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Crustal structures inferred from Bouguer gravity anomalies in the Altai 
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A B S T R A C T   

Based on a Bouguer gravity dataset, we investigate the crustal structures in the region across the Chinese Altai 
Orogen, Junggar Basin, Tianshan Orogen, and Tarim Basin. Combined with magnetic anomalies and crustal 
thickness data, the Bouguer gravity anomalies are used to identify regional faults and to infer the basement 
composition in the Junggar Basin. The regional fault distribution shows that multiple tectonic detachment 
surfaces may exist in the crust and upper mantle of the Chinese Altai Orogen. The mountain roots mentioned in 
previous studies may not exist in the Tianshan Orogen, where lower-crustal materials have likely been incor
porated into the uppermost mantle. The Tarim Basin consists of Archaean-Palaeoproterozoic crystalline base
ment and Meso-Neoproterozoic metamorphic basement with high Bouguer gravity anomalies. The tectonic 
sutures can be inferred from the lateral variation of the Bouguer gravity and improve our understanding of the 
evolution of the southwestern Central Asian Orogenic Belt.   

1. Introduction 

The Central Asian Orogenic Belt (CAOB) (e.g., Jahn et al., 2000; 
Windley et al., 2007), including the Altaids (Şengör and Natal’in, 1996; 
Şengör et al., 2022) and Urbaykalides around the periphery of the Si
berian and Eastern European cratons, is a giant orogenic collage located 
between the Eastern European (Baltic), Siberian, Tarim, and North 
China cratons (Fig. 1) (Xiao et al., 2008, 2009, 2018, 2019; Xiao and 
Santosh, 2014). The CAOB extends from the Caspian Sea in the west to 
the border of the northwestern Pacific Ocean in the east, spanning 
Russia, Kazakhstan, Kyrgyzstan, Uzbekistan, Tajikistan, Mongolia, and 
northern China (Xiao and Santosh, 2014). The CAOB is the world’s 
largest accretionary orogenic belt and has the longest geological history 
and most complex geological structure (Windley et al., 1990, 2007; Xiao 
et al., 2008, 2009, 2015a, 2015b, 2019; Gao et al., 2018). 

Numerous studies have been conducted on the lithospheric struc
tures and compositions of accretionary complexes in the CAOB using 
geophysical (e.g., Gao et al., 2002; Jiang et al., 2016; Xu et al., 2016; 
Zheng et al., 2021), geochemical (de Jong, 2009; Geng et al., 2009; Long 
et al., 2010a; Xiao and Santosh, 2014; Jiang et al., 2016; Chen et al., 
2017; Wang et al., 2023a, 2023b), and geological (Li, 1985, 1986; 
Şengör and Natal’in, 1996; Xiao et al., 2010; Li et al., 2019) information. 
Geophysical investigations of the CAOB have included analysis of the 

seismic velocity (Gao et al., 2002; Wang et al., 2004, 2020; Li et al., 
2006, 2019; Wu et al., 2018; Yang et al., 2022), density (Wang et al., 
2004; Zhao et al., 2004; Jiang et al., 2016; Guy et al., 2020), magnetic 
susceptibility (Zheng et al., 2021; Zhu et al., 2022a), and resistivity 
(Yang et al., 2015a, 2015b; Xu et al., 2016). These previous studies have 
revealed that the Altai Mountains, Junggar Basin, Tianshan Mountains, 
and Tarim Basin are ideal locations for gaining insights into the tectonic 
framework and geological evolution of the CAOB. 

Various studies have provided information about the crustal struc
tures of the Chinese Altai Mountains (Zhao et al., 2004; Xu et al., 2016), 
the Junggar region (Jiang, 1984; Wu et al., 2018; Guy et al., 2020; Zhang 
et al., 2021), and the Tarim Basin (Zhao et al., 2004; Yang et al., 2015a, 
2015b), as well as the crustal and upper-mantle structures of the Tian
shan Mountains (Gao et al., 2001; Zhao et al., 2004; Li et al., 2006; Li 
et al., 2019). In particular, information has been obtained about the 
nature of the basement of the Junggar Basin, which has been proposed to 
be composed of either Precambrian crystalline rocks (Ren, 1984; Wang, 
1986; Wu, 1986) or Palaeozoic oceanic crustal material (Coleman, 1989; 
Feng et al., 1989; Xu et al., 2020; Zhu et al., 2022a). However, a full 
geophysical characterisation of the crustal structure of these regions is 
required and the nature of the basement in the Junggar Basin remains 
uncertain. 

In this study, we processed and inverted Bouguer gravity data (Gao 
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Fig. 1. Simplified geological map of the Chinese Altai, Junggar Basin, Tianshan Mountains, and Tarim Basin areas showing the extent of the study area (outlined in 
red) (modified after Ren, 2015; Chen et al., 2017; Wang et al., 2017). The latitude and longitude ranges of the area of the gravity data acquisition are 32.82–49.39◦N 
and 73.61–97.97◦E, respectively. 
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et al., 2001; He et al., 2001; An et al., 2018) and interpreted geological 
structures based on these data for the study area, which included the 
Altai Mountains, Junggar Basin, Tianshan Mountains, and Tarim Basin. 
We identified geophysical anomalies, determined the variation in the 
crustal material density, and constrained the presence and extent of the 
faults in this area. Our results provide insights into the geological 
structure and tectonic evolution of the investigated area and have im
plications for the formation of the southwestern CAOB. 

2. Geological setting 

The CAOB was constructed through the prolonged accretion of 
multiple microcontinents, island arcs, seamounts, oceanic plateaus, 
ophiolites, and accretionary complexes during the evolution of the 
Palaeo-Asian Ocean from the Neoproterozoic to the Late Palaeozoic, and 
it is considered one of the best examples of major Phanerozoic crustal 
growth (Jahn et al., 2000; Windley et al., 2007; Li et al., 2016). The 
southwestern CAOB consists of the Chinese Altai, Junggar, Tianshan, 
and Tarim units. 

The Chinese Altai Orogen is an Early Palaeozoic juvenile magmatic 
arc terrane and is a very important accretionary orogen (Wang et al., 
2021). The tectonic scenario for the accretionary orogens includes 
Neoproterozoic–Early Palaeozoic passive continental margin, the 
development of a Late Silurian to Early Devonian arc environment with 
a Middle Devonian back-arc basin, and continent–arc collision at the 
beginning of Late Devonian (Jiang et al., 2015; Wei et al., 2007; Kong 
et al., 2022). The Altai accretionary wedge records polyphase Palaeozoic 
deformation, metamorphic and magmatic events (Zhang et al., 2015; 
Jiang et al., 2021; Tian et al., 2021; Wang et al., 2021; Kong et al., 2022). 
The orogen comprises a variety of deformed and metamorphosed sedi
mentary formations, volcanic rocks, and granitic intrusions (Wang et al., 
2006; Sun et al., 2008; Wang et al., 2009; Xiao et al., 2010; Li et al., 
2021), and the granitic rocks occupy a large area of the Chinese Altai 
(~40%) (Jiang et al., 2014). 

The Junggar region, which is surrounded by the Altai Orogen to the 
north, the Kazakhstan Plate to the west, and the Tianshan Mountains to 
the south (Zhou et al., 2018), is composed of Palaeozoic continental 
margin sequences and volcanic, ophiolitic, sedimentary, and intrusive 
rocks (Xiao et al., 2013; Li et al., 2015). The Junggar Basin formed 
during the Late Palaeozoic and evolved through foreland basin, intra
continental depression, and rejuvenated foreland basin stages (Xiao 
et al., 2008; Su et al., 2006). The Ordovician strata in the basin comprise 
a series of extremely thick pyroclastic rocks intercalated with siliceous 
and volcanic rocks (Gao et al., 2018). These are unconformably overlain 
by Carboniferous deposits composed of volcaniclastic turbidites 
covering pre-Carboniferous ophiolite mélange (Geng et al., 2009). The 
Permian rocks include continental volcanic and pyroclastic deposits, as 
well as molasse clastic deposits (Gao et al., 2018). The Triassic strata 
comprise a set of typical fluvial-lacustrine and swamp facies clastic de
posits, which are conformably overlain by Jurassic coal-bearing strata. 
The Cretaceous mainly consists of clastic rocks, with minor interlayers of 
gypsum interposed locally (Xiao et al., 1994; Yang et al., 2012; Gao 
et al., 2019). The Cenozoic rocks comprise a sequence of continental 
clastic sedimentary rocks and Quaternary deposits, including those with 
alluvial, slope, aeolian, lacustrine, swamp, chemical, and glacial origins 
(Yang et al., 2012). 

The Tianshan Mountains are composed of a series of E–W-trending 
subparallel mountain ranges and intermontane basins that have under
gone multiple phases of tectonism and varying amounts of uplift (Mol
nar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Allen et al., 
1993, 1999; Charvet et al., 2011; Wilhem et al., 2012). The Archaean 
rocks in the Tianshan Mountains comprise marble, schist, granulite, and 
quartzite (Ma et al., 2014; Alexeiev et al., 2015, 2019). The Palae
oproterozoic rocks comprise greenschist to amphibolite facies plagio
clase amphibolite, schist, quartzite, slate, phyllite, migmatite, granulite, 
and gneiss (Xiao et al., 2013; Ma et al., 2014; Gao et al., 2018). The 

Cambrian rocks are dominated by neritic-shelf and platform facies car
bonate rocks, clastic rocks, and siliceous rocks (Xiao et al., 2008) and are 
overlain by Ordovician strata, which primarily consist of clastic rocks, 
limestone, micrite, and mudstone (Mao et al., 2012). The Silurian strata 
are primarily composed of terrigenous clastic, pyroclastic, and carbon
ate rocks (Xiao et al., 1994; Gao et al., 2019; Hegner et al., 2020; Zhang 
et al., 2021). The Devonian strata predominantly consist of clastic, py
roclastic, carbonate, siliceous, and igneous rocks (Xiao et al., 1994; Gao 
et al., 2019; Zhang et al., 2021; Ye et al., 2022). The Carboniferous rocks 
include bimodal igneous, clastic, pyroclastic, and carbonate rocks (Qiu, 
1989; Abuduxun et al., 2021). The Permian rocks are mainly composed 
of clastic, pyroclastic, and igneous rocks (de Jong et al., 2009; Abuduxun 
et al., 2021; Ye et al., 2022) and are overlain by Triassic rocks, which 
comprise lacustrine and fluvial clastic rocks (Xiao et al., 1994; Gao et al., 
2019; Mao et al., 2022). The Jurassic strata consist of fluvial, lacustrine, 
and swamp facies clastic rocks, which are conformably overlain by 
Cretaceous piedmont-fluvial-lacustrine clastic rocks (Xiao et al., 1994; 
Gao et al., 2019). The Quaternary cover consists of alluvial, slope, 
aeolian, lake, swamp, chemical, and glacial deposits (Yang et al., 2012). 

The Tarim Craton is composed of Archaean to Palaeoproterozoic 
basement, which is mainly composed of migmatitic granitoid gneisses 
and paragneisses, amphibolites, and mafic-intermediate intrusions 
(Zhang et al., 2012; Xu et al., 2013; Ge et al., 2018). The craton has a 
thick Mesoproterozoic to Phanerozoic cover, including siliciclastic and 
volcanic rocks (Lu et al., 2008; Zhu et al., 2011; Abuduxun et al., 2021). 
The Palaeozoic strata primarily consist of shallow-marine carbonate 
sedimentary and terrigenous clastic rocks and are overlain by Mesozoic 
sandstones and conglomerates (Carroll et al., 2013; Abuduxun et al., 
2021). The Silurian to Permian strata mainly include mafic to felsic 
volcanic and intrusive rocks, sandstones, and conglomerates (Qu et al., 
2003; Turner et al., 2010; Tian et al., 2010; Yang et al., 2013; Abuduxun 
et al., 2021). 

3. Density of rock samples 

Gravity anomalies are related to the spatial distribution of the den
sity, and thus the density statistics of rocks and ores are important for 
identifying and interpreting Bouguer gravity anomalies (Zhu et al., 
2022b). The density characteristics of a large number of rock samples 
acquired from the Chinese Altai, Junggar Basin, Tianshan Mountains, 
and adjacent areas during this study were measured at the China Uni
versity of Geosciences (Wuhan) (Table 1). 

The rock density is a function of various properties, including the 
mineral composition and contents, the structure and crystallinity of the 
minerals, the porosity, the composition and contents of the pore-filling 
materials, and the burial depth and environment. A higher rock den
sity is typically associated with a higher proportion of dense minerals, a 
greater degree of crystallinity, a greater burial depth, and a lower 
temperature (Zhu et al., 2022b). 

The rocks from the Chinese Altai, Junggar Basin, Tianshan Moun
tains, and adjacent areas exhibit a wide range of densities (Table 1). Ore 
and ferromagnetic minerals such as those in chrome ore, magnetite, 
pyrite, gabbro, porthyritic diabase, mafic volcanic rocks, diabase, basalt, 
and serpentine have very high densities. Most intrusive and extrusive 
igneous rocks have moderate but highly variable densities, including 
diorite porphyrite, tuff, diorite, basaltic porphyrite, andesitic porphyr
ite, granite porphyry, granodiorite, albitite, monzonite granite, granite, 
syenite porphyry, and K-feldspar granite. 

In general, the density increases as the contents of the minerals in
crease from felsic to intermediate to mafic–ultramafic rocks. Plutonic 
rocks tend to be denser than metamorphic rocks, and metamorphic rocks 
tend to be denser than volcanic rocks. Sedimentary rocks typically have 
relatively low densities, including sandstone, siltstone, feldspathic 
quartz sandstone, feldspathic sandstone, siliceous rock, and mudstone. 
The density of sedimentary rocks is determined by the material 
composition, structure, burial depth, and porosity, with higher densities 
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being associated with a greater burial depth and lower porosity. 

4. Gravity data collection, processing, and inversion 

The Bouguer gravity data used in this study (Gao et al., 2001; He 
et al., 2001; An et al., 2018), which are presented at the 1:100,000 scale, 
were acquired by the former Ministry of Geology and Mineral Resources 
of the People’s Republic of China and are owned by the China Geological 
Survey (Fig. 2a). The latitude and longitude ranges of the data acquisi
tion area are 32.82–49.39◦N and 73.61–97.97◦E, respectively. The mean 
square deviation of the gravity data is less than 3 × 10− 5 m/s2. The 
normal gravity field (γ0) was calculated using the Helmert gravity for
mula:γ0 = 978030× (1+ 0.005302sin2ϕ − 0.000007sin22ϕ)×
10− 5m/s2, where φ is latitude. 

Various processing procedures were used to suppress the noise, 
extract and strengthen the useful information, and enhance the 
geological interpretation of the measured Bouguer anomalies. We con
ducted upward continuation, derivative calculation (Wang et al., 2010; 
Zhu et al., 2022b), and signal amplitude analysis (Zhu et al., 2018, 2019) 
using the ModelVision (V14.0) software during the gravity data pro
cessing (Zhu and Lu, 2016, 2021; Zhu et al., 2022b, 2022c). A detailed 
description of these processing procedures has been presented by Zhu 
et al. (2022b). The upward continuation procedure transforms the 
gravity data to make it appear as if they were collected at a greater 
height than was actually the case (Zhu et al., 2022b). This trans
formation can weaken high-frequency signals and constitutes low-pass 

filtering of the gravity data. In this study, we conducted an upward 
continuation procedure for heights of 5, 10, 20, 40, and 60 km. We 
calculated the second derivative in the vertical dimension and con
ducted signal amplitude analysis using both the original gravity data and 
the data obtained by applying the upward continuation procedure for 
different heights (Zhu et al., 2018, 2019). 

Here, we present a brief description of the 3-D gravity inversion 
methodology used in this study. When there are n observations and m 
rectangular prisms, the discrete forward modelling operator for gravity 
can be expressed in matrix form as follows: 

gn×1 = Gn×mρm×1 (1) 

where g is the vector of the observed data, ρ is the density distribu
tion, and G is the gravity forward kernel function. 

Geophysical inversion problems can be regarded as mathematical 
procedures for minimising data misfits in general. Because the solutions 
of geophysical inverse problems are non-unique and unstable (Tikhonov 
and Arsenin, 1977), we needed to regularise the problem with con
straints, and the regularisation parameters were selected according to 
the adaptive method (Zhdanov, 2002). We also used a weighting func
tion based on a sensitivity matrix, which uses only the kernel function 
matrix and can effectively solve the ‘skin effect’ of the inverted densities 
concentrated at the surface (Li and Oldenburg, 1996, 2000). For the 
regularised inverse problem, the expression of the model objective 
function was defined as (Ma et al., 2019): 

minPα(ρ) = ∅(ρ)+αS(ρ) = ‖Gρ − g‖2
2 +α‖Wj(ρ)‖2

2 (2) 

where ∅(ρ) is the fitting function of the observed and predicted data, 
S(ρ) is the stability function, and Wj(ρ) is the weighting function. α is the 
regularisation parameter and can be expressed as follows (Ma et al., 
2019): 
{

α1 = ∅(ρ)/S(ρ)
αk = α1/2k− 1, (k = 2, 3,⋯, n) (3) 

The weighting function can be expressed as follows: 

Wj =

(
∑N

i=1
G2

ij

)β/4

(4) 

where Gij is an element of the gravity forward kernel function; i and j 
are the observation point number and model grid point number, 
respectively; and β is a constant whose value is usually set to 1 and can 
be used to control the strength of the weighting function. 

5. Bouguer gravity anomaly characteristics and lithospheric 
structure 

Bouguer gravity data are gravity data that have been treated for 
normal field correction, terrain correction, and Bouguer correction of 
the measured gravity data. Bouguer gravity anomalies reflect the spatial 
distribution of the geological bodies and the density and structural in
homogeneity of their constituent materials. The regional distribution of 
Bouguer anomalies represents the spatial variation in the structure and 
density of the crust and upper mantle. 

The Bouguer anomalies in the Chinese Altai, Junggar Basin, Tian
shan Mountains, and Tarim Basin regions are generally negative and 
exhibit complex spatial variations (Fig. 2). The central part of the study 
area is dominated by the low Bouguer anomalies in the western Tian
shan Mountains and high Bouguer anomalies in the surrounding areas in 
the Bachu–Taklimakan Desert, Kuruktag Mountains, and Junggar Basin. 
In the outer parts of the study area, the Kunlun Mountains and Chinese 
Altai are characterised by relatively low Bouguer anomalies (Fig. 2). The 
lowest Bouguer anomalies are distributed in the area from the Kar
akorum Range to the Quanshuigou region in the southwestern part of 
the study area and are also present in the southeastern part of the study 

Table 1 
Densities of rock and ore samples from the Chinese Altai, Junggar Basin, Tian
shan Mountains, and adjacent areas.  

Sample 
number 

Lithology Number of 
samples 

Density (g/cm3) 

Range Mean 

1 Mudstone 31 2.525–3.089  2.770 
2 Medium-grained 

sandstone 
7 2.418–2.706  2.547 

3 Siliceous rock 108 2.534–2.858  2.692 
4 Feldspathic quartz 

sandstone 
12 2.568–2.820  2.728 

5 Feldspathic sandstone 57 2.724–2.804  2.761 
6 Tuffaceous fine 

sandstone 
3 2.708–2.764  2.729 

7 Tuffaceous siltstone 189 2.550–2.881  2.689 
8 Siltstone 1011 1.065–3.155  2.677 
9 Sandstone 14 2.587–3.006  2.757 
10 Lithic tuff 3 2.628–2.769  2.718 
11 Rhyolite 23 2.572–2.691  2.626 
12 Andesite 4 2.711–2.808  2.751 
13 Rhyolitic andesite 3 2.601–2.617  2.609 
14 Rhyolitic porphyry 6 2.551–2.786  2.712 
15 Andesite porphyry 3 2.625–2.764  2.705 
16 Andesitic porphyrite 15 2.591–2.697  2.653 
17 Basaltic porphyrite 4 2.669–2.693  2.676 
18 Porphyritic diabase 5 2.906–2.947  2.926 
19 Mafic lava 13 2.635–3.228  2.883 
20 Basalt 95 2.604–3.252  2.839 
21 Granite porphyry 12 2.594–2.645  2.606 
22 Tuff 17 2.622–2.740  2.704 
23 Diorite porphyrite 20 2.621–3.024  2.768 
24 K-feldspar granite 162 2.486–2.773  2.610 
25 Syenite porphyry 3 2.611–2.612  2.612 
26 Granite 752 2.380–3.035  2.620 
27 Monzonite granite 71 2.525–2.753  2.641 
28 Diorite 111 2.587–2.847  2.715 
29 Granodiorite 4 2.637–2.664  2.657 
30 Albitite 8 2.609–2.664  2.632 
31 Gabbro 24 2.613–3.983  2.935 
32 Diabase 82 2.650–3.140  2.878 
33 Serpentine 68 2.527–3.260  2.725 
34 Pyrite 8 2.691–3.298  3.042 
35 Chrome ore 14 2.908–3.911  3.360 
36 Magnetite 3 3.022–3.149  3.071  
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Fig. 2. (a) Distribution of the Bouguer gravity anomalies in the study area, including the Chinese Altai, Junggar Basin, Tianshan Mountains, and Tarim Basin areas; 
Processed upward continuation maps for heights of (b) 5 km, (c) 10 km, (d) 20 km, (e) 40 km, and (f) 60 km (unit: mGal). The red stars mark the locations of cities. 
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area. From the southeast to the north, they gradually increase toward 
the Tarim Basin (Fig. 2). The highest local Bouguer anomalies are 
distributed in the northwestern margin of the Junggar Basin. 

An area with low Bouguer anomalies extends from the north of the 
Chinese Altai–Fuyun fault to the south of the Ermantai fault zone, and 
the Bouguer anomalies in the central part of the Fuhai–Salkaren region 
are high (Fig. 2). The Bouguer anomalies in the Chinese Altai exhibit a 
NW–SE-trending pattern (Figs. 3 and 4). The distribution of the anomaly 
gradient belt in this region is consistent with the main tectonic structures 
there. The Bouguer anomalies in the Fuhai area are relatively high and 
gradually decrease eastward. The anomalies on the western side of the 
Chinese Altai show E–W- and NNE–SSW-trending patterns, whereas 
those on the eastern side exhibit NW–SE-trending patterns (Figs. 3 and 
4). The Bouguer anomalies in the Xibodu area vary only slightly and 
exhibit a NW–SE-trending pattern. The low Bouguer anomalies in the 
southern part of the Fuhai and Fuyun regions gradually disappear with 
increasing upward continuation height (Fig. 2b–f), and the Chinese Altai 
are characterised by generally high Bouguer anomalies at an upward 
continuation height of 60 km. 

The Bouguer anomalies in the Junggar Basin exhibit NW–SE-trend
ing pattern, and the anomalies decrease from north to south (Figs. 3 and 
4). The Bouguer anomalies are typically high in the central mountains 
and low in the basin, forming a marked Bouguer anomaly gradient zone 
in the piedmont and demonstrating a negative correlation with the 
spatial distribution of the topography (Fig. 2). The Bouguer anomalies in 
western Junggar are very high and exhibit a disrupted pattern. The 
Zaloule Mountains are dominated by relatively low Bouguer anomalies, 
and the anomaly gradient belt in this region reveals that there is a 
smooth transition zone between the uplifted and downthrown rock 
masses (Fig. 2). The Bouguer anomalies in Karamay are high and exhibit 
a NE–SW-trending pattern (Figs. 3 and 4). With increasing upward 
continuation height, the low Bouguer anomalies in the Junggar Basin 
gradually intensify, and the difference between the anomalies in the 
western part of the basin and those in the Karamay area gradually de
creases (Fig. 2b–f). The high anomalies in the northern part of the basin 
and those in the Chinese Altai region merge at an upward continuation 
height of 60 km. 

The Tianshan Mountains can be divided into an area of low Bouguer 
anomalies in the western part of the mountains and an area of high 
anomalies in the eastern part, and these areas are separated by an 
approximate boundary along the line between Urumqi and Korla 
(Fig. 2). There are several regional Bouguer anomaly gradient belts in 
this area (Figs. 3 and 4). Taking the line between Urumqi and Korla as 
the eastern boundary of the western Tianshan Mountains, the Bouguer 
anomalies in this region generally exhibit a NW–SE-trending pattern and 
gradually increase from the central Tianshan Mountains toward both 
sides of the range (Figs. 3 and 4). The Bouguer anomalies in the Bole area 
are relatively high and are inferred to represent basement uplift and the 
presence of magmatic rocks in this area. The Bouguer anomalies in the 
Yining area are low and exhibit a NW–SE-trending pattern, which differs 
from the high anomalies and E–W-trending pattern in the Gon
gliu–Xinyuan area (Figs. 3 and 4). The Bouguer anomalies in the 
Tashiyuyi–Hejing area are generally low and distributed in a NE–SW- 
trending pattern, whereas those in the Kalpin–Aksu area are mainly high 
and also exhibit a NE–SW-trending pattern (Figs. 3 and 4). The negative 
anomalies in the Yining area gradually decrease with increasing upward 
continuation height (Fig. 2b–f), and the negative anomalies to the south 
of Kuytun and Urumqi merge with the anomalies on the northern side of 
Kuqa at an upward continuation height of 60 km. 

The Bouguer anomalies in the eastern Tianshan Mountains display 
an E–W-trending pattern and are dominated by regional high anomalies 
with superimposed local low anomalies (Figs. 3 and 4). The Bouguer 
anomalies are high and exhibit an E–W-trending pattern in the Harlik 
Mountain area, and they gradually decrease from west to east. The 
Bouguer anomalies are low and exhibit a nearly E–W-trending pattern in 
the Turpan–Hami Basin area, and they gradually increase with 

increasing upward continuation height (Fig. 2b–f). The two areas with 
high Bouguer anomalies in the northern and southern parts of the 
eastern Tianshan Mountains merge at an upward continuation height of 
60 km. 

The Bouguer gravity anomalies vary slightly in the Tarim Basin 
compared with the more marked variation at the edge of the basin 
(Fig. 2). The trends of a series of large-scale Bouguer gravity anomalies 
around the basin correspond to the strikes of the basin boundaries and 
differ substantially from the strikes of the faults in the basin. Pronounced 
Bouguer anomaly gradients are present in the southeastern margin of 
the Tarim Basin (Fig. 2b–f). A NE–SW-trending anomaly gradient belt is 
observed in the Kuqa–Aheqi–Atushi area in the western part of the 
northern margin of the basin, and a NW–SE-trending gradient belt is 
present in the western part of the southern margin (Figs. 3 and 4). The 
Bouguer anomalies are mainly high in the central part of the Tarim Basin 
and show a NNE–SSW-trending pattern, whereas those in the northern 
and southwestern parts of the basin are relatively low. The values and 
spatial patterns of the Bouguer anomalies on the two sides of the basin 
bounded by longitude 82◦E are very different (Fig. 2). The Bouguer 
anomalies in the basin to the west of this meridian exhibit complex 
variations, and a NNW–SSE-trending Bouguer gravity gradient occurs 
along latitude ~ 40◦N. The gradient is greater on the northern side than 
on the southern side (Figs. 3 and 4). By contrast, the anomalies to the 
east of the meridian vary only slightly. 

NNE–SSW-, NW–SE-, and nearly E–W-trending faults mainly occur in 
the basement around the Tarim Basin (Figs. 3 and 4). The northern 
margin of the basin is dominated by NNE–SSW-trending faults, and the 
southwestern margin is dominated by NW–SE-trending faults. There is a 
NE–SW-trending regional strike-slip fault zone in the southeastern 
margin of the basin and there are two sets of faults (NE–SW- and E–W- 
trending) in the northeastern part of the basin (Figs. 3 and 4). 

We carried out 3-D inversion of the gravity data for the region across 
the Chinese Altai Orogen, Junggar Basin, Tianshan Orogen, and Tarim 
Basin using the GeoProbe (V4.0) software developed by the China 
Geological Survey. The defined study area measured ~ 1810 × 1770 km, 
and the target depth range of the Bouguer gravity anomalies extended 
from the surface to an elevation of − 80 km. We chose the size of the 3-D 
grid according to the requirements of the scale of the data, the inversion 
accuracy, and the calculation efficiency. We adopted a spline interpo
lation gridding method during the modelling process, with a total of 
647,920 grid points in the mesh data. We established an initial density 
model based on the measured density variations of the rocks and ores 
(Table 1). 

The 3-D density inversion results reveal the spatial distribution of the 
material density in the Chinese Altai, Junggar Basin, Tianshan Moun
tains, and Tarim Basin (Figs. 5 and 6). The distribution of the litho
spheric structures shown in Figs. 5 and 6 was collated from the faults and 
structures interpreted from the gravity patterns described above and 
those identified and interpreted in Figs. 3 and 4. A total of 23 deep 
regional faults (F1–F23 in Table 2) and numerous other faults were 
identified and are mapped in Fig. 7. The high-density regions are 
consistent with the regions with high Bouguer anomalies (Fig. 2). Ac
cording to the slices at different depths (Fig. 5), the high-density regions 
in the Tianshan Mountains, Chinese Altai, and Junggar areas gradually 
shrink with increasing model depth. The distribution range of the high- 
density areas in the Tarim Basin gradually shrinks with increasing model 
depth, whereas the distribution range of the low-density areas to the 
south of the basin gradually expands. The variation in the density with 
depth is consistent with the variation in the Bouguer gravity anomalies 
with increasing upward continuation height (Fig. 2b–f). 

6. Discussion 

6.1. Crustal characteristics of the Chinese Altai–Junggar Basin area 

The crustal thickness of the southern margin of the Chinese Altai 
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Fig. 3. (a) Second-order derivative in the vertical direction of the Bouguer gravity anomaly map; Processed upward continuation maps for heights of (b) 5 km, (c) 10 
km, (d) 20 km, (e) 40 km, and (f) 60 km (unit: mGal/m2). The regional faults (thick black lines, see Table 2), fault systems (thin black lines), and the Nala
ti–Hongliuhe Suture zone (red line) are also shown. 
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Fig. 4. Signal amplitude of the Bouguer gravity anomaly map (a); Processed upward continuation maps for heights of (b) 5 km, (c) 10 km, (d) 20 km, (e) 40 km, and 
(f) 60 km (unit: mGal/m). The regional faults (thick black lines, see Table 2), fault systems (thin black lines), and the Nalati–Hongliuhe Suture zone (red line) are 
also shown. 
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Fig. 5. (a) Spatial distribution of density obtained from 3-D gravity inversion; 
Density sections at depths of (b) 12 km, (c) 24 km, (d) 36 km, (e) 48 km, and (f) 
64 km. The interpreted faults are those shown in Fig. 3. 

Fig. 6. Sections of 3-D inversion results. (a) Schematic diagram showing the 
locations of the seven N–S sections across the study area; (b–h) distribution of 
material density along sections 1–7, respectively. The surface geology for each 
section is from Fig. 1. 
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varies between ~ 30 and ~ 55 km (Laske et al., 2021; Zhu et al., 2022a). 
There is a partially molten mantle low-resistivity layer at a depth of ~ 
70 km and it is much shallower than the normal depth (Liang et al., 
1999). This indicates the occurrence of tectonic activity in the litho
sphere and the possible existence of multiple tectonic detachment layers 
in this area (Figs. 5 and 6) (Liang et al., 1999). The thick lower crust in 
the Chinese Altai implies that crustal thickening was accompanied by 
the deepening of the Moho to the north and uplift of the upper crust 
(Wang et al., 2004; Laske et al., 2021; Zhu et al., 2022a). The distribu
tion of the ore deposits in the Chinese Altai (Wang et al., 2023a, 2023b) 
reveals that most of these deposits are located on the boundaries be
tween the high Bouguer anomalies in the central part of the Chinese 
Altai and the low anomalies in the southern part, that is, in the steep 
Bouguer gravity anomaly gradient belt (close to F6) (Figs. 2–4) (Zhu 
et al., 2021). This observation is consistent with the results of whole- 
rock Nd and zircon Hf isotope mapping, which have revealed the 
spatial distributions of three types of deposits (Wang et al., 2023a, 
2023b). 

The crustal structure in the Junggar Basin can be divided into several 
parts (Figs. 5 and 6). The General’s Temple area, which is located in the 
central part of the basin, is characterised by high-density materials at 
depth, possibly representing Palaeozoic oceanic crust transformed 
directly into the continental crust during the process of mantle intrusion 
into the lower crust (Figs. 5 and 6). This result is consistent with the 
resistivity cross sections obtained from magnetotelluric data (Xu et al., 
2016, 2020). The basement of the Junggar Basin is shallow in the north 
and deep in the south. There may be a series of nappe structures in the 
area to the north of the General’s Temple, and the strata in the northern 
part of the basin exhibit nappe–thrust structures with south-to-north 
movement. The middle-lower crust and upper mantle in the northern 
Junggar Basin are characterised by high-density materials with a ten
dency to plunge to the north, which is consistent with the northward 
subduction of a palaeo-oceanic slab beneath the lithosphere of the 
Chinese Altai (Figs. 5 and 6) (Xu et al., 2015). The Karamaili tectonic 

zone in the southern part of the basin is considered a Middle Carbonif
erous suture zone between the Siberian and Kazakhstan plates (Li et al., 
1988; Wu et al., 2006). The high-density region that extends southward 
to the northern Tianshan Mountains may represent the lithosphere of the 
ancient Junggar oceanic basin and the northward subduction of the 
Kazakhstan Plate under the Siberian Plate (Figs. 5 and 6) (Liang et al., 
1999; Xu et al., 2015). 

The consistent high-density characteristics of the Junggar Basin 
imply a relatively complete crust–mantle structure (Figs. 5 and 6) (Wang 
et al., 2004). The ancient Junggar oceanic crust may have subducted 
toward the NE and NW under the Siberian Plate and the West Junggar 
block, respectively (Xu et al., 2015). The high-density materials may 
represent the lithosphere of the ancient Junggar Ocean, which extends 
southward below the northern Tianshan Mountains (Figs. 5 and 6). The 
existence of high-density materials on the southern side of the Erqis fault 
may indicate the intrusion of mantle material (e.g., ultramafic materials) 
along this deep lithospheric-scale fault or overlapping and thickening of 
oceanic crust via an intra-oceanic nappe shear (Figs. 5 and 6) (Liang 
et al., 1999). 

The high Bouguer gravity anomalies in West Junggar and the sur
rounding areas indicate that the Junggar orogenic belt is not composed 
of strongly folded and deformed strata but of ophiolite mélange 
(Figs. 2–4) (Tian and Yang, 2015; Yang et al., 2015). Broadband seismic 
observations provide support for NW–SE oriented palaeo-subduction in 
which an oceanic slab became trapped beneath southwestern Junggar 
(Wu et al., 2018). Early Palaeozoic Junggar oceanic crustal material may 
still be retained in the middle and lower crust in the northwestern 
margin of the basin. During the Late Carboniferous, the subduction di
rection of the Junggar oceanic plate toward the Kazakhstan Plate was 
from SSE to NNW. The high density in the Karamay area may be related 
to the occurrence of mafic mantle-derived materials in the lower-middle 
crust, whereas the low density in the Tacheng area may represent the 
presence of thick Mesozoic–Cenozoic sediments (Figs. 5 and 6). 

6.2. Nature of the basement of the Junggar Basin 

The Junggar Basin is characterised by low Bouguer anomalies 
(Figs. 2–4), and the pattern of the anomalies only changes slightly with 
increasing depth. The basin also contains high magnetic anomalies (Zhu 
et al., 2022a). The Junggar Basin has deep Curie point depths (~30–42 
km) in its centre and shallow depths in its western and eastern parts and 
northern margin, and it has a crustal thickness of ~ 40 km (Laske et al., 
2021; Zhu et al., 2022a). The high density in the Karamay area may be 
related to the presence of mafic mantle-derived materials in the lower- 
middle crust. The isotope mapping results of Wang et al. (2023b) 
revealed that the igneous rocks from numerous drill holes in the Junggar 
Basin have primitive isotopic characteristics [εNd(t) = + 2 to + 6; me
dian zircon εHf(t) =+4 to + 9], which are similar to those of the igneous 
rocks around the basin. Nd and Hf isotope mapping and zircon xenocryst 
mapping of the igneous rocks in the eastern and western parts of the 
Junggar orogen have shown no evidence of the existence of a wide
spread ancient continental crustal basement (Zhang et al., 2017; Song 
et al., 2019; Wang et al., 2023a, 2023b). All of the abovementioned 
observations suggest that the basement of the Junggar Basin is 
composed of oceanic crustal materials. 

6.3. Crustal features of the Tianshan Mountains 

Both the deep crust and upper mantle in the Tianshan Mountains 
have low-density anomalies that extend into the basins to the north and 
south of the orogen (Figs. 5 and 6). Large-scale low-density bodies are 
inferred in the uppermost mantle at the contact between the Tarim Basin 
and Tianshan orogenic belt and the contact between the Junggar Basin 
and Tianshan orogenic belt (Figs. 5 and 6). The Moho depth in most 
parts of the Tianshan Mountains is less than 60 km, and the maximum 
value is ~ 62 km according to a deep seismic profile across the Tianshan 

Table 2 
Regional faults and their characteristics based on Bouguer gravity data for the 
Chinese Altai orogen, Junggar Basin, Tianshan Mountains, and Tarim Basin.  

Fault 
name 

Fault strike Characteristics of the gravity field 

NHS ENE–WSW Collision and extrusion belt, accretionary plateau 
contact belt 

F1 NE–SW Gradient variation belt, discontinuity and dislocation 
belt 

F2 NE–SW Gradient variation belt, accretionary complex belt 
F3 S–N Bead-like anomaly belt, discontinuity and dislocation 

belt 
F4 SE–NW Gradient variation belt, collision and extrusion belt 
F5 SE–NW Gradient variation belt, accretionary complex belt 
F6 SE–NW Gradient variation belt, accretionary complex belt 
F7 SE–NW Gradient variation belt, accretionary complex belt 
F8 SSE–NNW Bead-like anomaly belt, accretionary complex belt 
F9 S–N Gradient variation belt, accretionary complex belt 
F10 S–N Gradient variation belt, fault basin junction belt 
F11 SSE–NNW Gradient variation belt, fault basin junction belt 
F12 E–W Gradient variation belt, fault basin junction belt 
F13 SE–NW Gradient variation belt, fault basin junction belt 
F14 E–W Bead-like anomaly belt, subduction complex belt 
F15 E–SSW Bead-like anomaly belt, collision and extrusion belt 
F16 NNE–SSW Bead-like anomaly belt, collision and extrusion belt 
F17 E–NNW Gradient variation belt, collision and extrusion belt 
F18 NE–W Bead-like anomaly belt, discontinuity and dislocation 

belt 
F19 NNE–SSW Gradient variation belt, collision and extrusion belt 
F20 NE–SW Gradient variation belt, accretionary plateau contact 

belt 
F21 SE–NW Bead-like anomaly belt, discontinuity and dislocation 

belt 
F22 SSE–NNW Gradient variation belt, accretionary complex belt 
F23 W–E Gradient variation belt, accretionary complex belt  
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Mountains (Lu et al., 2000). There are no obvious mountain roots 
beneath the Tianshan Mountains, and most of the crust and mantle 
therein correspond to transitional density gradient zones (Figs. 5 and 6) 
(Li et al., 2007). The crust in the Tianshan Mountains is composed of 
blocks (Fig. 6). The discontinuous structure of the crust and mantle 
interface indicates that there have been pronounced differential vertical 
movements between the different parts of the Tianshan Mountains. 
These differential movements may have been caused by the transport of 
lower crustal materials into the uppermost mantle of the Tianshan 
orogenic belt via interlayer insertion/subduction of the Tarim Block 
into/below the Tianshan orogenic belt, as well as subduction of the 
Junggar Block below the Tianshan orogenic belt (Figs. 5 and 6) (Liang 
et al., 1999; Zhao et al., 2004). 

6.4. Nature of the basement of the Tarim Basin 

The crustal thickness in the northern, western, and southern parts of 
the Tarim Basin increases markedly from the centre of the basin to the 
periphery, forming an annular spatial pattern of thick crust surrounding 
the basin (Yin et al., 1998; Xu et al., 2005; Laske et al., 2021; Zhu et al., 
2022a). The crustal thickness in the Tarim Basin is uniform, but the 
individual thicknesses of the middle and upper crusts vary greatly. The 
crustal thickness exhibit an annular spatial pattern, withthinner (~40 
km) crust in the basin and an abrupt increase to ~ 55 km in the area 
surrounding the basin (Figs. 5 and 6) (Laske et al., 2021; Zhu et al., 
2022a), suggesting that the basement and Moho in the central and 
eastern parts of the Tarim Basin were uplifted relative to the other parts. 

The mantle underlying the basin was uplifted in the Early Palaeozoic, 
causing the crust in the basin to become thinner, implying that the 
lithosphere in the Tarim Basin flexed and underwent deformation under 
compression as part of the far-field effects of the Indian–Asian plate 
collision (Zhu et al., 2011; Zhang et al., 2012). The structure of the upper 
mantle below the basin is consistent with the basement structure of the 
basin (Xu et al., 2005). 

The results of zircon geochronological analysis of rocks from out
crops around the Tarim Basin have revealed that the basement of the 
basin is composed of Archaean–Palaeoproterozoic crystalline basement 
and Meso-Neoproterozoic metamorphic basement (Yang et al., 2014). 
These basement rocks exhibit pronounced regional differences in gen
esis and composition (Long et al., 2010b, 2011; Yang et al., 2014). The 
basement in the northern, central, and southern parts of the basin is 
composed of Meso-Neoproterozoic medium- and low-grade meta
morphic rocks, Palaeoproterozoic granites, and Palaeoproterozoic par
agneiss metamorphic rocks, respectively (Hu et al., 2001; Wu et al., 
2012; Yang et al., 2014). The basement in the eastern and southeastern 
parts of the basin is composed of Archaean basaltic granulites and 
migmatites, including Palaeoproterozoic granite bodies, the Qingbaikou 
granites, and Neoproterozoic basalts (Wu et al., 2012; Yang et al., 2014). 

The lithosphere in the Tarim Basin constitutes a rigid block with high 
seismic-wave velocities, high strength, and pervasive deformation. In 
contrast to the crust in the Tarim Basin, the crust in the Junggar Basin 
may not comprise a crystalline basement composed of a high-grade 
metamorphic rock series (Chen and Chen, 2002). 

Fig. 7. Map showing the faults interpreted from the gravity measurements in the Chinese Altai, Junggar Basin, Tianshan Mountains, and Tarim Basin regions. NHS is 
the interpreted Nalati–Hongliuhe Suture zone, and the regional faults are labelled F1–F23. 
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7. Conclusions 

In this study, we investigated the Altai Orogen, Junggar Basin, 
Tianshan Orogen, and Tarim Basin using Bouguer gravity data to reveal 
the presence and distribution of the crustal structures. The Bouguer 
anomalies in the Chinese Altai and Junggar Basin exhibit a NW–SE- 
trending spatial pattern, and those in the Junggar Basin form three E–W- 
oriented high-anomaly belts. The Bouguer anomalies in the western 
Tianshan Mountains present a NW–SE-trending pattern, whereas those 
in the eastern Tianshan Mountains are oriented E–W. In the central 
Tarim Basin, the Bouguer anomalies vary only slightly, and a NNW–SSE- 
oriented Bouguer anomaly gradient belt occurs along ~ 40◦N. 

Gravity and density results suggest the existence of multiple tectonic 
detachment layers in the crust and upper mantle of the Chinese Altai 
Orogen. The basement of the Junggar Basin may be composed of oceanic 
crustal materials, and ancient Junggar oceanic crust may have been 
subducted to the NE and NW under the Siberian Plate and the West 
Junggar Block, respectively. There is no evidence of mountain roots in 
the crust in the Tianshan Mountains. The inferred low density of the 
lower crust and upper mantle in the Tianshan Mountains implies that 
lower-crustal materials may have been incorporated into the uppermost 
mantle beneath this orogen. The basement of the Tarim Basin is 
composed of Archaean–Palaeoproterozoic crystalline basement and 
Meso-Neoproterozoic metamorphic basement. Overall, our findings 
based on Bouguer gravity and material density data provide important 
insights into the deep crustal structures and tectonic evolution of the 
southwestern CAOB. 
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