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The Qitianling pluton in southern Hunan, China, has spatially and genetically influenced the formation and
distribution of a series of polymetallic deposits, including Xintianling, Baoshan, Huangshaping, and Furong.
These deposits host a variety of tungsten- and tin-related deposits, often regarded as strategic and critical rare
metals, and comprise one of the most prominent reserves globally. A thorough understanding of the structure of
the Qitianling pluton is essential for insights into the development and evolution of the metallogenic system in
southern Hunan. Working towards the goal of investigating regional structural features and magma emplace-
ments model, we have generated three-dimensional (3-D) electrical resistivity models of the Qitianling pluton
and its surrounding areas to upper-crustal depth using magnetotelluric (MT) data that range from 1000 Hz to
0.001 Hz. The results reveal that the upper-crust of southern Hunan is mainly characterized by high resistivity
with multiple unique conductive zones. The high-resistivity anomalies (> 1000 Q-m) are interpreted to represent
the Qitianling pluton. In addition, they correspond very well to a negative residual Bouguer gravity anomaly.
Moreover, the morphology of the feature aligns with low-velocity obtained by modelling reflected seismic waves.
Conductive anomalies (< 30 Q-m) near the sides of the pluton that extend through the upper crust likely indicate
the presence of the Chenzhou-Linwu deep-seated fault system, which may have served as a pathway for the
upward migration and emplacement of magma/hydrothermal fluids. Conductive features (< 30 Q-m) beneath
the Qitianling pluton are inferred to represent ancient magma reservoirs where assimilation and mixing pro-
cesses occurred before magma emplacement. Based on the geophysical models and the available geological data,
a multi-stage magma emplacement model of the Qitianling pluton is proposed, which provides new insights into
the W-Sn polymetallic mineralization system and the regional magmatic evolution within southern Hunan.

1. Introduction

Tungsten and tin are both regarded as rare metals with strategic
importance, due to economic and supply chain reasons, and are widely
used in various industrial fields including electronic communication,
photoelectric materials, energy materials, and aerospace (Yuan et al.,
2019; Chen et al., 2015; Mao et al., 2013). Currently, the reserves of
tungsten and tin resources in the Nanling Range, South China, account

for more than 50 % and about 20 %, respectively, of the global total,
making them the largest in the world (Yin et al., 2021; Yuan et al,,
2019). However, following the continuous exploration and exploitation
of near-surface mineral resources, the supply of accessible reserves is
becoming progressively insufficient (Li et al., 2018). To meet the
growing demand for tungsten and tin production driven by rapid soci-
etal and economic developments, deep prospecting based on reliable
exploration technology in unexplored or under-explored regions has
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become a crucial research topic (Qu et al., 2020; Dentith et al., 2018).

The W-Sn polymetallic concentration area of southern Hunan, China,
located in the northern margin of the central part of the Nanling Range,
is renowned as one of the most prominent W-Sn-producing districts in
China (Mao et al., 2013). This area accounts for a significant part of
global tungsten resources and contains substantial tin and rare metal
deposits (Yuan et al., 2019). Particularly, the Qitianling pluton and its
surrounding region host a variety of W- and Sn-related polymetallic
deposits, such as the Xintianling W-Mo deposit, the Shizhuyuan W-Sn-
Mo-Bi-F deposit, the Yaogangxian W-Mo deposit, the Furong Sn deposit
and the Xianghualing Sn-W-Pb-Zn deposit (Xie et al., 2010; Li et al.,
2014). Previous studies involving geological structures, geochemistry,
geochronology, and geophysics have revealed the deep prospecting
potential of this region (Mao et al., 2013; Li et al., 2018; Yin et al., 2021;
Yuan et al., 2022), and some significant pieces of evidence supporting
this possibility have been recorded, as follows.

Favorable deep structures and crustal architecture (e.g., deep-seated
faults) have developed in the southern Hunan area, playing a vital
guiding role in the transportation of ore-forming fluids and the discrete
emplacement of deposits (Yuan et al., 2022; Sheng et al., 2023). In this
area these mainly include the northeast-trending Chenzhou-Linwu fault
(CLF) and the northwest-trending Chenzhou-Shaoyang strike-slip fault
(CSF) (Li et al., 2018). Furthermore, the Mesozoic granitic rocks, widely
exposed, provided abundant ore-forming materials for mineralization at
depth, which aligns with the theoretical system for (large) deposits
formed by smaller intrusions put forward by Tang et al. (2015). Inter-
estingly, substantial deep prospecting discoveries based on known de-
posits have recently been made in the region, including the multi-layer
mineralized bodies that have been revealed at a depth of about 2 km in
the Ping-Bao district (Dai et al., 2023). The above knowledge indicates
that the W-Sn polymetallic concentration area of southern Hunan has
favorable deep metallogenic conditions and high exploration potential.
Therefore, knowledge of the spatial distribution of ore-controlling
structures is crucial for gaining a better understanding of the develop-
ment and evolution of the mineral system (e.g., Dentith et al., 2018;
Comeau et al., 2021; Comeau et al., 2022).

However, the existing prospecting research carried out in the
southern Hunan area has mainly focused on near-surface or micro-scale
structural features, such as petrology, mineralogy, surface geology,
petrophysics, and radiometric dating (Liu etal., 2018; Huang et al.,
2019; Chen et al., 2022). In addition, while gravity modeling of density
contrasts has been used to delineate the horizontal boundaries of the
major granitoid intrusions in this area, its limited vertical resolution
hampers the accurate imaging of deep structures (Liu et al., 2023).
Simply put, inadequate deep exploration is likely to result in a limited
understanding of deep structures, therefore the use of deep exploration
technology is essential for this research.

Magnetotelluric (MT) exploration, proposed in the 1950’s (Cagniard,
1953; Tikhonov, 1950), is a passive electromagnetic method that en-
ables imaging the electrical resistivity of the subsurface at multiple
spatial scales and depths (e.g., Chave et al., 2012; Jin et al., 2022; Sheng
et al., 2022; Wang et al., 2024). Because of its high detection depth, the
MT method has recently been widely employed in deep resource
exploration, utilizing the varied resistivity properties between the sur-
rounding rocks and the exploration targets, e.g., minerals and/or
geothermal fluids, (e.g., Hill et al., 2015; Heinson et al., 2018; Guo et al.,
2020; Lii et al., 2021; Comeau et al. 2022; Sheng et al., 2022, 2024; Liu
et al., 2023).

There is a consensus that the subsurface structures of South China are
mainly controlled by multi-stage tectonic-magmatic events (Mao et al.,
2013). These structures have a direct impact on the formation and
transportation of ore-forming fluids to near-surface depths (e.g.,
Comeau et al., 2021). Therefore, the upper-crustal framework inferred
from 3-D resistivity models can give valuable insight into the formation
and development of the mineral system. In this paper, a high-density MT
array, consisting of two long lines, was deployed across the Qitianling
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pluton and its surrounding region (Linel and Line2; Fig. 1). We devel-
oped 3-D electrical resistivity models for the upper crust of this key re-
gion of southern Hunan. Combining our results with geological data and
with other geophysical data, we investigate the main structural features
and propose a multi-stage magmatic emplacement model for the
Qitianling pluton. The new findings provide reliable electrical resistivity
constraints for a better understanding of the deep extension of ore-
controlling structures, polymetallic mineralization systems, as well as
regional magmatic evolution. Furthermore, it will play a crucial role in
scientifically guiding the research of deep prospecting and exploration
within the W-Sn polymetallic ore concentration area of southern Hunan.

2. Regional background

The South China Block (SCB) was formed as part of the supercon-
tinent Rodinia (e.g., Cawood et al., 2013; Xu et al., 2019, 2023), through
the amalgamation of the Yangtze Block (YZB) and Cathaysia Block (CB)
along the Jiangnan orogenic belt (JNO) about 1.1-0.83 Ga (e.g., Zhao
et al., 2011, 2012; Mao et al., 2013; Faure et al., 2016; Yuan et al.,
2019). During the Neoproterozoic, the breakup of Rodinia, driven by
continental extension, led to extensive structural reworking in South
China (e.g., Xu et al.,, 2019, 2023). Synchronous magmatic events,
typically represented by the Paleozoic and Mesozoic orogenies and the
Late Mesozoic subduction of the Paleo-Pacific plate (e.g., Faure et al.,
2014; Shu et al., 2011), contributed to the formation of the west-east
trending Nanling Range (e.g., Yuan et al., 2019; Yin et al., 2021). Vol-
uminous upwelling of magma and mantle-crust interaction gave rise to
widespread emplacement of W-Sn polymetallic deposits in the Nanling
Range, mainly between 160 and 150 Ma with a peak at ~ 156 Ma (e.g.,
Hu et al., 2017; Ni et al., 2023). According to Yin et al. (2021), W-Sn
deposits are the results of the northwestward subduction of the Izanagi
slab beneath the Eurasia plate starting at ~ 175 Ma. On the other hand,
the heterogeneity of the distribution of the W-Sn-related deposits in the
Nanling Range can be attributed to several factors, such as the different
melting temperatures of the granitic protoliths in the source area (e.g.,
Yuan et al., 2019), contrasting magmatic histories (Cheng et al., 2018),
and distinct paths of metal redistribution (Schmidt, 2018).

The southern Hunan area within the interior of the Nanling Range
mainly experienced two stages of W-Sn mineralization events, namely
the Jurassic and the Cretaceous, which coincided with that of the South
China Block (e.g., Mao et al., 2013, 2018). The Jurassic mineralization
occurred under an inland back-arc extensional setting which was trig-
gered by subduction, and then another mineralization event took place
during the Cretaceous along the continental margin, induced by post-
subduction processes (e.g., Mao et al., 2018). The Jurassic mineraliza-
tion is most closely associated with the W-Sn deposits in the southern
Hunan area (Zhu et al., 2009). As the most important ore-controlling
structure in the southern Hunan area, the crust-scale CLF system
played an important role in the transport of upwelling ore-bearing
magma originating from the mantle (Li et al., 2014). This fault, how-
ever, had no effect on the composition and distribution of the meta-
morphic basement in the Nanling region as it formed before the
basement (Yuan et al., 2019). In addition, the region is characterized by
Devonian, Carboniferous, Permian, Triassic, and Jurassic strata, with
lamprophyre dikes intruded into these strata. Other rock types distrib-
uted in the area include limestone, mudstone, and sandstone (Mao et al.,
2013).

Importantly, the granitic Qitianling pluton is considered the ultimate
product of magmatic evolution in the southern Hunan area forming at
around 146-163 Ma (Zhu et al., 2009), and covering an area of ~ 530
km? (He et al., 2014; Liu et al., 2018). There is a consensus that the
magma emplacements associated with this pluton can be categorized
into three main stages (Zhu et al., 2009; Li et al., 2014). The first stage
occurred between 160 and 163 Ma, its lithology is predominantly
composed of amphibole-biotite-rich monzonitic granite with ~ 45 % of
the exposure. The second stage dated 153-157 Ma, mainly comprises
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Fig. 1. Geological sketch map of southern Hunan, modified from Li et al. (2021), showing the distribution of granitic intrusions and related polymetallic deposits.
The magnetotelluric (MT) measurement locations, in two long lines, are depicted as white dots. The location of deposits are indicated with colored circles. The gray
dashed line represents the reflected seismic profile obtained from Li et al. (2014). The black solid lines represent the secondary faults affiliated with the Chenzhou-
Linwu fault system (CLF), labeled as F1-F8, and the black grid lines represent the working mining districts.

biotite + amphibole-bearing granite, covering about 40 % of the
emerging area (Liu et al., 2018). Lastly, the magma intruded into the
above two granite facies in the form of supplementary intrusions during
146-150 Ma, which led to fine-grained biotite-bearing granite, ac-
counting for about 15 % of the pluton exposure (Liu et al., 2018; Huang
et al., 2019). Since the Qitianling pluton served as the mineral source
and energy supply for W-Sn mineralization in southern Hunan, an
adequate understanding of its emplacement process is essential to un-
lock the deep metallogenic potential of the W-Sn mineral system.

3. Data and method
3.1. Data collection and analysis

Magnetotelluric (MT) data are composed of electric and magnetic
fields measurements, carried out at the surface of the Earth, and asso-
ciated by a transfer function known as the impedance tensor (Z) that is
sensitive to the Earth’s subsurface electrical resistivity and from which
we can compute the apparent resistivity and impedance phase (Chave
et al., 2012). In this study, a total of 113 MT measurements (white dots
in Fig.1) were collected forming an array consisting of two long lines
spanning the Qitianling pluton and its surrounding region. Specifically,
Line 1 and Line 2 are composed of 59 and 54 MT measurements,
respectively, with a minimum spacing of ~ 500 m and an average
spacing of ~ 1500 m. The line length is ~ 38 km and the line separation
distance is about 17 km, arranged in parallel along NW57°. Additionally,
the apparent resistivity and phase pseudo sections, presenting the
original data have been plotted, as shown in Fig.2. They play an
important role in evaluating the inversion results and subsequent
geological interpretation.

The MT data were collected with wide band magnetotelluric in-
struments developed by GSAI Geophysics (https://www.gs-ait.com).
During data acquisition, multiple instruments simultaneously recorded
four components of the electromagnetic field (Ex, Ey, Hy, Hy) at the

surface. The axes were orthogonal, orientated with x to the north, y to
the east, and z vertically downward. The recording time at each MT
measurement site was approximately one day, giving responses within
the period range of 0.001-1,000 s.

The collected raw data were processed with GSEM-PROS software.
This software converts time series data to the frequency domain and
obtains sounding curves of the apparent resistivity and impedance phase
at the corresponding MT measurement locations. As a result of the dense
population and industry in the survey area, much of the MT data were
disturbed by cultural electrical noise, especially those near wind tur-
bines and mining enterprises. Therefore, we use both remote referencing
(Chave et al., 2012; McNeice & Jones, 2001; Gamble et al., 1979) and
local referencing techniques (Mao et al., 2021). These methods help
recover noise-affected data, increasing the amount of usable data. To
ensure the reliability of the generated resistivity models, a subset of the
data that was deemed to be acceptable quality was selected and used for
subsequent analysis and inversion calculations.

3.2. Dimensionality analysis

Detailed dimensionality analysis should be carried out before
inversion and interpretation, due to its crucial role in evaluating the
complexity of subsurface structures and the distortion degree of the MT
data. In this study, two methods, namely the Groom-Bailey (G-B)
impedance tensor decomposition (Groom and Bailey, 1989) and the
phase tensor analysis (Caldwell et al., 2004; Booker, 2014), were
implemented to extract insights into the dimensionality and geoelectric
strike direction. As shown in Figs. 3 and 4, the geoelectric strike direc-
tion and phase tensor are plotted at various periods, which gives infor-
mation at different depths, based on the concept of skin depth (Chave
et al., 2012).

In the Qitianling region, the phase tensors for all period bands show
both small and large absolute skew values and both small and large
apparent ellipticity, indicating 3-D electrical structures exist in parts of
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Fig. 2. The apparent resistivity and phase pseudo sections. (a) Line 1; (b) Line 2.

the data. The major-axis direction is NWW-SEE, aligning with, or being
perpendicular to, the regional geological strike directions, as indicated
by rose diagrams derived from G-B tensor decomposition (see Fig. 4).
This is consistent with previous regional analyses (Yin et al., 2021). The
phase tensor results near fault zones show relatively complex direc-
tionality and large skew values, suggesting significant 3-D features
consistent with the variable strike directions in the G-B rose diagrams.
Moreover, for most MT sites, especially in the longer-period range of
about > 10 s where pronounced elliptical polarization occurs, the skew
angles exceed 3°, which suggests that performing a 3-D inversion is more
appropriate for the accurate interpretation of these data.

3.3. Three-dimensional inversion

The MT data (off-diagonal and diagonal components) were inverted
with the ModEM inversion algorithm based on the nonlinear conjugate
gradient (NLCG) algorithm (Egbert and Kelbert, 2012; Kelbert et al.,
2014), generating 3-D electrical resistivity models. Given the large
separation between profiles (~ 17 km) with the small measurement site
spacing, separate models were created for these two lines, enabling
much finer discretization of the modeling grid resulting in more infor-
mation than a single regional-scale model (Comeau et al., 2021).
Moreover, this modeling approach facilitated enhanced resolution of

intricate structural details, enabling faster and smoother convergence.

Similar model parameters were adopted for the two regions. The
error floors of 10% and 5% of | Zyy-Zyx]| 1/2 were assigned to diagonal and
off-diagonal components of the impedance tensor, respectively.
Focusing on the upper crust, from surface to 10 km depth, MT data
within the frequency range of 1000 Hz (sensitive to shallow regions) to
0.1 Hz (sensitive to deeper regions) is sufficient for our exploration
targets (based on skin depth calculations). The starting model was a
homogenous half-space with a resistivity value of 100 Q-m, and no
topography was included in the models. The research area was dis-
cretized using a grid with 500 m horizontal spacing in the central area,
padded with 10 cells on each edge, expanding outward by a factor of 1.5
to the model boundary. Vertically, 60 layers were set, starting with a
thickness of 5 m and increasing geometrically with a factor of 1.2, to
enable detailed imaging of fine upper-crustal structures. The total
number of grid cells differed slightly between the models, the dis-
cretization along Line 1 resulted in a 61 x 82 x 60 grid cells in the x, y,
and z directions respectively, while the one related to Line 2 generated
67 x 81 x 60 grid cells. A covariance value of 0.3 was uniformly applied
in all directions for both models. Ultimately, a subset of 45 MT mea-
surements was used, with 25 on Line 1 and 20 on Line 2.

For Line 1, the normalized root-mean-square (nR.M.S.) misfit of the
inversion model decreased from 6.662 to 1.677 over 105 iterations,



K. Zhou et al. Ore Geology Reviews 180 (2025) 106511
10+
(a)
3] (03
10° e 18 3
SN 4 v v
RS 7 2 V!
S Z2Z v ¥/
- v,
102 ggug v S
A V| )
—~ % NSV ;s |
) A Y °
= 100 s W J
=1 Y eb
=) N \Y Vi 5}
= N 2
o 10°7 N =
=" 9 Q
X IS N 5‘)
10" =2 ‘
5 Q
J
102 1 § \
-
10° T T
T O OO=OmMTT O~ [ 4 i QS = T L)
= S D O v vy aa e “NT IT T T TS
SR TS I < SIS I
e - ———— —— - - - — U A 4
1027 L Y z Q SENORR-S OB N
Y VERVER S 4 B =
¥ Y N B 2 2R W VRSS! =
)¢ N 2 T3 - - 3
O N S 83 S, =
1027 v q§ N 8 82 == =3
b3 - N 2 2 = =
8 8 8 Bsg & s 9
~ 5 N8 S8 g ! 5
2 Z NS 1 Yok RveE( 6
>~ 10" z Z 2 v N D
= N w 2 (2 '3 —_~
S N ¥ 3HE
= S Q& I3 & 3 0 2
@ 10° ] SZ SUEBY VY Y : 3 g
= 2% 4\ N 8 22 5 S = |38
77 & 13 4 S 75
i -9 27 S > 1 -6
10! > Z \ /i .1 =
= 7 7 ! W ", Q g
; =) 2 7%9 ) ORI g 7 |-
£1=8 7 S el IN
1004 & =% 7 %N SR 15 B 3
=0 £ o ¥ 0O BY o o A >
M= o O =
i 3 «® | =
3 7 :Q ‘] N 2 by =
10° - ; T T
o« Wi XSS o - wmer- oo o o e S S Al ot Wi\o =)
> =3 SO ™ — - —— - O o o AN A Qe o enen enen -
T T SSET T SRR RS R R SR S Ssgss g <
(o] (o] NN NN NN AN NN o (o] NN N NN N AN NN (o]
Stations

Fig. 3. Normalized phase tensor pseudo section along the MT lines with the right side pointing southeastward. (a) Line 1; (b) Line 2.

while that of Line 2 decreased from 7.211 to 1.854 after 107 iterations.
These results indicate that the final models provide a good fit for the
field data. Detailed comparisons between measured and modeled data
further confirm that the models accurately reflect both the off-diagonal
and diagonal components of the impedance tensor (Fig. 5 for the data fit
of representative MT sites).

4. Results

Understanding the spatial distribution of electrical features in the
study area is of great guiding significance for gaining insights into the
geological structures associated with W-Sn mineralization in southern
Hunan. The 3-D resistivity models (see Fig. 6 and Fig. 7) provide a
detailed view of the upper crust of this area, revealing a heterogeneity
and highlighting several notable features. For clarity, resistive features
are labeled ‘R’, conductive features as ‘C’, and specific conductive
structures related to the fault zones are labeled ‘F’ in the following
description.

4.1. Line 1

The vertical section along Line 1 reveals a subsurface medium pri-
marily characterized by high resistivity. The section is divided into two
sectors by a conductive zone consisting of conductors C14 and C15 (<
100 Q-m). The western region beyond the conductive zone exhibits a
distinct high-resistivity background, mainly consisting of high-
resistivity structures marked R11 and R12 (> 500 Q-m). Within this

area, a series of discontinuous conductive structures (C11-C13; ~ 30
Q-m) are distributed. This region corresponds to the Late Paleozoic
strata encompassing the Qitianling pluton, which includes Devonian,
Carboniferous, Permian and others. In contrast, the electrical structures
to the east of the conductive zone appear simpler, featuring just one
prominent high-resistivity feature, labeled R13 (> 1000 Q-m). This
structure extends vertically to a depth of approximately 5 km and cor-
responds to the position of the Qitianling pluton emerging at the
southern margin with a well-defined lower interface.

According to available geological data, the conductor designated
C11 (< 50 Q-m) near the surface corresponds to the identified fault F1.
However, limited MT data make it challenging to determine its spatial
distribution within the geological strata. Conductor C12 (< 50 Q-m) is
composed of multiple conductive blocks with indistinct shapes,
distributed within near-surface (< 4 km) strata, extending horizontally
for ~ 7 km along Line 1. Surface faults labeled F2 and F3 align with this
area. Conductor C13 (< 50 Q-m) is situated southeast of C12 at a greater
depth (> 4 km) and corresponds to Devonian and Carboniferous strata.
The high-conductivity structure C14 (< 30 Q-m) is flanked by resistive
structures R12 and R13, and extends from the surface to ~ 5 km depth. It
slopes towards the southeast (with an inclination angle of approximately
30°). The faults F4, F5, F6, and F7 identified near the surface as depicted
in Fig. 6, likely control the spatial distribution of a series of W, Sn, and
Pb-Zn deposits.

Directly below, the notable high-conductivity structure C15 (< 30
Q-m) appears as a block within the 3-10 km depth range, extending
horizontally over approximately 5 km. Furthermore, the conductive
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Line 1; (b) Line 2. Plotting was carried out using MTPy (Krieger and Peacock, 2014).

zone formed by C14 and C15 is distributed along the northwest flank of
the high-resistivity structure R13. This zone represents a southeast-
dipping normal fault (with an inclination angle of approximately 30°),
extending downward to depths below 10 km in the upper crust.
Geologically, this zone correlates to the (upper-) crustal scale Chenzhou-
Linwu fault (CLF) system.

The high-resistivity region R11 extends from the surface downward
to the deep strata along the southwest direction. In shallow strata (< 4
km), R11 encircles the conductive zone C12, while in the deeper strata
(> 4 km), it primarily exhibits high-resistivity characteristics. The
resistive area R12 extends nearly vertically from a depth of 1 km to 12
km. The resistive structure, along with the eastern section of R11, en-
closes conductor C13. R13, the most prominent high-resistivity structure
in the eastern survey area, is characterized by a well-defined electrical
boundary. It extends approximately 18 km along the profile, with a
maximum vertical depth of ~ 5 km, corresponding to the exposed area
of the Qitianling pluton at the surface.

4.2. Line 2

The vertical section along Line 2, running parallel to Line 1, reveals
relatively distinct subsurface electrical resistivity boundaries (Fig. 7), as
evidenced by block-like features. Similar to Line 1, the shallow zones of
Line 2 exhibit high resistivities, as shown by areas marked as R22 and
R23 (> 1000 Q-m). This is accompanied by dispersed conductive
structures C21, C22, and C24 (< 30 Q-m). In contrast, the deeper strata
are dominated by a single high-conductivity structure, labeled C23 (<

30 Qm), set against an inconspicuous middle-low resistivity
background.

Descriptively, the conductive area C21 is situated at a depth of 1.5
km and extends horizontally along the profile for about 2 km. Its con-
ductivity gradually decreases with depth, corresponding to the location
of the Ping-Bao polymetallic ore deposits near the surface. The high-
conductivity structure C22 is located between the resistive zones R21
and R22 and extends to depths of ~ 4-5 km. Near the surface, it cor-
relates with fault F4, and its lower portion, descending below 1 km,
slopes towards the southeast (with an inclination angle of approximately
40°). As the predominant high-conductivity structure, C23 appears as a
distinct elongated-block-shape within the subsurface range of 3 km to
12 km. Its orientation is inclined towards the west. Above this
conductor, there are known W and Pb-Zn deposits marked as Fig. 7, and
its vertical projection onto the surface corresponds to the location of
fault F5. And the conductive zone C24 lies to the southeast of R23 and is
composed of multiple discontinuous small-scale conductive blocks (<
10 Q-m), inclined overall towards the southeast.

The high-resistivity structure, R21 is located in the western sector of
the survey. Its upper segment (< 2 km) has a high resistivity exceeding
1,000 Q-m, and the lower portion has a relatively lower resistivity range
of 300 Q-m to 1000 Q-m, extending downward to approximately 8 km
and spanning a width of ~ 6 km. The high-resistivity structure R22 is
positioned northwest of C23, with scattered occurrences of small-scale
electrically weak zones. Within a vertical depth of 5 km, the horizon-
tal distribution of R22 decreases as its downward extension increases.
Located southeast of C23, the high-resistivity structure R23 aligns
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Fig. 5. The data fit of representative sites. (a) Line 1, including site 1-006, site 1-020, and site 1-035; (b) Line2, including site 2-010, site 2-019, and site 2-035.
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geometrically with R22, together constituting the primary part of the
Qitianling pluton.

5. Discussion

The preliminary spatial distribution characteristics of the electrical
structures in the Qitianling region of southern Hunan have been derived
based on Fig. 8. Subsequently, we will interpret the geophysical results
using geological, geochemical, and other geophysical data to discuss the
geological structural significance of key electrical features. Moreover,
supported by previous studies, we will further discuss the spatial
emplacement model of the Qitianling pluton.

5.1. The migration paths of magma hydrothermal fluids

According to existing geological data (cf., Shen Hongfei, 2022),

faults labeled as F1-F8 (Fig. 8) are associated with the crustal-scale
Chenzhou-Linwu northeast-trending fault system. This fault system
serves as a conduit for a substantial upwelling of magmatic-
hydrothermal fluid carrying ore-forming materials and heat from the
lower crust and even the upper mantle (cf. Boukhalfa et al., 2024; Yu
et al., 2022), thereby facilitating the emplacement of diverse poly-
metallic ore deposits, such as the Baoshan Pb-Zn deposit, the Huang-
shaping W-Mo-Cu deposit, the Xintianling W-Mo deposit, and the
Furong Sn deposit (Mao et al., 2021; Chen et al., 2021; Yuan et al,,
2019). Moreover, the fault system plays a crucial role in guiding the
spatial emplacement of large-scale deposits and massive granitic in-
trusions associated with Qitianling pluton.

The research of Tang et al. (2015, 2023) indicated that neutral
buoyancy is attained when medium-acidic magmas sourced from the
deep lithospheric mantle intrude into the upper crust to a depth of about
5 km, leading to the formation of terminal magma reservoirs and related
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Fig. 8. Three-dimensional resistivity models generated from MT data shown
along two lines. The overlay shows the main faults (black lines), mineral de-
posits (colored spheres), lamprophyre dykes (red zones), and the outline of the
Qitianling pluton complex from surface geology (gray lines), as in Fig. 1.

host rock alteration. Within this region, substantial deposition of sulfide
minerals through pre-enrichment processes gives rise to pronounced
high-conductivity features (e.g., Comeau et al., 2024; Comeau et al.,
2022; Yin et al., 2021). Based on this finding, it is reasonable to suggest
that the electrical structures C15 and C23 (see Fig. 6 and Fig. 7,
respectively), which developed beneath the Qitianling pluton, likely
represent magma and melt reservoirs where continuing fractional
crystallization and assimilation mingling occurred before magma and
fluid emplacement into the shallow crust (< 3 km), after ascending from
the deep lithosphere.

Given the regional geological background, the genesis of conductive
structures within shallow strata is intricate, with primary manifestations
including expressions of rock weathering, lithological alteration/frac-
ture zones, structural fault systems, as well as Quaternary sediments.
According to Fig. 8, small-scale regional faults (F1-F4) are mainly situ-
ated on the northwest flank of the Qitianling pluton, serving as conduits
facilitating the migration of ore-forming materials and energy for pol-
ymetallic deposits (cf., Yu et al., 2022; Mao et al., 2021). In addition, the

secondary small-scale faults and fractures derived from them provided
favorable spaces for the precipitation and enrichment of ore-forming
fluids, thereby controlling the morphology and occurrence of ore
bodies (cf., Shen Hongfei, 2022; He et al., 2016). Therefore, within the
polymetallic ore fields centered around the Qitianling pluton (apart
from the Xianghualing Sn ore bodies, which mostly occur at the
unconformable interfaces between the Cambrian epimetamorphic rocks
series and the upper Devonian clastic rocks series), most are primarily
hosted within the Late Paleozoic Devonian-Carboniferous strata. More-
over, their morphology and occurrence are governed by the NNE-NE
trending structures and their associated secondary structural systems.

5.2. Upper-crustal resistive structures and their geological significance

The research area is divided into two distinct sectors, based on the
observed electrical resistivity, with the separation being the fault zone
F4, as depicted in Fig. 8. The high-resistivity features (R13, R22, and
R23) to the east are closely correlated with the Qitianling granitic
pluton. The electrical resistivity model appears to indicate that the
Qitianling pluton is rootless with a buried depth of about 5 km, which
aligns with the geometric characteristics proposed by Liu et al. (2018)
based on gravity modeling. Additionally, a velocity model derived from
a synthetic seismic profile traversing the Qitianling pluton unveiled a
conspicuous low-velocity anomaly (< 5800 m/s) in the shape of a funnel
that appeared in the upper 5-10 km (Fig. 9¢, modified from Li et al.,
2014), corresponding well with the morphology depicted in the elec-
trical resistivity models (Fig. 9a and Fig. 9b). This is in contrast to the
inferred result of a flat bottom based on gravity modeling as shown in
Liu et al. (2018). These findings provide additional validation for the
reliability of the inferred burial morphology of the pluton based on the
3-D electrical resistivity models, whereas the outline of the low Bouguer
gravity anomaly denotes very clearly the lateral extent of the pluton
(Fig. 10).

On the other hand, the Late Paleozoic strata, comprising the
Permian, Carboniferous, and Devonian, as illustrated in Fig. 1, primarily
consist of carbonate rocks, such as dolomite, dolomitic limestone, and
limestone, corresponding to high-resistivity structures (R11, R12, and
R21) situated to the west of fault F4 in the electrical resistivity models.
Rock physical property tests of the southern Hunan region conducted by
Shen Hongfei (2022) suggested that dolomite and dolomitic limestone
rocks exhibit significantly high resistivity, with a mean value exceeding
10,000 Q-m, whereas the resistivity of limestone is somewhat lower,
typically ranging between 3,000 Q-m and 5,000 Q-m. Fractured and
argillaceous limestones demonstrate lower resistivity still, attributed to
their high porosity and aquosity, with a mean resistivity of ~ 2,000 Q-m.
Carbonaceous limestone, sandstone, and mudstone typically display
resistivity values below 1,000 Q-m. Within these resistive formations,
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pluton and its surrounding region, proposed by Geological Bureau of Hunan
Province (2013). The black solid lines represent the main faults, and the white
solid line outlines the Qitianling pluton.

electrically conductive zones (e.g., C12 and C13 in Fig. 6) appear as
medium-low resistivity features, suggesting a probable association with
lithological alteration/fracture zones or the presence of (coal-bearing)
clastic rocks.

5.3. Emplacement model of the Qitianling pluton

Understanding the spatial emplacement mechanism of the most
representative granite pluton in Southern Hunan is significant for
elucidating the systems of the fluid- and ore-controlling structures and
regional metallogenic prediction. Therefore, from the perspective of
deep electrical resistivity features, we discuss the possibility of a more
thorough emplacement mechanism for the Qitianling pluton, and made
the conceptual cartoon of the intrusion model of the Qitianling pluton
(Fig. 11).

The Qitianling pluton is a multi-stage complex batholith formed
during the early Yanshanian orogeny and can be divided into three
distinct intrusion stages (cf., Shen Hongfei, 2022; Liu et al., 2018; He
et al., 2016; Li et al., 2014; Zhu et al., 2009). Phase I (160 ~ 163 Ma):
This phase involves the low-density melt resulting from partial melting
of the Precambrian crystalline basement intruded along major deep-
seated faults driven by regional tectonic activities (He et al., 2016).
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Following that, the magma underwent cooling and solidification in the
near-surface strata, initiating the formation of Phase I granite. This
granite predominantly occurred along the eastern, northern, and west-
ern margins of the intrusion, and consists of amphibole- and biotite-
bearing granite with locally abundant mafic enclaves and K-feldspar
megacrysts (Liu et al., 2018; Chen et al, 2021). Emplacement during this
phase was primarily controlled by deep-seated faults. The magma and
mineralogical constituents mainly result from partial melting of the
Precambrian crystalline basement, potentially accompanied by limited
assimilation and hybridization of mantle-derived materials (Zhao et al.,
2023). This phase also featured widespread intrusions with relatively
subdued mineralization (cf., He et al., 2016; Li et al., 2021).

Phase II (153 ~ 157 Ma): During this phase, the regional magmatic-
tectonic interactions, caused the closure of the deep-seated crustal faults
due to tectonic stress, thereby subjecting the intruding magma to sub-
stantial pressure from surrounding rocks. This dynamic environment
promotes the rapid ascent of magma along faulted conduits and into
upper-crust faults, resulting in the formation of magma reservoirs (cf.,
Tang et al., 2023). Subsequently, propelled by dynamic and thermal
energy from deep hydrothermal fluids, magma intruded into the struc-
tural weak zones between the phase I granite and the surrounding rocks
or the associated secondary faulted systems, solidifying upon cooling to
establish the initial state of Phase II granite. Phase II granite partially
overlays Phase I granite, mainly distributed in the central and southern
sectors of the Qitianling pluton (Liu et al., 2018). The predominant li-
thology formed in this stage is biotite granite. Unlike the first stage,
magma emplacement during this stage was controlled not only by deep
crustal faults but also by the spatial position of Phase I granite. As
shallow magma cooled and solidified, the morphology of the Qitianling
intrusive body developed.

Phase III (146 ~ 150 Ma): Driven by deep magma dynamics and
country rock stress, magmatic-hydrothermal fluids ascended in batches
along the structural weak zones between Phase I and Phase II granites.
These fluids are predominantly emplaced in the form of stocks and dikes
within structural fracture zones and/or joint fissures (cf., Li et al., 2021).
Phase III granites, which are mostly characterized by fine-grained (or
porphyritic) biotite granite, are essentially distributed in the southern
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portion of the Qitianling pluton. This stage was mainly influenced by the
spatial distribution of granites from the preceding stages. According to
the theory of “small intrusive mineralization” proposed by Tang et al.
(2023), it is hypothesized that as residual ore-bearing magma pre-
cipitates and accumulates within the terminal magma reservoir, there is
an enormous potential for the development of large-scale, high-grade
concealed ore bodies at the high- and low-resistivity transition zones
ranging from —2 km to —6 km within the Qitianling pluton.

Field and microscopic observations conducted by Liu et al. (2018)
indicated that the composition and minerals of granites evolve contin-
uously from Phase I to Phase III. On the other hand, the diagenetic and
metallogenic ages within the research area were concentrated between
160 Ma and 150 Ma, encompassing intervals of tectonic inactivity be-
tween distinct stages (Yuan et al., 2019; Chen et al., 2022). This in-
dicates that the magmatic emplacements in the Qitianling area were a
continuous process. During these tectonic inactivity periods, deep
thermal sources were supplied to shallow magma reservoirs through
deep-seated faults, maintaining continuous assimilation and mingling
between magma and strata (cf., Comeau et al., 2022). Additionally,
Chen et al. (2022) revealed that cassiterite minerals associated with the
skarn-type, chlorite-type, greisen-type, and quartz vein-type minerali-
zations in the Furong tin deposits all originated from the same magma-
hydrothermal system. This finding supports the hypothesis that the
conductive structures C15 and C23 represent the terminal magma
reservoir, serving as sites where extensive fluid-rock interaction and
element exchange took place between ore-bearing magma and sur-
rounding rocks before emplacement.

6. Conclusions

Magnetotelluric data collected from an array of two long lines
spanning the Qitianling pluton and its surrounding area in southern
Hunan, which host a variety of tungsten- and tin-related deposits. The
data were inverted to produce 3-D electrical resistivity models extending
to depths of approximately 10 km. The model reveals a pronounced
high-resistivity (> 1000 Q-m; R13 and R22-R23) consistent with the
location of the Qitianling pluton, thus clearly delineating its subsurface
geometric features. Thin conductive structures (< 30 Q-m; C14 and C22)
appearing at the sides of the pluton are inferred to be crustal-scale fault
systems. These are hypothesized to have provided favorable channels for
the migration of ore-bearing fluids and energy accumulation. Broad
conductive zones (< 30 Q-m; C15 and C23) below the inferred pluton
likely indicate the terminal magma reservoir where substantial fluid-
rock interactions and element exchanges occurred prior to emplace-
ment. Building upon these insights, we have proposed a multi-stage
magmatic emplacement model for the Qitianling pluton. This model is
primarily influenced by the spatial distribution of the regional fault
system, surrounding rocks (predominately composed of limestone), and
the pre-existing granites. Ultimately this gives new insights into the
development of the W-Sn polymetallic mineralization system and the
regional magmatic evolution.
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