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The West Qinling Orogenic Belt (WQOB) in central China records the tectonic
evolution and deep geodynamics process associated with plate collision on
the northeastern margin of the Qinghai–Tibet Plateau. The study of the
deep–seated West Qinling structure is beneficial for revealing the evolution
of the West Qinling crust during the continental collision orogeny, and also
has significance for mineral exploration. In this study, the crustal structure and
the distribution of major faults in the West Qinling Orogen are calculated by
processing geophysical aeromagnetic and ground gravity data. The density and
magnetic susceptibility differences between the West Qinling crust and the
upper mantle are calculated by fitting, and the depth and trend of the faults
related are inferred from the gravity and magnetic inversion results. Due to
the overall subduction of the lower crust of the Ruoergai to the West Qinling
Orogenic Belt, the structural deformation within the West Qinling is strong,
and the geophysical magnetic field and gravity field are suddenly changed. It
is indicated that the formation of the Diebu–Sanhe fault may have a strong
correlation with the Mianlue suture zone, and their intersection may penetrate
into the lower crust at a depth of about 50 km or more. The West Qinling
structure represents important conduits for migrating magmatic–derived
hydrothermal fluids. During the continental collision, the West Qinling major
faults provided hydrothermal migration channels for ore–forming materials in
different tectonic periods. Meanwhile, multiple the geological activities led to
the formation of mineral deposits related to magmatic hydrothermal fluids.
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1 Introduction

The Qinling Orogenic Belt (QOB) is located between the North China Block (NCB)
and South China Block (SCB), and it is interpreted to have formed by the collision
between blocks (Figure 1A). Several studies have obtained the collision model of the
Qinling Orogenic Belt between the North China Block and South China Block (Bader et al.,
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2013a; Bader et al., 2013b; Dong et al., 2013; Li et al., 2015;
Ratschbacher et al., 2006; Ratschbacher et al., 2003). The QOB was
formed by the subduction and collision between the southern and
northern continental blocks during the Early Paleozoic–Triassic.
Since then, the Central China Orogenic Belt was overprinted by the
Mesozoic to Cenozoic intracontinental orogenic events, resulting
in a prominent north and south division of geology. The QOB
records subduction orogeny along the Paleozoic Shangdan and
Triassic Mianlue sutures, and Mesozoic intracontinental orogenesis.
Investigations during the past decades have established the Mianlue
suture in the southernmargin of theQOB,which separates the South
Qinling Block (SQB) from the SCB (Dong et al., 2022; Dong et al.,
2014; Dong et al., 1999; Xu et al., 2002). The Shangdan suture is
represented by a series of early Paleozoic ophiolitic melanges
that include ophiolites, and subduction–related volcanic and
sedimentary rocks, marking the main tectonic boundary between
the North Qinling Belt (NQB) (Dong et al., 2011a; Dong et al.,
2011b; Sun et al., 2022; Sun et al., 2019a; Sun et al., 2019b). Based on
the comprehensive study of geology, geochemistry, geochronology
and metallogeny of the Qinling Orogenic Belt and its adjacent areas,
predecessors have drawn inferences and conclusions 1B) (Dong
and Santosh, 2016; Dong et al., 2021). The specific viewpoints
are summarized as follows. Firstly, the Qinling Orogenic Belt is
a composite orogenic belt mainly formed by four accretions and
collisions between discrete continental blocks, such as NCB, NQB,
and SCB. There were two stages of subduction between NQB and
SQB in the early Paleozoic and late Paleozoic. The Early Paleozoic
orogeny was a typical ocean–continent northward subduction. The
subduction and consumption of the Shangdan oceanic lithosphere
during Early Devonian was succeeded by continent–continent
subduction, when the SQB micro–continent subducted underneath
the North Qinling Terrane (NQT) from Middle Devonian to Early
Triassic. Secondly, the Triassic collisional orogeny occurred between
the South Qinling Block and South China Block along the Mianlue
suture. After the collision, the whole Qinling Orogenic Belt evolved
into an intra–continental orogen. These multiple orogenies finally
resulted in the present complex mineralization, the genetic types,
spatial distribution andmetallogenic epochs. During theHercynian,
sedimentary iron deposits were mainly developed in the WQOB,
with relatively small tonnages and scattered distribution. During
the Indosinian to Yanshanian, large and medium sized shallow
medium–low temperature hydrothermal gold deposits were widely
developed in theWQOB.The typical examples include the Zaozigou
andDashui gold deposit.There are still some controversies about the
composition of the Qinling Orogenic Belt. For instance, the tectonic
affinity of the NQT is the nucleus of the NQB and the correlation
between the NQT, SQB and NCB has remained controversial (Dong
and Santosh, 2016; Li et al., 2023; Wang et al., 2023). Some research
results indicate that the Qinling Complex represents the high–grade
metamorphic basement of the NQB and the nucleus of the NQT and
is interpreted as a discrete Precambrian terrane separated from the
NCB by the Kuanping suture (Dong et al., 2014; Sun et al., 2022).
The NQT was originally the southern part of the NCB, and was
split from the Southern NCB since the spreading of the Paleozoic
Erlangping back–arc Basin or the Kuanping Proterozoic back–arc
Basin (Meng and Zhang, 1999; Dong et al., 2011a; Dong et al.,
2011b; Dong et al., 2008). The focus is the important role of the
deep–seated structure of the West Qinling Orogenic Belt in the

hydrothermal metallogenic system, and the multiple orogenic
geological evolution process of the entire West Qinling orogenic
region is one of the important parts of the research that cause the
current geological framework (Figure 1). We make the above brief
overview on the basis of the existing tectonic research results.

The West Qinling Orogenic belt is connected to the west by the
Qilian Kunlun Orogenic belt, forming the southern boundary of the
northeastern margin of the Qinghai–Tibet Plateau (QTP) (He et al.,
2017; Yang H. Q. et al., 2022). Due to the importance of the unique
geographical location of the WQOB, more studies have been carried
out on the provenance and tectonic significance, tectonic evolution
and tectonic significance of the ophiolite complexes and island
arc rocks, and sedimentary rocks in the WQOB (Wu et al., 2014;
Yang et al., 2018; Xiao et al., 2022). In the past, geophysical deep
seismic reflection profiles or broadband magnetotelluric data were
used to study the WQOB (Gao et al., 2014; Wang et al., 2014;
Xue et al., 2019; Liu et al., 2021b). There is little research on the
deep–seated crustal structure and shallow ore–forming rock masses
in the WQOB based on gravity and magnetic methods. Especially
after several decades of aeromagnetic surveys, the measured data
now cover nearly the entire Chinese continent and part of the China
Sea. The interpretation of supplementary gravity and magnetic
data, as an important part of geophysics, helps to increase the
understanding of the deep–seated structural system of WQOB.
Combined with the results of gravity modeling, calculating the
depth of the Curie point based on airborne magnetic data can
provide effective information for studying deep magma chamber
(Mohamed et al., 2022a).The gold deposits in theWQOB aremainly
divided into orogenic, Carlin type and Carlin–like type (Liu et al.,
2015a; Mao et al., 2002). Moreover, research results indicate that
the West Qinling metallogenic belt has potential for mineral
resources, with an estimated amount of Au resources exceeding
2000t (Weng et al., 2023). In the exploration process of metal mines,
it is important to detect the tilt direction of deep buried rock
masses and their edges through gravity andmagneticmeasurements.
The aeromagnetic data is significant in mineral exploration since
they are useful for the discovery of the structure (Mohamed et al.,
2022b). Using the high–precision aeromagnetic data from the West
Qinling, the characteristics of metalliferous deposits or ore–bearing
geological bodies can be obtained by 2Dor 3D forward and inversion
calculations under well constrained conditions. In several ore bodies
prospecting predictions, the interactive inversion technique on
profile of gravity and magnetic anomalies has been successfully
applied to infer the depth and attitude of deeply buried ore bodies
(Fan et al., 2014; Xiong et al., 2016; Li et al., 2020).

In this contribution, based on geophysical gravity and magnetic
data, we analyze the characteristics of gravity and magnetic
anomalies in the research area of the West Qinling, and measure
the magnetism and density of rocks and ore samples. Boundary
recognition methods are used to infer the distribution of faults,
and 3D gravity and magnetic inversion methods are used to
understand the overall distribution of regional physical properties.
Importantly, interactive inversion of gravity andmagnetic anomalies
is used for the key profile, with an aim to restore the deep
structure of the WQOB as possible. Finally, based on the
investigation of the mineral deposits, as well as the inversion
calculation of ore–forming rock masses, deep faults, magnetic
basement, crustal structure, we discuss the important role of the
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FIGURE 1
(A) Topographic simplified tectonic map showing the outline of the Central China Orogenic Belt (CCOB) where the QOB is located and related tectonic
units (The DEM background was downloaded from https://www.ncei.noaa.gov, and modified from Dong et al., 2021). (B) Schematic cartoon for
tectonic evolutionary history of the QOB (modified from Dong et al., 2021). NCB: North China Block, SCB: South China Block, SQB: South Qinling
Belts, NQT: North Qinling Terrane.

WQOB as deep–seated structures of a hydrothermal minerals
plumbing systems.

2 Geological setting and sampling

The location of the study area is located in the dashed line box
in Figure 2. It mainly includes Ruoergai Basin, WQOB and South
Qilian Orogenic Belt. The Songpan block in the northeastern QTP

located at the junction of the EW and NS trending tectonic belts has
affected the formation and evolution of the Chinese continent since
Mesozoic and is a tectonic node in the central part of the Chinese
continent. The predecessors have studied the Tangke–Hezuo deep
seismic reflection profile AC, revealing the relationship between
the Songpan block and the WQOB (Gao et al., 2014). However, to
characterize the complicated deep–seated tectonic structure of the
crust and upper mantle in the region and discuss the systems of
hydrothermal minerals and mineralization processes, it is necessary
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FIGURE 2
Geological map of the West Qinling research area and survey lines (modified from the geological and mineral map of Qinling metallogenic belt and
adjacent areas, 1:500000). Gravity and magnetic survey lines conducted in this study. Seismic lines shown on map are sourced from Gao et al., 2014.

to conduct research based on high resolution gravity and magnetic
data. In this study, we performed the first gravity and magnetic
anomaly profile fitting inversion experiment across the northern
margin of the Songpan block, the WQOB and the southern Qilian
Orogenic Belt (profile AB in Figure 2). This profile provides us high
resolution images of the lithospheric structure across the WQOB.

The Qinling Orogen located between the North China and
the Yangtze cratons is a composite orogen generated by two

tectonic cycles of ocean basin opening, ocean crust subduction, and
continental collision. The first cycle from Ordovician to Devonian
and the later from Permian to Triassic. It is generally believed that
the early continental collision resulted in the Shangdan suture in
the north, and the later resulted in the A’nyemaqen–Mianlue suture
in the south (Dong et al., 2011b; Dong and Santosh, 2016). The
area is widely covered with Triassic strata and has a large number
of mineral resources, such as zinc, lead, gold, silver and copper,
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etc. There are debates about the mineralization mechanism and
its geodynamic control. Some research evidences indicate that the
ore–forming fluids and metals may originate from post–collision
metamorphism and magmatism in the WQOB. (Yu et al., 2020a;
Hu et al., 2020; Wang et al., 2020; Ma et al., 2021). At present, it is
generally considered that the WQOB has undergone multi–stage
merging processes from the Proterozoic to late Mesozoic in the
South China Block and North China Block. The magmatic activities
are widely developed from the basement of the early Precambrian
to the Mesozoic intracontinental orogenic tectonic evolution stage
(Qiu and Deng, 2017; Qiu et al., 2021; Zhang et al., 2021). The
A’nimaqen–Mianlue suture zone consists of Cambrian–Ordovician
and Carboniferous–Early Permian ophiolitic blocks within a
matrix of Lower to Middle Triassic flysch and represents the
northeasternmost branch of the Paleo–Tethyan Ocean (Guo et al.,
2007; Yan et al., 2020). In particular, several Triassic granite bodies
intruded into the Paleozoic–Triassic A’nimaqen–Mianlue suture
zone and are widely exposed due to erosion (Yu et al., 2020b).

Measuring the density (Table 1) and susceptibility (Table 2) of
typical lithology of strata, intrusive rocks and ores in the WQOB area
canreduce themultiplicityof inverseproblemsandeffectivelyestablish
a reasonable geological–physical model. The samples for density and
magnetic susceptibility in the tables were collected and measured by
our research team in the field. In the process of collecting surface rock
samples,we try to ensure that all types of rocks are included asmuchas
possible. We found that the density of sedimentary rocks is relatively
low, with an average variation range of 2.51–2.68 g/cm3, and the
density of metamorphic rocks varies greatly, with an average value of
2.64 g/cm3.Thedensityvalueof intrusiverockgenerally increases from
acidic to basic, and the average density value of quartz diorite reaches
2.85 g/cm3. Most sedimentary rocks in the area are nonmagnetic
or weakly magnetic, with an average magnetic susceptibility of
about 50×10−5 SI. However, the magnetic susceptibility of intrusive
rocks generally increases gradually from acidic to ultrabasic, and the
magnetic susceptibility of basic and ultrabasic intrusive rocks is the
strongest, and the magnetic susceptibility of pyroxene diorite reaches
6334×10−5 SI. The ore is mainly magnetite and magnetite bearing
Au–Cu ore, of which the magnetic susceptibility of magnetite is the
highest in the region.

3 Boundary identification and results

3.1 Characteristics of gravity and magnetic
anomalies

The research data are 1:50000 aeromagnetic survey results and
1:500000 ground Bouguer gravity data. We use the reduction to the
pole of aeromagnetic to study and analyze the deep–seated structure
of the WQOB. The West Qinling is a large area of low magnetic
anomaly quiet area. The amplitude of magnetic anomaly in the
Ruoergai Basin on the south side of theWQOB is relatively high, and
the amplitude ofmagnetic anomaly in theA’nyemaqen suture zone is
slightly higher than that in the south (Figure 3A). In particularly, the
southern edge of the WQOB has an obvious high magnetic banded
anomaly in theNWdirection.TheNWhighmagnetic anomalies are
mainly in the north edge of the West Qinling to the Qilian Orogenic
Belt, and there are many high and low anomaly conversion areas.

The scattered cluster high magnetic anomalies are consistent with
the location of volcanic and intrusive rocks exposed on the surface.
The magnetic anomaly amplitude of profile AB magnetic anomaly
is—48.8 nT∼159.1 nT, with the highest point at the northernmost
end of the survey line and the lowest value at the southern edge of
the Qilian Orogenic Belt.

The QTP is the negative anomaly area with the lowest gravity
anomaly value in China (Figure 3B). The northeast of the QTP is
bounded by a huge gravity gradient belt. In the region, the gravity
anomaly value increases gradually from southwest to northeast, and
the gravity anomaly at profile AB also increases from south to north.
There are obvious changes at themain faults and both sides, with the
amplitude—386.2 mGal ∼−253.0 mGal. These gravity anomalies are
related to widely exposed magmatic and metamorphic rocks.

3.2 Boundary detection for gravity and
magnetic potential field

The first vertical derivative of gravity anomalies and magnetic
anomalies can enhance the gravity and magnetic effects of
shallow near–surface geological bodies and suppress the influence
of deep regional background field (Figures 4A, C). The first
horizontal derivative of gravity anomaly and magnetic anomaly
along the horizontal 45° direction focus on the shallow near–surface
geological body, which has a good identification for the geological
structure line perpendicular to this direction, and is also a sufficient
basis for the division of secondary fault zone (Figures 4B, D).
Generally, the total gradient mode of magnetic anomaly has a
good correspondence with the shallow boundary (Figure 4E). The
tilt derivative of magnetic anomaly and the horizontal gradient of
tilt derivative of magnetic anomaly have the effect of enhancing
boundary recognition (Figures 4F, G). There are still clear traces
when the deep and large faults extend upward for 0.5–20 km
(Figure 4H–L). Based on the above results, gravity edge detection
lines reflect the boundary of density difference, while aeromagnetic
edge detection lines reflect the boundary of geological body with
magnetic difference. In order to better identify hidden faults, it is
necessary to carry out comprehensive comparative analysis with
known fault structures at different scales.

3.3 Multi–scale edge detection of gravity
and magnetic fields

Through comparative experiments and practical applications,
it is recognized that multi–scale edge detection method can more
accurately extract model boundaries and is more suitable for
structural information recognition and extraction (Hornby et al.,
1999). Multi–scale edge detection applied to gravity and magnetic
data is helpful to aid the interpretation of basement structure (Austin
and Blenkinsop, 2008; Hackney et al., 2015). The detection results
of different extension heights are superimposed, and different color
line types are used to represent the boundaries of geological bodies
with different depths or scales. The calculated results can also
qualitatively indicate the development depth and dip characteristics
of the structure. The denser the pencil of lines, the steeper the
occurrence of the boundary structure development and the larger
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TABLE 1 Statistical measurements of density of typical rock in West Qinling research area.

Rock type Number of
samples

Density δ (g/cm3)

Range Average

Sedimentary rock

Sandstone 435 2.35–2.82 2.62

Carbonate rock,
limestone, dolomite

388 2.44–2.82 2.68

Mudstone 4 2.38–2.58 2.51

Metamorphic rock Quartzite 24 2.47–2.70 2.64

Intrusive rock

Monzonitic granite 70 2.54–2.77 2.62

Granodiorite 106 2.56–2.88 2.66

Quartz diorite 64 2.70–3.02 2.85

Diorite 43 2.60–2.95 2.76

Serpentinite 32 2.58–2.75 2.65

Bold values emphasize that the average density or magnetic susceptibility of this type of rock is the highest.

the dip angle. On the contrary, the sparser the pencil of lines, the
slower the structural dip angle changes.

The results ofmulti–scale edge detection calculation using gravity
and magnetic data can effectively identify a series of geological faults,
including deep buried faults in the structural belt (Figure 5). Inwhich,
the boundary identification results of aeromagnetic data are consistent
with the Shangdan ophiolite tectonic melange belt, namely, the West
Qinling fault (Figure 5A). In particularly, according to the magnetic
difference, the spatial position of Diebu–Sanhe fault is consistent with
themulti–scale edgedetection results, and it seems to indicate that this
fault has the possibility of extending to the depth. On the other hand,
the boundary recognition result of gravity data calculation shows that
the density difference between the two sides of theMaqu–Tazang fault
is large (Figure 5B), which is consistent with the division of Mianlue
tectonicmelangebelt recognizedbygeology.Theresults ofmulti–scale
edgedetection also show the locationof other secondary faults, such as
Gahai North–Guanting fault, Hezuo–Min county–Dangchang fault.

4 Inversion of gravity and magnetic
data

4.1 Three–dimensional inversion of gravity
and magnetic data

The three–dimensional density and magnetic susceptibility
physical property distribution of the region helps to infer the
deep–seated structure of theWQOB. Firstly, the gravity andmagnetic
data is filtered by Butterworth band–pass filter (10 km–200 km)
to calculate the residual anomaly, and then the three–dimensional
inversion method under the regularization constraint is adopted (Li
and Oldenburg, 1998; Li and Oldenburg, 1996). According to the
research purpose, the inversion depth range is determined from the
surface to the underground 60 km. The mesh generation scheme is

200×400×50, the horizontal grid spacing is 1 km, and the vertical
grid spacing is increased from 0.1 km to 5 km. Finally, the 3D density
distribution characteristics of ∼50 km (Figure 6) and the magnetic
susceptibility distribution characteristics of ∼30 km (Figure 7) are
calculated through iterative operation.

Bouguer gravity anomaly includes regional component
reflecting deep crustal information and local residual component
reflecting shallow crustal information.The general trend of Bouguer
gravity anomaly is a reflection of deep crustal structure. The 3D
gravity inversion results indicate that the deep density of the
Ruoergai Basin is relatively high, but the density at the A’nyemaqen
suture zone drops suddenly, and then gradually rises again after
entering the QOB. There are low density areas in local areas. The
northern margin of the WQOB is low density, and then it enters
the Qilian Orogenic Belt and rapidly uplifts, and there is a sharp
transformation of high and low density. The 3D magnetic inversion
results show that the A’nyemaqen suture zone and the southern part
of the WQOB have strong ferromagnetism, while the deep part of
the northern edge of the WQOB has weak ferromagnetism. The
main susceptibility features of the Qilian Orogenic Belt are local
superimposed blocky and needle pattern anomalies. The magnetic
susceptibility under the Qilian Orogenic Belt changes sharply, and
the residual magnetic susceptibility can reach 2000 × 10−5 SI.

4.2 Interactive inversion of gravity and
magnetic anomalies

Here we apply an interactive inversion technique on gravity
and magnetic anomalies to study the deep geological structure of
the West Qinling along Tangke–linxia (profile AB in Figure 2).
Interactive inversion technologies of gravity and magnetic anomalies
along the undulating terrain profile is generally expressed in 2.5 D.
The core process is that gravity and magnetic anomalies are
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TABLE 2 Measured statistical value of typical lithological magnetic susceptibility of each stratum, intrusive rock and ore in West Qinling research area.

Stratigraphic unit Lithology Number of
sampling sites

Number of
samples

Magnetic susceptibility (×10−5 SI)

Minimum Maximum Average

Neogene and Paleogene Sandstone and
conglomerate

8 240 1 58 16

Cretaceous

Sandstone and
conglomerate

9 270 0 61 13

Basalt 6 180 289 5,134 1815

Jurassic

Andesite 2 60 57 310 137

Basalt andesite 1 30 219 1,283 565

Basaltic tuff 1 30 148 464 261

Olivine basalt 2 60 1,114 6055 3,098

Triassic

Conglomerate, sandstone
and mudstone

29 870 0 69 19

Tuff 1 35 2152 4,317 2938

Andesite 5 150 10 1,309 202

Volcanic breccia 1 30 493 2130 1,221

Permian

Limestone 6 180 0 48 7

Marble 1 30 3 45 12

Skarn 1 30 11 55 34

Carboniferous Hornfelized sandstone 3 90 10 5,029 1,350

Devonian Sandstone 4 120 0 26 10

Silurian Slate and schist 8 240 0 113 27

Ordovician Limestone 1 30 0 5 1

Cambrian Slate 1 30 11 32 20

Yanshanian intrusive rock Granodiorite and quartz
diorite

12 360 0 1,566 78

Indosinian intrusive rock

Granodiorite,
granodiorite porphyry

12 360 0 422 24

Diorite and diorite
porphyrite

5 150 0 3,936 320

Caledonian intrusive rock
Diorite 3 90 0 4,961 667

Pyroxene diorite 1 30 2518 9,143 6334

Mineral

Magnetite 1 35 63046 171000 143201

Magnetite bearing copper
ore

1 30 339 7,400 1749

Bold values emphasize that the average density or magnetic susceptibility of this type of rock is the highest.
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FIGURE 3
The RTP (reduction to the pole) aeromagnetic and Bouguer gravity anomalies in the West Qinling area. (A) The RTP aeromagnetic anomaly. (B) The
Bouguer gravity anomaly.

calculated on the horizontal prism polygon model based on known
geological structures, physical property data and semi–quantitative
interpretation. After that, continue to adjust the model parameters
until thecalculatedvalueofgravityandmagneticanomaly is consistent
with the measured value of gravity and magnetic anomaly. Finally, we
can obtain important information such as deep–seated structure, fault
and metallogenic belt of the West Qinling Orogenic Belt (Figure 8).

The Curie depth in the results is calculated from aeromagnetic
data. The Curie depth calculation method adopted in this article is
the frequency domain high-order derivative power spectrummethod
(Spector and Grant, 1970), and is specifically implemented using the
software GeoProbe 2.0. The depth and stratigraphic boundary of the
Moho are mostly depended on the seismic reflection interface, with
a depth of about 50 km. Below the Mianlue ophiolitic melange belt
and the WQOB, the middle and lower crust are slightly uplifted. In
addition, the overall density value of this region is relatively high. In
the process of fitting the gravity and magnetic profile, the density of
the uppermantle reaches 3.20 g/cm3.The density of the lower crust in
the Ruoergai Basin is 2.94 g/cm3, and the density of the lower crust in
the A’nyemaqen suture zone and the Linxia–Qinling transition zone

is 2.9 g/cm3.Themaximumdensity of the lower crust is located in the
north of the section.

The upper crust includes magnetic basement and its overlying
weakmagnetic strata.There are strongmagnetic ore–forming rocks,
intermediate–acid volcanic rocks and intermediate–basic volcanic
rocks in some areas. The magnetic susceptibility of the upper crust
magnetic basement at fault F4 ∼ F5 is low, with a value of 20×10−5

SI. The magnetic susceptibility of the deep magnetic body at fault
F5 ∼ F6 is the lowest, with a value of 10×10−5 SI. The magnetic
susceptibility of deep magnetic body between Tangke and fault
F1 is 1,200×10−5 SI. Ordovician intermediate–basic volcanic rocks
exposed in the shallow part of the northernmost section, with
a magnetic susceptibility value of 1,400×10−5 SI. The magnetic
susceptibility of medium acid granodiorite between fault F5 and F6
is 40×10−5 SI ∼ 800×10−5 SI.

The initial geology model is built on the basis of cross sections
(profileAB in Figure 2). Based on the range of physical properties for
rocks and ores in the WQOB, we can get these physical parameters
for modeling (Table 3). The parameters listed indicate that covers in
the upper crustal non–magnetic or weakly magnetic. The magnetic
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FIGURE 4
Bouguer Gravity and the RTP magnetic potential field separation. (A) The first vertical derivative of gravity anomaly. (B) The first horizontal derivative of
gravity anomaly (45°). (C) The first vertical derivative of magnetic anomaly. (D) The first horizontal derivative of magnetic anomaly (45°). (E) The total
gradient mode of magnetic anomaly. (F) The tilt derivative of magnetic anomaly. (G) The horizontal gradient of tilt derivative of magnetic anomaly
(H–L) The RTP magnetic anomaly Upward continuation 0.5 km, 1 km, 5 km, 10 km, 20 km.

distribution of the magnetic basement in the upper crust is uneven
and varies greatly. The lower crust and mantle are nonmagnetic,
while the magnetic rock mass in the upper crust is the main factor
causing local magnetic anomalies, especially the ferromagnetic
ore–forming rock mass near the surface. The density change of
the crust from top to bottom is relatively continuous, from small
to large. The overall change trend of gravity anomaly is mainly
caused by the horizontal direction density change of the lower
crust and the fluctuation of the upper and lower crust interface.
The rapid decline of gravity anomaly in local areas is caused by

fault zone. In particular, the strength and the center position of
magnetic anomaly significantly also depend on the shapes of iron
bodies. To obtain the best results, we corrected the models of the
rock mass bodies constantly, until the residual anomaly between
aeromagnetic fitting curve and themeasured curve is the minimum.
The relative theoretical parameters indicate that the strength and
the center position of gravity anomaly also depend on shapes of the
models. Similarly, we can get the least residual anomaly between
gravity fitting curve and the measured curve by revising the shapes
of every model constantly. Consequently, when both the gravity and
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FIGURE 5
(A) Multi–scale edge detection results of aeromagnetic anomaly data. (B) Multi–scale edge detection results of Bouguer gravity anomaly data.
Geological inferred fault: 1) Shangdan ophiolite tectonic melange belt, West Qinling (Linxia South–Wushan) fault. 2) Mianlue tectonic melange belt,
Maqu–Tazang fault. 3) Hezuo–Min county–Dangchang fault. 4) Gahai North–Guanting fault. 5) Diebu–Sanhe (Bailongjiang) fault. 6) Minjiang fault. 7)
Malong–Gucheng fault. 8) Ningmute–Luqu fault assemblage. 9) Longwu River fault.

FIGURE 6
Three–dimensional structure of residual density (value >0.02 g/cm3).
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FIGURE 7
Three–dimensional structure of magnetic susceptibility (value >100×10−5 SI).

aeromagnetic residual anomalies are the least, we can obtain the final
model for West Qinling Orogenic Belt.

5 Discussion

5.1 Characteristics of deep–seated
structures in the west Qinling orogenic belt

We processed the gravity and magnetic data, and the results
revealed the fine lithosphere structure of the northern margin of the
Songpan block and the West Qinling Orogenic Belt, South Qilian
Orogenic Belt. The research results show that the depth of Curie
depth gradually rises from south to north, rising from a depth
of about 40 km in the Ruoergai Basin on the north side of the
profile to the shallowest of 20 km in the middle Qinling. There
is a significant difference in Curie depth between the north and
south sides of the Mianlue suture. According to the simulation
results of density and magnetic susceptibility, the crust of the
WQOB is thick, and the magnetic susceptibility in the upper crust
is weak. The structure of the WQOB obtained based on gravity
and magnetic data is consistent with the deep seismic reflection
results (Gao et al., 2014;Wang et al., 2014; Liu W. et al., 2021), which
indicates that the West Qinling underwent intensive extension
after collisional orogeny. Recent studies have confirmed that the
magmatism in the West Qinling is interpreted as products related
to ocean subduction and continental collision, and the addition of
mantle–derived magmas to the continental crust ocean subduction
process played an important role in crustal growth (Kong et al.,
2019; Liu H. N. et al., 2021). More importantly, the distribution of
large–scale deep fault tectonic framework can be inferred through
cross inversion profile fitting of gravity and magnetic anomalies,
such asMianlue structure, Shangdan structure.The inversion results
indicate that the Diebu–Sanhe fault may intersect with the Mianlue

suture zone in the lower crust, with a depth of about 50 km or more
at the intersection, and its correlation with the Mianlue structure is
worth further research.

5.2 Systems of hydrothermal minerals and
mineralization processes

Based on the geophysical gravity and magnetic results of
the deep–seated structure of the West Qinling, we focus on the
mineralization processes related to the deposits, and describe the
deep–seated tectonic hydrothermalmineral pipelining systemsmodel
of the West Qinling Orogenic belt (Figure 9A). The interactions
between various interconnected magma reservoirs are widespread in
West Qinling beneath the magmatic plumbing system, with multiple
magmatic processes, and mineralization is likely genetically tied to
magmatism (Song et al., 2023; Ma et al., 2024; Zhang et al., 2024).
At present, three genetic models of Mesozoic gold mineralization
have been proposed in the West Qinling Orogen (Guo et al., 2023).
One model invokes a metal source from the metamorphism of
crustal rocks during a regional thermal event resulting from the
collision between theYangtze and theNorthChina cratons (Qiu et al.,
2020; Yu et al., 2020b). The second model argues that the origin of
gold deposits is intrusion–related and that the metals are derived
from magmatic–hydrothermal fluids (Sui et al., 2020; Sui et al., 2017;
Jin et al., 2017). The last model favors Carlin–like gold deposits and
considersmetal sources frommagmatic and sedimentary rocks (Chen
and Santosh, 2014; Liu et al., 2015a; Du et al., 2021b). This article
takes some typical mineral deposits as the objects of analysis and
discussion. The locations of these mineral deposits are distributed
within the WQOB (Figure 9B). The Zaozigou and Dashui are
considered Carlin–like gold deposits, and their formation is closely
related to magmatic fluids. The ore–forming hydrothermal fluid of
Carlin type gold deposits in the West Qinling is mainly magmatic
water, with the participation of metamorphic water and atmospheric

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1408099
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Fan et al. 10.3389/feart.2024.1408099

FIGURE 8
The results of interactive inversion on gravity and aeromagnetic anomalies along Tangke–Linxia (profile AB). (A) Fitting results of aeromagnetic anomaly
curve values. (B) Fitting results of gravity anomaly curve values. (C) Inferred geological section based on inversion results.

precipitation. The Zaozigou gold deposit is associated with multiple
magmatic hydrothermal activities (Du et al., 2021b; Hu et al., 2021;
Hu et al., 2022), and it can be considered as a shallow–seated, distal
product of a reduced intrusion–related gold system. Isotopes indicate
that the ore–forming fluids are likely a mixture of magmatic fluids
exsolved from a reduced magma or a mixture of such a fluid with
metamorphic–derived fluids devolatized from Paleozoic sedimentary
sequenceunderlain by the ore–hostingTriassic strata (Sui et al., 2020).
Laerma is considered as a Carlin type gold deposit, which is in the
background of collision Orogenic belt compression structure. The
formationof theLaermadeposit iscloselyrelatedtothemeteoricorigin
fluid, andsomeof it is alsoaddedbymagmaticwater andmetamorphic
water (Liu et al., 2015b; Deng and Wang, 2016). Synthesis of regional
geologic and geochemical data on granitic intrusions and ore deposits

suggests that theLaodouisareducedintrusion–relatedAudeposit, and
hydrothermal fluid components were largely derived from magmas
representedbythequartzdiorite(Jin et al.,2017).TheDewuluhasbeen
recognized as a sediment–and magmatic–hosted sheeted vein–type
reduced Au–Cu skarn deposit, which is associated with reduced felsic
to intermediate intrusions emplaced during early to middle Triassic
(Sui et al., 2017).

In addition, the formation process of ore deposits related
to Mesozoic fluid process are briefly summarized as follows. In
the initial stage of mineralization, the late Paleozoic sedimentary
mineralization superimposed shallow Metamorphism and
hydrothermal process. Seafloor hydrothermal eruptions led to
the formation of deposits containing gold. Following Indosinian
to Yanshanian hydrothermal transformation, layer–controlled
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TABLE 3 Physical properties of rocks and ores on gravity and aeromagnetic inversion along Tangke–Linxia (profile AB).

Name Density δ (g/cm3) Susceptibility κ (×10−5

SI)

Physical properties in the crust

Weakly magnetic stratigraphic 2.62–2.69 0–300

Magnetic basement 2.62–2.70 24–1,500

Lower crust 2.90–3.03 0

Physical properties in the mantle Upper mantle 3.20 0

Rock mass

Ferromagnetic metallogenic rock
mass

2.64–2.68 250–500

Intermediate basic volcanic rocks 2.65 1750

Intermediate acid granodiorite 2.65–2.70 50–1,000

Medium basic intrusive rock 2.68 600

mineral deposits were ultimately formed. The superimposition
of late magmatic intrusion or hydrothermal activation on marine
volcanic sedimentary mineralization, resulting in reconstructed
mineralization. In the second stage of mineralization, Mesozoic
magmatic activity was associated with the widespread occurrence of
iron, copper, gold, silver and other minerals in the Triassic system
of West Qinling. Early to Middle Triassic marine volcanism–related
deposits exhibit mineralization in marine volcanic sedimentary
environments, and Late Triassic continental volcanism–related
deposits are found in the western section of the Upper Triassic
West Qinling. The iron, copper, gold and other mineral deposits
are associated with the intrusion of acidic magma during the
Triassic–Jurassic. As a result of the Indosinian movement in the
Middle and Late Triassic, subduction and northward collision of
the Qinling Plate occurred, leading to comprehensive uplift into
landmasses. The magmatic activity persisted in localized regions
until the early Yanshanian. The initial ore–forming fluid originated
from magmatic water, while the later ore–forming fluid was a mixed
solution of rock slurry water and atmospheric precipitation. After
Triassic, intense intracontinental subduction occurred due to active
intracontinental orogeny. The thermodynamic heating associated
with tectonic andmagmatic activity drives the convective circulation
of atmospheric precipitation, causing ore–forming components in
geological formations to migrate towards favorable tectonic settings
for precipitation and mineralization (Lu et al., 2020; Xing et al.,
2020; Du et al., 2021a; He et al., 2021; Yang X. Y. et al., 2022).

In summary, the geophysical inversion of deep–seated sturture
in the West Qinling provide evidences for the opinion that metals
originate from magmatic hydrothermal fluids. We support that
the West Qinling structure represents important conduits for
migrating magmatic–derived hydrothermal fluids. The gold, iron,
and copper deposits in the study area are mainly distributed on
both sides of inferred faults. The spatial distribution of gold deposits
exhibits structural ore–control regularities, which are all controlled
by structural systems and deep–seated fault structural belts of
orders. At the end of Indosinian, with the closure of Mianlue
Ocean, the tectonic setting of the West Qinling changed from
oceanic subduction to continental collision.The lithosphere thermal

anomaly caused by crustal thinning due to oceanic subduction
is likely to provide heat source for hydrothermal activities in the
WQOB. Accompanied by magmatic activity, it provides heat and
material sources for mineralization. Regional magmatic activity
also plays an important role in mineralization. The intrusion of
granite can cause anomalies in local geothermal fields, providing
a heat source for the mineralization of the intrusion–related
gold deposits.

6 Conclusion

Based on the gravity and magnetic data of the West Qinling,
using geophysical boundary identification and inversion technology,
we draw the following conclusions.

(1) We obtained the high resolution north-south direction
crossing deep–seated crustal structure of the WQOB,
including density and magnetic susceptibility, and determined
the distribution and extension of major faults.

(2) The research results indicate that the formation of the
Diebu–Sanhe fault may have a strong correlation with the
Mianlue tectonic melange structure, and intersect with the
Mianlue suture zone in the lower crust, with a depth of
approximately 50 km or more at the intersection.

(3) We analysised the mineralization processes in the tectonic
evolution of theWQOB, and the influence of deep faults on the
distribution of mineral deposits. The West Qinling structure
probably represents important conduits for migrating
magmatic–derived hydrothermal fluids. The West Qinling
has experienced many strong tectono magmatic thermal
events, and the thermal heating of the orogenic belt structure
and magma has driven the convection cycle of atmospheric
precipitation. In this process, the deep–seated major faults
provide tectonic migration channels for metallogenic
components in structures of different ages, forming mineral
deposits related to hydrothermal fluids.

(4) The high-resolution magnetic and gravity research conducted
is of great significance. Compared with previous research, we
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FIGURE 9
The model shows the deep–seated structures as plumbing systems of hydrothermal minerals of the West Qinling Orogenic Belt and the distribution of
mineral deposits. (A) The deep-seated structural model of the West Qinling Orogenic Belt. (B) The information of typical mineral deposits discovered in
this area. (C) The classification of mineral deposits.

have supplemented the corresponding density and magnetic
susceptibility inversion results to identify some hidden deep
faults. This will have a positive impact on future deep
geological structure research and metal ore exploration in
the region.
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