 s.
In the shallow part (<2 s) between CDPs 5000 and 5600, a sequence
of subhorizontal, high-amplitude reflections are evident and corre-
spond to the surface sediments in the East Junggar arc. The lower
layer is composed of several weak scattered patches isolated by
zones with layering structures. The weakly reflective zones form
three vertical bands labeled W1, W2, and W3 (Fig. 4c). W1 extends
from CDPs 4300 to 5000 and corresponds to the Armantai fault on
the surface. Taking the Armantai fault as a boundary, its left and
right sides feature a series of parallel reflectors but dip in opposite
directions. W2 extends from CDPs 5800 to 6400, and W3 extends
from CDPs 6700 to 7100. The region between W2 and W3 has no
continuous reflectors, but the reflected energy is stronger than that
in W2 and W3. Zone III corresponds to the Altai Mountains and
features different reflection patterns. In the shallow part (<4 s)
between CDPs 7500 and 8300, the reflection reveals a stratified
pattern, which may imply a north-dipping thrust nappe. The



Fig. 3. (a) The elevation and simplified stratigraphy of the area sampled by the seismic profile (the legend is the same as that shown in Fig. 1). AF: Armantai fault. EF: Erqis
fault. FF: Fuyun fault. (b) The Kirchhoff prestack time migration profile. (c) Stacking profile after 0.5–2.0 Hz bandpass filtering. In (b-c), the vertical axis on the left is the two-
way travel time, and on the right is the approximate depth converted from the travel time by assuming an average crustal velocity of 6.5 km/s [29]. Zones I, II, and III
correspond to the Junggar Basin, East Junggar arc, and Altai Mountains, respectively.
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reflectivity is generally weak in the central crust except in
the �10 km-wide (from CDPs 7250 to 7750) antiform fold beneath
the Erqis fault zone, which ranges from 4 to 10 s, where the reflec-
tivity is strong. In the lower crust, there is a series of reflectors
from CDPs 6250 to 9340, which forms a roof-like detached layer.
Moving northward, the vertical distance between the detached
layer and the Moho discontinuity varies from �5 to �30 km.
5. Discussion

5.1. Tectonic events recorded in crustal structures

A series of parallel seismic reflectors were observed in the crust
beneath the Wulungu Depression, which is on the northeastern
margin of the Junggar Basin (blue lines from CDPs 1500 to 3500
in Fig. 4c). The parallel seismic reflectors can be interpreted as lay-
ered sequences or diffractions due to strong velocity anomalies and
sharp discontinuities. As migration can greatly suppress the
diffractions and the parallel seismic reflectors are still evident in
the migration image (Fig. 3b and c), we interpret these parallel
seismic reflectors as layered sequences that are signatures of
inclined sills. Multiple groups of inclined sills with different incli-
nations suggest that the Wulungu arc is a collage of several blocks.
We interpret this structure as continental crust rather than rem-
nant oceanic crust because the former has often been visualized
as a simple, laterally homogeneous, vertically layered pile of mafic
rocks that forms at mid-ocean ridges [38]. Several north-dipping
1761
thrusts that can also be observed between the strata have different
inclinations and are probably related to the Wulungudong and
Lunnan faults that separate the Hongyan High and Suosuoquan
Sag at the surface. This structure is consistent with southward-
diverging thrust faults in the shallow crust revealed by previous
seismic data [6]. Furthermore, borehole data indicate that the
Hongyan High underwent significant uplift and exhumation during
the late Carboniferous to Permian; it has been buried since the
Early Triassic due to subsidence [6]. Therefore, the crustal structure
of the Junggar Basin may record tectonic activity in the late Paleo-
zoic. The strongly reflective zone S1 between the Junggar Basin and
East Junggar arc results in the deepening of the Moho discontinuity
and corresponds to an increase in the local high Bouguer gravity
anomaly (�50 mGal, H1 in Fig. 4a). Therefore, we infer that S1 is
a high-density body that may have resulted from the collision
between the Wulunggu arc and East Junggar arc.

The crustal structure of the East Junggar arc is characterized by
three narrow, vertical, weak reflective zones in the deep crust and
an asymmetric fault system in the upper crust centered on the
Armantai fault (from CDPs 3000 to 7100 in Fig. 4c). Generally, a
lack of reflectivity or very weak reflections indicates that the struc-
ture is too fine or that the velocity contrasts are too weak to be
detected by seismic signals [16]. The lack of heterogeneities cap-
able of back-scattering seismic energy that results in a reflection
fabric suggests that the area has been homogenized. This could
be the result of magma injection or metamorphism. W1 connects
to the asymmetric fault system in the upper crust centered on
the Armantai fault, which separates the Yemaquan and Dulate arcs



Fig. 4. (a) Simple Bouguer gravity anomalies along the profile overlain by faults, the Zhaheba ophiolite, and the Kalatongke mafic rocks. The Bouguer gravity anomaly data are
from the International Center for Global Earth Models (ICGEM) with the Earth Global Model 08 (EGM08) available at a spatial resolution of 2.5 � 2.5 arc-minutes [35]. (b) The
magnetic anomaly data along the profile are from the Earth Magnetic Anomaly Grid, which are available at a spatial resolution of 2 � 2 arc-minutes (EMAG2) [36]. (c) The
seismic reflection interpretation includes block boundaries (black lines), faults (red lines), strata (blue lines), the Moho discontinuity (dotted black lines), and weak reflection
zones (W1, W2, and W3).
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on the surface. Therefore, W1 marks the crustal boundary that sep-
arates the south-dipping strata in the south beneath the Yemaquan
arc and the north-dipping strata in the north beneath the Dulate
arc. Furthermore, the location of W1 correlates well with the
surface of the Zhaheba ophiolite complex (Fig. 4), which mainly
consists of ultramafic rocks, gabbro, diorite, basalt and chert
intruded by diabase dikes and diorite porphyry and contains lenses
of garnet pyroxenite and quartz-magnesite [39]. Supersilicic and
supertitanic garnets have been recorded in garnet pyroxenite from
the Zhaheba complex, indicating that they underwent ultrahigh-
pressure (UHP) metamorphism [40]. Moreover, garnet amphibo-
lite, quartz-magnesite, and Nb-enriched basalt have been reported
in the Zhaheba ophiolite mélange; one interpretation of these
observations and geochronological data is that the Zhaheba ophio-
lite and the UHP metamorphic rocks underwent exhumation in the
early Permian [40–42]. Consequently, the formation of W1 was
likely the result of episodic metamorphic activity in the Paleozoic.
Both W2 and W3 roughly correspond to early Carboniferous vol-
canic rocks at the surface (Figs. 3 and 4) and are likely indicators
of plutons, stocks, and dikes formed by magmatic activity in the
early Carboniferous [16,43,44]. However, unlike W2, which is
located in the center of the Dulate arc, W3 is adjacent to the Erqis
fault zone. The shear zone-related gold deposits and structural and
geochronological data in the Erqis shear zone indicate that it
1762
underwent multiphase deformation [26,45]. Furthermore, W3 also
corresponds to the Cu-Ni deposit Kalatongke, which intruded dur-
ing the early Permian [46–48]. Positive eNd values (4 to 10) and sig-
nificant negative Nb anomalies for both intrusive and extrusive
rocks in the Kalatongke deposit imply that the metallogenic
magma was derived from the depleted mantle and contaminated
by juvenile arc crust [47]. Therefore, the formation of W3 may be
related to multiple phases of magmatism and shear deformation
activities, and W2 may be related to mainly magmatism.

In the Altai crust, a north-dipping thrust nappe can be observed
in the upper crust (<4 s between CDPs 7500 and 8300), and a
south-dipping detached layer can be observed in the lower crust
(�20 s at CDP 6250 to �9 s at CDP 9340). They form a typical
crustal-scale crocodile structure oriented in a SW direction
(Fig. 4). The weak reflectivity in the middle crust indicates that this
area could have been homogenized due to multistage magmatism
and metamorphism in the Altai Mountains [6,20,22,27,49,50]. The
south-dipping detached layer in the lower crust and the Moho dis-
continuity form a strong reflective wedge that widens northward
and intrudes southward. Although the reflectivity is strong in the
wedge, the continuity of the reflectors is poor. A series of small
weak reflective zones penetrate the strong reflectors (at 12–20 s
between CDPs 6250 and 9340 in Fig. 3c), indicating that the forma-
tion of the south-dipping wedge occurred before that of the weak
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reflective zones, which may be related to the most recent magma-
tism and shear deformation in the early Permian [26,45,47,48]. The
wedge intrudes into the mantle of the East Junggar arc at approx-
imately CDP 6000 and results in an �3 s Moho offset. The regional
thickening of the Chinese Altai crust also corresponds to the
decrease in Bouguer gravity anomalies (Fig. 4a).
5.2. Southward subduction of the Ob-Zaisan Ocean in the Paleozoic

The Altai-Junggar area is widely accepted to be characterized by
multiple Paleozoic subduction-accretion systems [21,22,51]. In the
early Paleozoic, this region was composed of arcs and oceans such
as the Altai, Dulate, Wulungu, and Yemaquan arcs, the Ob-Zaisan
Ocean, and branches of the Junggar Ocean (Fig. 5). With the closure
of oceans, island arcs underwent multiple episodes of subduction,
collision, and accretion, all of which contributed to the amalgama-
tion of island arcs and accretionary complexes. Generally, an intra-
crustal structure can record such a tectonic evolution, but this
capability is often disturbed by the most recent or strongest tec-
tonic activity, making it difficult to correctly determine temporal
changes without including other observations. The crust beneath
the Wulunggu arc is strongly reflective and characterized by a ser-
ies of thrust faults. Based on shallow seismic reflection data, the
Wulunggu Depression can be subdivided into two NW-trending
tectonic units, the Suosuoquan Sag and the Hongyan High, sepa-
rated by south-verging thrust faults [6]. The divergent thrust faults
correspond well to the intracrustal thrust system observed in our
profile. Furthermore, based on borehole stratigraphic data, south-
ward thrust activity can be constrained to the lower Carboniferous
and Permian, which has caused distinct uplift and exhumation of
the Hongyan High [6]. The crust of the East Junggar arc is charac-
terized by several extensional imprints, including an asymmetric
sedimentary layer and strata separated by weak reflection zones.
These extensional imprints are consistent with the presence of
widespread A-type granites in this area, which indicates postcolli-
sional extension [48,53]. Combined with the geochronology of
granitoids in this area, it is possible to date the most recent period
of postcollisional extensional activity, which was accompanied by
Fig. 5. Cartoons illustrating the tectonic evolution of the Altai-East Junggar area during th
the late Paleozoic.
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strong magmatism and metamorphism, to between the late Car-
boniferous and the Permian [24,25,50].

The south-dipping thrust in the lower crust of the Altai Moun-
tains provides a valuable proxy for the subduction polarity of the
Ob-Zaisan Ocean [24]. Previous studies supported north-dipping
subduction beneath the Altai Mountains, as the rock units of the
Altai Mountains exhibit southward younging [21,54]. However,
the crustal structure of the Altai arc has no imprint on northward
subduction, and the south-dipping thrust even contradicts this
interpretation. Because the south-dipping thrust was cut off by a
series of zones with weak reflectivity (Fig. 3), the south-dipping
thrust should have formed before the weak reflective zones. The
zones with weak reflectivity may have been caused by small-
scale magma upwelling or by the strike-slip motion of fragments
perpendicular to the profile. The most recent magmatism in this
area recorded by granitoids was in the early Permian [47,48]. Mafic
rocks in the Kalatongke deposit have positive eNd values and prim-
itive mantle-normalized trace element patterns enriched in large
ion lithophile elements (LILEs), indicating that mantle-derived
basaltic magmatism might have occurred in the early Permian
[47,55]. Accordingly, this was the most likely mechanism for the
formation of the weakly reflective zones. The strike-slip motion
of fragments perpendicular to the profile cannot be excluded.
However, the latest strike-slip motion in this region also occurred
in the early Permian based on kinematic data and the geochronol-
ogy of shear zone-related Au deposits [26,45]. Hence, we can con-
firm that the weakly reflective zones formed during the early
Permian and that the south-dipping thrust formed before the early
Permian. The formation of the south-dipping thrust in the Paleo-
zoic strata indicates the south-dipping subduction of the Ob-
Zaisan Ocean. A recent report about geochronological, geochemi-
cal, and isotopic data for the magmatic rocks collected from the
northern part of the Dulate arc suggested that there was mid-
oceanic ridge subduction during the latest Carboniferous to Per-
mian [56]. With this finding, combined with previous reports of
boninites, Nb-enriched basalts, and adakites that imply a forearc
setting for the northern part of the Dulate arc in the Devonian
[57,58], it can be concluded that the mid-oceanic ridge of the
Ob-Zaisan Ocean subducted southward beneath the Dulate arc
e Paleozoic (modified after Refs. [6,22,52]). (a) During the early Paleozoic; (b) during



L. Zhang et al. Science Bulletin 69 (2024) 1757–1766
during the latest Carboniferous to Permian [56]. Therefore, the geo-
logical record was used to confirm that the Ob-Zaisan Ocean
underwent southward subduction in the Paleozoic in addition to
north-dipping subduction.

5.3. Cenozoic intraplate deformation controlled by the Erqis antiform
and south-dipping low-angle detachment layer

In addition to recording the southward subduction of the Ob-
Zaisan Ocean in the Paleozoic, the south-dipping thrust in the
lower crust of the Altai Mountains strongly influenced its deforma-
tion pattern in the Cenozoic. Previous studies have long empha-
sized the important role of lithospheric inheritance in intraplate
deformation, but the type of inherited structure and its role in
intraplate deformation are still controversial. For example, the
crustal deformation of the Ouachita orogen in the southeastern
United States was driven by mantle scarring [3]. Receiver function
images of the Tianshan crustal structure were used to demonstrate
that the inherited rheological heterogeneities controlled shallow
brittle deformation [10]. The seismic reflection profile presented
here provides a new example of an inherited lower crustal thrust
that controlled intraplate deformation.

The Altai Mountains have undergone multiphase tectonic activ-
ities, including accretion-collision events in the Paleozoic and reac-
tivation in the Cenozoic. However, whether accretion-collision
events in the Paleozoic generated a large mountain belt in the Altai
is unclear. However, an apatite fission track (APT) analysis revealed
that the Altai region was reduced to an area of low relief
between �75 and �25–20 Ma after a period of tectonic quiescence
and peneplanation [59]. This is supported by sediments in the
Junggar Basin, which experienced almost no subsidence through-
out that time [59]. Therefore, the current topography of the Altai
Mountains was mainly the result of tectonic reactivation in the late
Cenozoic [12,60]. APT thermochronological data indicate that the
intraplate deformation of the Altai Mountains commenced
at �5 Ma [12]. Most studies have attributed the Cenozoic deforma-
tion of the Altai Mountains to the far-field effects of the collision
between the Indian and Eurasia plates [7,8]. Recent geodynamic
modeling has supported this causation, indicating that the rigid
Fig. 6. Cartoon of the residual crustal detachment layer accommodating convergence b
represent the Erqis fault zone. In the cross-section, the bold black lines are the Moho co
Altai crust.
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India, Tarim and Junggar blocks effectively transmitted plate-
convergent stress from the Tibetan Plateau to the Asian interior
[61]. However, on the northeastern margin of the deformation
zone, it is difficult to explain the wide and evident topography of
the Altai Mountains by stress transmission alone.

The crustal structure of the Altai Mountains reveals a new oro-
genic mechanism, driven by a low-angle detachment thrust, to
explain the contradiction between weak strain and a wide defor-
mation zone. The most prominent feature of this profile is the
Moho offset between the Altai Mountains and the East Junggar
arc. The Moho offset can reach �9.75 km if an average crustal
velocity of 6.5 km/s is assumed [29]. The Moho offset in the Altai
Mountains is connected to an intracrustal thrust with an �30�
dip angle. This deep Moho offset is located nearly 30 km south of
the Erqis fault zone and is the surface trace of the southeastern
margin of the Altai Mountains. Beneath the Erqis fault zone, there
is a crustal antiform. Based on our seismic reflection interpretation
and the above analysis, we propose a new model for the crustal
deformation of the Altai Mountains (Fig. 6). The inherited low-
angle thrust in the lower crust of the Altai Mountains accommo-
dated the far-field horizontal stress, which caused the thrusting
of the upper and middle crust and extrusion of the lower crust.
The Erqis antiform in the southwestern margin of the Altai Moun-
tains absorbed the deformation and prevented strong deformation
of the Junggar crust. This can be further confirmed by the decreas-
ing strain rate and seismicity from the Erqis fault to East Junggar
(Fig. S3 online). This deformation caused the uplift of the Altai
Mountains, forming a steep front along the Erqis fault zone and
gradually decreasing deformation in the Altai Mountains from
south to north (Fig. S3 online). Moreover, the Altai lower crust
escaped along the thrust and deepened the Moho beneath the Altai
range. The decrease in the Bouguer gravity anomaly from the East
Junggar area to the Altai range is consistent with the change in
Moho depth, which provides additional evidence for our deforma-
tion model (Fig. 4).

Our deformation model demonstrates that the inherited struc-
ture in the crust controlled intraplate deformation when the stress
was relatively weak. The low-angle thrust in the Altai lower crust
significantly widened the deformation zone. These findings
etween the Junggar Basin and Altai Mountains. On the surface, the thin red curves
nstrained by the reflection profile; the red lines mark strong reflective layers in the
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provide a robust and testifiable rejuvenation model for the Altai
Mountains and have promising implications for intraplate defor-
mation worldwide.
6. Conclusions

We performed data acquisition and migration imaging for a
166.8 km-long deep seismic reflection profile in the southwestern
margin of the Altai Mountains in central Asia. By integrating geo-
logical observations with images from the deep seismic reflection
profile, we obtained the following results: (1) We discovered the
distinct architectures of the crust and uppermost mantle beneath
the Junggar Basin, East Junggar arc, and Altai Mountains. (2) We
documented the fine structures of the Junggar Basin crust, includ-
ing layers and faults at multiple scales, which formed during the
accretion of allochthonous continental landmass rather than rem-
nant oceanic crust. (3) The Erqis fault zone, which separates the
East Junggar arc from the Altai Mountains, contains a major crustal
antiform, which very likely absorbed compression in the Cenozoic.
(4) The south-dipping ductile shear zone in the lower crust of the
Altai Mountains contributed to an �10 km offset of the Moho
between the East Junggar and Altai Mountains. The south-
dipping thrust in the lower crust of the Altai Mountains was
formed before the Permian by the southward subduction of the
Ob-Zaisan Ocean in the Paleozoic, and it controlled the Cenozoic
deformation pattern and formation of the Erqis antiform, leading
to the steep mountain front at the Eriqis fault.
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