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Abstract: Field and microscopic structural investigations, trace element and C-O isotopic analyses of calcite, zircon
U-Pb dating of dikes, and wide-field electromagnetic sounding are conjointly conducted in the middle part of the
Qin—Hang metallogenic belt to decipher the spatial-temporal evolution and genetic relationship of structure—magma-
mineralization. The data reveal four deformation events: D1 is a W-to-E-thrusting event; D2 is characterized by
SE-to-NW thrusting; D3 is a NW—SE-oriented extensional event accompanied by large-scale magma intrusion and
W-Sn and Cu—Pb—Zn mineralization; D4 is a dextral strike—slip event after mineralization. Two stages of calcite are
identified during Dsand Stage 11 calcite is characterized by LREE-enriched REE patterns, with low 3'*0SMOW (from
9.78%o to 12.3%o), identical to those of calcite in the deposits, confirming that they are closely related to mineralization.
Wide-field electromagnetic profiles further display the geometric characteristics of structures, granitic plutons, and
orebodies from shallow to deep (~5 km) level. It is believed that some giant concealed W—Sn and Cu—Pb—Zn orebodies
are developed in the contact zones between plutons and limestone at a depth of 1.5—4 km. It is reasonable to suggest
that this method is feasible for the study on the deep exploration of W—Sn and Cu—Pb—Zn polymetallic deposits.
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distributed along or adjacent to the N- to NNE-

1 Introduction

The Qin—Hang metallogenic belt is the suture
zone between the Yangtze and Cathaysia blocks [1]
(Fig. 1(a)), and several giant W—Sn and Cu—Pb—Zn
deposits, such as the Shizhuyuan, Xianghualing,
Baoshan, Huangshaping, Tongshanling, Shuikoushan,
and Yaogangxian deposits, are concentrated in its
middle part, and account for >30% of tungsten
production in the world [1-3] (Fig. 1(b)). The
W-=Sn and Cu—Pb—Zn deposits were mainly formed
in the Middle and Late Jurassic (150—165 Ma) and
related to the small contemporaneous granitic
intrusions or felsic dykes. They are dominated by
skarn type and quartz vein type of deposits and are

trending regional faults [1,2] (Fig.2). The skarn
type orebodies occur in the contact zones between
the granitic plutons and limestone or dolomite, and
quartz vein type orebodies are filled in the fractures
within sandstone or granitoid [3,4]. After nearly 50
years of mining, shallow mineral resources at a
depth of 0—1.5 km are gradually reduced, and the
deep exploration (1.5-5km) has become a
scientific frontier and key issue for the study of
mineral deposits. However, due to the superposition
of multiple tectonic events, magmatic activities and
hydrothermal alteration, there is no effective
method to accurately identify and locate deep
orebodies.

The artificial reflection seismic profile in this
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Fig. 2 Simplified geological map of middle Qin—Hang metallogenic belt, South China, showing Late Mesozoic

granitoids, major W—Sn and Cu—Pb—Zn deposits

region reveals the crustal structures, mohorovicic
discontinuity (~38 km) and faults at different depths
[5] (Fig. 3). Some obvious low-velocity anomalies
are revealed deep in the regional faults, which may

be the result of the upwelling of asthenosphere [5].
This triggered a large-scale Jurassic granitic
magmatic activity and W—Sn and Cu—Pb—Zn
mineralization, implying an extensional tectonic
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Fig. 3 Artificial seismic profile from 0 to 20 s in Qitianling profile (a); Inversion velocity of reflected seismic wave in

Qitianling profile (b); Geological cross section A—B, with location shown in Fig. 2 (modified from LI et al [5])

setting [6]. The large-scale thrust faults with a small
dip angle developed in the lower crust (~28 km)
may be the result of the Triassic collision that is the
opposite of the extensional setting [S]. However, the
high-angle faults (<10 km) in the upper crust may
be the main intrusion channels of granitic plutons,
which is consistent with the faults, dykes, and
W-Sn and Cu—Pb—Zn deposits in the shallow level
(<1.5 km) (Fig. 3). The W—Sn ore-forming granites
in the Qin—Hang metallogenic belt are characterized
by A-type granitic rocks that are originated from
partial melting of metamorphic basement rocks
with a certain percentage of mantle-derived
materials [6,7], implying a significant Mesozoic
extensional regime in South China. In addition, a
series of regional normal faults, grabens, and
bimodal volcanic rocks, NW—SE oriented magnetic
fabrics in the granitic plutons formed in Jurassic are
also revealed on the surface and shallow crust
(<1.5km), which further confirms that the
extensional event during Jurassic was closely
related to the large-scale W—Sn and Cu—Pb—Zn
mineralization [7,8]. However, the detailed
characteristics of structures, granitic intrusions,
hydrothermal alteration, and the W-Sn and
Cu—Pb—Zn orebodies at a depth of 1.5-5km are
controversial, although they are critical for the

study on the genetic relationship of structure—
magma-mineralization and deep exploration.

In this study, to unveil the spatiotemporal
evolution process of faults and W-Sn and
Cu—Pb—Zn polymetallic mineralization in the
middle Qin—Hang metallogenic belt, we have
conducted field structural investigations, micro-
scopic identification, geochemical analysis of
calcite, chronology analysis of granitic dikes
filling in the Shuikoushan—Tongshanling (SKS—
TSL), Chenzhou—Linwu (CZ-LW) and Zixing—
Chengchengling (ZX—CCL) faults. The REE and
C-0 isotopic compositions of calcite in faults and
W-=Sn and Cu—Pb—Zn deposits are compared to
constrain the origin of fluids (<1.5 km) and to trace
deep magma hydrothermal activity. The wide-field
electromagnetic profiles are also used to reveal
detailed characteristics of structures and granitic
plutons at a depth of 1.5-5 km and to establish a
new method for accurately identifying the W—Sn
and Cu—Pb—Zn orebodies related to the magmatic
hydrothermal fluids.

2 Geological background

The Yangtze and Cathaysia blocks experienced
multiple stages of convergent and divergent
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deformation in the Proterozoic, and the Qin—Hang
metallogenic belt was finally formed in the early
Paleozoic [9,10]. It has undergone two stages of
tectonic events (Indosinian and Yanshanian) during
the Mesozoic. The Indosinian tectonic event was
the result of collision among the Sibumasu,
Indo-china and South China Blocks during the
late Permian (262—267 Ma [11]). The strong
compressional deformation with folding and
thrusting occurred in the South China Block and
some granitic plutons were emplaced in the
syn-collision or post-collision period [12]. The
tectonic event in the Early Jurassic is characterized
by some reverse faults due to the subduction of the
Pacific plate with partial melting of asthenospheric
mantle [7,13]. In the Middle Jurassic, the break-
off or roll-back of subducting slab resulted in a
release of compressional stresses and shift from
compressional to extensional deformation [14]. The
upwelling mantle triggered the remelting of the
lower crust with large-scale granite activity and
W-=Sn and Cu—Pb—Zn mineralization in the South
China [1,15].

The granites in the middle Qin—Hang
metallogenic belt can be subdivided into the
Silurian, Permian to Triassic, and Jurassic granites.
The emplacement ages of Silurian granites are
concentrated between 414 and 436 Ma, with the
characteristics of S-type granites [16]. The
emplacement ages of the Permian to Triassic
granites are mainly 250—260 Ma and 220—-230 Ma,
with the characteristics of S-type or I-type granites
[12,17]. The Jurassic granites are mainly composed
of granodiorite, and biotite to muscovite granite: the
former has an emplacement age of 155—165 Ma,
with the characteristics of Type I granites, mainly
forming Cu—Pb—Zn deposits [18]; the latter is
mainly concentrated in 155—165 Ma, with the
characteristics of A-type granite, and is closely
related to W—Sn mineralization [2,6]. In the east of
CZ-LW fault, a large area of Jurassic granite is
exposed on the surface, while a few small rock
masses and dykes are distributed in the west [19].

The middle Qin—Hang metallogenic belt has
widely distributed W—Sn and Cu—Pb—Zn deposits
[1,2,3,20], which can be divided into the skarn,
greisen, and quartz vein types [21]. The quartz
vein type orebodies mainly fill in the joints and
fractures within the pre-Paleozoic metamorphic
sandstones, early Devonian clastic rocks, and

ancient granite [22], and the greisen type orebodies
are developed in contact zones of plutons [23]. The
skarn-type orebodies mainly occur in the contact
zones between the Upper Devonian—Carboniferous
limestone and plutons [3,21]. In the quartz vein
type system, from shallow to deep level, the width
of the quartz veins gradually increases (a few
centimeters to a few meters) and metallogenic
metals change from W-Sn to Nb—Ta, which is
proposed as a “five-storey” model [23]. Some
stratiform or lenticular concealed greisen type and
quartz vein type (15—45 cm) W—Sn orebodies are
revealed by the scientific drilling (NLSD-1, 3 km)
at a depth of 1680 m in the granitic plutons [24],
denoting another metallogenic system in the deep
(>1.5 km). In the skarn type system, the orebodies
are controlled by the shape of the contact zones or
faults, and metallogenic metals change from
Ag—Pb—Zn to Cu—W-Sn—Mo [3], such as the
Baoshan Cu polymetallic and Shizhuyuan W-Sn
polymetallic deposits.

3 Samples and analytical methods

3.1 Sample collection and preparation

The granitic dike and calcite samples were
taken from the outcrop along the SKS-TSL,
CZ-LW and CHL-ZX faults, and ore samples were
collected from the underground mining tunnels of
the Baoshan Cu—Pb—Zn deposit, Tongshanling
Cu—Pb—Zn deposit, Weijia W deposit and
Changchengling Rb—Pb—Zn deposit. In addition,
some calcite samples in the CZ-LW fault were
collected from the scientific drilling (ZK16508)
at a depth of 1700 m and the detailed sample
information is given in Table 1. Thin sections with
a thickness of 60—80 um were cut from calcite
samples for laser ablation—inductively coupled
plasma—mass spectroscopy (LA—ICP—MS) analyses.

3.2 Wide-field electromagnetic sounding

The wide-field electromagnetic sounding is
improved from the traditional CSAMT and MELOS
methods [25]. It is measured in single or multiple
components by the artificial field source emission
current and the apparent resistivity is computed by
the wholesale methods. A total of 16 wide-field
electromagnetic profiles were implemented in the
study area, of which there are 2 profiles across
the SKS—TSL faults, 8 profiles across the CZ—-LW
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Table 1 Sample information of granitoids and calcite in middle Qin—Hang metallogenic belt

Sample No. Location Stage of calcite Mineral assemblage
201225-17S1 SKS—TSL fault - Fine-grained granite
ZK701 SKS-TSL fault - Quartz porphyry
20200824-7s1 Tongshanling deposit - Granodiorite
7K902-245 Weijia deposit - Granite porphyry
0530-13S1 SKS—TSL fault I Calcite
825-8S2 SKS—TSL fault I Calcite + Hematite + Sericite
0530-1S1 SKS-TSL fault II Calcite + Hematite + Sericite
827-9S1 CZ-LW fault I Calcite
827-3s4 CZ-LW fault I Calcite + Hematite + Sericite
16508-534 CZ-LW fault 1I Calcite + Hematite + Sericite
829-8s1 ZX-CCL I Calcite
829-10S1 ZX-CC I Calcite
828-3s5 ZX—CC II Calcite + Hematite + Sericite
0602-5S2 Tongshanling deposit I Calcite + Diopside + Garnet
823-3s2 Tongshanling deposit 11 Calcite +Sulfide + Quartz
822-257-02 Weijia deposit I Calcite + Epidote + Chlorite
822-257-01 Weijia deposit II Calcite + Fluorite + Quartz

fault, and 3 profiles across the ZX—CCL fault. All
exploration lines are perpendicular to the strike of
three faults, as shown in Fig. 2. It adopts the E-Ex
observation method, the AB distance is 1 km in
length, and the space between receivers is greater
than 13 km. The length of the emission dipole
moment is 1.5km, the transmitting power is
180 kW, and the maximum current is 130 A. In
addition, a mapping analysis with a line spacing of
100 m and a point spacing of 50 m has also been
carried out in the Baoshan Cu polymetallic deposit.
The data processing is based on the conductivity
of the rock by removing the flying spots of the
original data, static correction, and other methods.
Qualitative analysis is completed by combining
the original data “frequency—apparent resistivity”
curve [25].

3.3 CL images and U-Pb dating of zircon

Zircon cathodoluminescence (CL) images
were taken at the Beijing Zhongke Kuangyan Test
Technology Co. Ltd., using an analytical scanning
electron microscope (Tescan MIRA 3) connected to
a GATAN MINICL system. In situ zircon U-Pb
dating, and trace element measurements were
conducted using LA-ICP-MS in the Key

Laboratory of Metallogenic Prediction of
Nonferrous Metals and Geological Environment
Monitoring, Central South University, Changsha,
China. The spot size and frequency of the laser
were set to be 32 pm and 5 Hz, respectively, in this
study. Zircon 91500 and glass NIST610 were used
as external standards for U-Pb dating and trace
element calibration, respectively. Data reduction
was performed by using GLITTER 4.4.4 developed
by GEMOC and according to the standard method,
and the Ca content of calcite was analyzed by

EPMA [26].

3.4 Lu—Hf analysis of zircon

In-situ analysis of zircon Lu—Hf isotope
compositions was carried out by using laser
ablation—multi-collector—inductively coupled plasma—
mass spectroscopy (LA—MC-ICP-MS) in the
Beijing Geoanalysis Co., Ltd. (China). The ablation
spots for Hf isotope analyses were situated over or
close to the U-Pb age analysis positions on each
zircon grain. The ablation spot size is 45 um, the
repetition rate is 10 Hz, and the energy density of
5.3J/cm?. The standard zircons PleSovice was
measured to correct Hf isotopic values, which was

analyzed twice every 10 samples. Detailed
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operating conditions and analytical methods for
LA-ICP—MS and LA—-MC-ICP—MS are described
by GRIFFIN et al [26].

3.5 LA-ICP—MS analysis of calcite

In situ trace element analyses of calcite were
also performed using LA-ICP-MS in the Key
Laboratory of Metallogenic Prediction of
Nonferrous Metals and Geological Environment
Monitoring, Central South University, Changsha,
China. Individual calcite grains were measured
using a Teledyne Photon Machines Analyte HE
Excimer 193 nm laser ablation system, coupled to
an Analytik Jena Plasma Quant MS Ellite ICPMS at
the Key Laboratory of Metallogenic Prediction of
Nonferrous Metals and Geological Environment
Monitor of Ministry of Education, Central South
University, Changsha, China. The selected thin
sections were cleaned and placed into the HelEx 11
chamfer cell of the laser. The samples were placed
in a sealed ablation cell that was constantly flushed
with a mixture of high purity Ar (13.5 L/min) and
He gases (1.1 L/min). Spot sizes were 35 pm. The
laser repetition rate was typically 5 Hz and laser
beam energy at the sample was maintained around
2.0 J/em?. NIST610, BHVO, GSE-1 and BIR-1G
were used as external standard for analyses, and
NIST SRM610 was used as the system monitoring
sample. Data reduction was performed by using
GLITTER 4.4.4 developed by GEMOC and
according to the standard method, and the Ca
content of calcite was analyzed by EPMA [26].
Results for all measured trace elements were in
good agreement with published standard materials.

3.6 C—O isotope analysis of calcite

The carbon and oxygen isotope composition
analysis of calcite was conducted in the Laboratory
of Beijing Institute of Geology of Nuclear Industry
(China). The analysis systems consist of a Thermo
Finnigan Gas Bench II equipped with a CTC
Combi-Pal autosampler and linked to a Finnigan
253puls mass spectrometer. Calcite micro-samples
are loaded manually into 12 mL round-bottomed
borosilicate exetainers and sealed using butyl
rubber septa. 26 exetainers including 18 aliquots of
four national standards (GBW04405, GBW04406,
GBWO04416 and GBW04417) are routinely loaded
for one run. The exetainers are automatically
flushed with Grade 5 He by penetrating the septa

using a double-hole needle at a flow rate of
100 mL/min. Afterwards, 4—6 drops of phosphoric
acid were deposited in each exetainer. The
exetainers were placed into an aluminum tray kept
at 72 °C for 4 h to calcite. Subsequently, the sample
gas was introduced ten times into the mass
spectrometer, by sampling through the standard
100 pL sample loop; CO, was separated from other
components using a gas chromatographic column
(Poraplot Q with fused-silica tubing, 25m X
0.32 mm, Thermo Fisher Scientific) heated to 70 °C,
and the peak corresponding to this CO, was then
passed via an open split into the mass spectrometer.
The external precision calculated over 18 standards
per run was typically 0.1%o for "°C and §'*0. The
formula used for conversion between PDB and
SMOW is as follows: 8"*Ow.ppr)=(8"0Ov-smow—
30.91)/1.0309 [27].

4 Analytical results

4.1 Deformation structural

characteristics

history and

4.1.1 Compressional deformation (D; and D»)

Two compressional deformation events (D
and D) occurred in the study area. In Dy, a series
of upright and inclined folds were developed in
the Devonian, Carboniferous, and Permian strata
(Figs. 4(a, b)). Most folds trend N—S to NNE—SSW,
and have symmetric and asymmetric geometry
(Figs. 4(a, b)). Compaction cleavages are widely
observed, and some regional reverse faults are also
identified (Figs. 4(e—f)). These bedding-parallel
cleavages strike nearly N—S to NNE—SSW with
subvertical dips and are developed in zones with
a width of several meters to tens of meters
(Figs. 4(c, d)). Sericite and calcite in limestone
are aligned in a N—S orientation (Fig. 4(e)). The
three most significant faults are the SKS—TSL,
CZ-LW and ZX—CCL faults from west to east
that are closely related to magmatic activity and
mineralization (Fig. 2).

The SKS—-TSL fault extends for more than
150 km. It trends NE and dips 80° to the NW
(Figs. 2 and 4(f)). The ZX—CCL fault, with a length
of more than 100 km, trends NE and dips 80° to the
NE (Fig. 2). However, the strike of the CZ-LW
fault varies greatly, from NNE, N—S to NNW and
displays an S shape in the Baoshan—Huangshaping
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Fig. 4 Photographs and photomicrographs showing compressional structures in middle Qin—Hang metallogenic belt:

(a, b) Folds developed in Carboniferous and Devonian limestone; (c—e) Bedding-parallel compaction cleavages;
(f—1) Reverse faults and fault breccia in SKS—-TSL, CZ-LW and ZX—CCL faults; (j) S—C fabrics indicating top to east
thrusting direction; (k) Weak ductile deformation in CZ—LW fault; (1) Fault breccias containing cleavages in ZX—CCL

fault; (m) Devonian limestone thrusting onto Lower Jurassic strata; (n) Angular fault breccias in Lower Jurassic strata;

(o) Subvertical cleavage in Lower Jurassic strata

region (Figs. 2 and 4(g)). This fault dips to the NW
in the Baoshan Cu—Pb—Zn deposit, but dips to the
SE in the Huangshaping W—Sn deposit, with a dip
angle of more than 60° (Fig. 2). Quartz grains in the
faults are abraded, and siltstone and limestone
are broken into small breccias (Figs. 4(g,1)). In
addition, these faults are truncated by some small-

scale but densely developed E- and WNW-trending
cross-faults in some places (Fig. 4(a)).

Several small-scale NNE- to N-striking ductile
shear zones are developed along the CZ-LW and
ZX-CCL faults (Fig. 4()). They contain S—C
fabrics and consist of mylonitized limestone
and sandstone (Fig. 4(j)). S—C fabrics and o-type
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porphyroclasts suggest a top to the E or SE shearing
(Figs. 4(j, k)). The early compressional structures
described above indicate a kinematic regime
dominated by nearly WNW—-ESE shortening and
local ductile shearing.

The rocks containing S; cleavages are broken
into breccias by D, compressional deformation
(Fig. 4(1)). Middle Devonian limestone (D»q) thrusts
onto Lower Jurassic rocks (J1) along the ZX—CCL
fault (Fig. 4(m)). In the SKS—TSL fault, the Early
Jurassic formation (J;) and Carboniferous formation
are also characterized by conspicuous faulted
contact with angular breccia at the bottom of Early
Jurassic formation (J;) (Fig. 4(n)). In addition, the
Lower Jurassic rocks (Ji) are strongly deformed in

some places, with a subvertical cleavage, as a result
of D, compressional deformation (Fig. 4(0)). The
D, compressional structures are derived from
ESE—WNW shortening.

4.1.2 Extensional deformation (D3)

D3 normal faults trend NE and dip to SE,
with a dip angle of 45°-65° (Figs. 5(a, b)). The
relationship between the extensional joints in the
hanging wall and the fault indicates a normal
movement on the fault (Fig. 5(a)). Slickensides and
slickenlines on the fault surface also indicate a
normal faulting (Fig. 5(b)). The fault breccias
developed in Ds; are angular, with various size
(Figs. 5(c, d, e)). Most normal faults are reactivated
from early reverse faults formed in compressional

Fig. 5 Photographs showing extensional and strike—slip deformation characteristics in middle Qin—Hang metallogenic
belt: (a, b) Normal fault developed in SKS—TSL fault; (c, d) Angular fault breccias cemented by Stage I calcite;
(e, ) Skarn type veins cut through Stage I calcite in Xianghualing ore field; (g—i) Skarn type and quartz vein type veins
filled in normal faults of SKS—TSL, CZ-LW and ZX-CCL faults; (j—1) Strike—slip deformation in CZ-LW and

ZX—CCL faults
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deformation, although their attitudes may have been
changed (Fig. 2). Many granitic plutons and dykes
were intruded during the extensional stage, and
some of them were related to the N- to
NNE-trending regional faults (Fig. 2). The granitic
plutons can be divided into two types: I-type
granodiorite (e.g., Tongshanling, Shuikoushan) is
closely related to Cu—Pb—Zn mineralization; A-
type or S-type granitic porphyry (e.g., Huangshaping,
Weijia) is closely related to W—Sn mineralization.
In outcrops of regional faults and mining
tunnels in the mineral deposits, a large number of
calcite veins have been identified (Figs. 5(a, c—f)).
Based on the cementation and cut-through
relationships of calcite veins, calcite can be divided
into two stages. Stage I calcite is coarse-grained and
milky white, with no hydrothermal alteration of
wall rocks (Figs. 5(c, d) and 6(a)). It cements fault
breccias (Figs. 5(c—e)), but itself is also broken into
breccias with an angular shape (Figs 6¢, d). Stage II
calcite is fine-grained and grease luster, with

hematite mineralization and sericitization. Stage 11
calcite veins cut through or cement the Stage I
calcite (Figs. 5(a) and 6(d—1)).

Both skarn and quartz vein orebodies are
closely related to the normal faults (Figs. 5(g—1)).
In the Tongshanling Cu polymetallic deposit, the
quartz vein type orebodies are filled in the
NW-striking secondary faults of the SKS—TSL fault
(Fig. 5(g)). In the Baoshan Cu polymetallic deposit,
the skarn orebodies are related to the NNE-striking
SKS-TSL fault (Fig. 5(h)). In the Changchengling
Rb—Pb—Zn deposit, the Pb—Zn mineralization is
developed in the NE-striking ZX-CCL fault
(Fig. 5(1)). The Stage I calcite is cut through by the
W—Sn skarn veins in the Xianghualing ore field
(Figs. 5(e, 1)). In addition, two stages of calcite are
also developed in the skarn and quartz vein ores
(Figs. 6(g—1)), in which the Stage I calcite is
intergrown with quartz, garnet, diopside and sulfide,
while the Stage II calcite veins cut through garnet

(Figs. 6(g, 1)).

G (D) ) W\‘ 4 : , B
: , g Limestone [l
Ny . % .;:/ ;
NS \ o
v N Y <
. \
\

'

Fig. 6 Photomicrographs of calcite and calcite veins formed in different stages, with samples taken from fault zones and

mineral deposits in middle Qin—Hang metallogenic belt: (a, b) Stage I coarse-grained calcite veins cutting through

Carboniferous limestone; (c, d) Stage I calcite broken into angular breccias; (e) Stage Il calcite vein cutting through

Stage I calcite; (f) Stage II calcite cementing Stage I calcite breccias; (g) Calcite symbiotic with quartz and sulfide in

Tongshanling Cu polymetallic deposit; (h) Calcite symbiotic with garnet and diopside in Weijia W polymetallic deposit;

(1) Late calcite vein cutting through skarn orebody (Cal—Calcite; Qtz—Quartz; Grt—Granite)
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4.1.3 Strike—slip deformation (D4)

After large-scale magmatism and W—Sn and
Cu—Pb—Zn mineralization in the Middle Jurassic,
a phase of strike—slip deformation occurred
(Figs. 5G—1)). Subhorizontal slickenlines have
been observed on the NE-trending fault planes,
indicating a strike—slip deformation (Figs. 5(—k)).
However, the strike—slip displacement is not very
large. Based on the discrimination of stratigraphic
offset on both sides of the fault, the largest
strike—slip displacement on the ZX—CCL and
CZ-LW faults is about 300 m (Fig. 2), and it is only
tens of meters on the SKS—TSL fault (Fig. 2). For
this reason, the mineral deposits formed in the
Middle Jurassic have been well preserved.

4.2 Wide-field electromagnetic profiles

Through static correction and two-dimensional
constrained inversion, the discrimination ability of
electromagnetic data in the deep level is improved,
and the effective detection depth is up to 5km
(Fig. 7).
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The wide-field electromagnetic inversion
profiles reveal a heterogeneous distribution of
apparent resistivity in the Baoshan Cu polymetallic
deposit (Fig. 7(a)). Two abnormal high-resistance
bodies (>7000 Q'm) are identified under the
CZ-LW fault (from 0 to —4000 m) and the F;, fault
(Fig. 7(a), from —3500 to —4000 m), respectively,
indicating two granitic intrusions. Some layered
abnormal low resistance bodies (<200 Q-m) are
distributed in the shallow level (from +1000 to
—2000 m), with opposite tendency in the northwest
and southeast, corresponding to a surface syncline
composed of carbonaceous shale and limestone
(Fig. 7(a)). The relatively weak uplift and
denudation of the core of the syncline developed in
the Devonian and Carboniferous carbonate strata,
which provided good surrounding rock conditions
for the formation of large-scale skarn-type
mineralization in the Jurassic. In the northwest, a
vertical low-resistance belt (400—1000 Q-m) cuts
through the layered low-resistance body and
connects the deep high-resistance body with the F1»
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Fig. 7 Wide-field electromagnetic profiles and 3D model in middle Qin—Hang metallogenic belt (Profile locations are
shown in Fig. 2): (a) Line-PB2 profile across CZ-LW fault and Baoshan Cu polymetallic deposit; (b) 3D model of
abnormal high-resistance bodies (>7000 Q-m) under Baoshan Cu polymetallic deposit; (¢) Line-CCL3 profile across
ZX—CCL fault and Changchengling Rb—Pb—Zn deposit; (d) Line-TSL1 profile across SKS—TSL fault and Tongshanling

Cu polymetallic deposit
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fault on the surface that may be caused by fault
activity and hydrothermal alteration. In the
southeast, a NW-dipping low-resistance belt (400—
1000 Q-m) with a dip angle of 60° is distributed
between layered abnormal low resistance bodies
and high resistance bodies and is coincident with
the skarn type Cu—Pb—Zn orebodies and the
CZ—-LW fault. The low-resistance belt is stable and
is extended to —2.5 km, suggesting a concealed
skarn orebody.

The mapping analysis results and 3D modeling
reveal the detailed three-dimensional feature of the
abnormal high-resistance body (>7000 Q-m) under
the Baoshan Cu polymetallic deposit (Fig. 7(b)),
which is confirmed to be a low-gravity anomaly
by high-precision tunnel gravity measurement
(unpublished). The highest point of the abnormal
high-resistance body (>7000 Q-m) is distributed
between the Line-PB1 and Line-PB2 and some
depression zones are also identified in Line-PB1
and Line-PB2 at the depth from —1000 to —1500 m,
which are beneficial to skarn type mineralization.

Abnormal high-resistance body (>5000 Q-m)
is also identified in the Chengchengling Pb—Zn
deposit, but there are no obvious apparent
resistivity anomalies for the quartz vein type
Pb—Zn orebodies in the shallow level (from +300 to
—200 m), which may be related to the outcrop of
surface rocks and the Quaternary coverage. An
obvious vertical low-resistance anomaly (~400 Q-m)
is under the Lower Jurassic strata. It is inconsistent
with the strata with a dip angle of 30°, and is more
likely to be the result of the ZX-CCL fault. A
possible skarn type orebody may occur in the
contact zone between the high-resistance body and
the Carboniferous limestone (Fig. 7(c)).

The wide-field electromagnetic inversion
profiles in the Tongshanling Cu polymetallic
deposit show similar features with those in the
Baoshan and Changchengling deposits (Fig. 7(d)).
The abnormal high-resistance body (>7000 Q-m)
has been confirmed by drilling (ZK902 and
ZK1101) as granitic rock mass, and large-scale
skarn Cu—W-Pb—Zn mineralization occurs in the
contact zone (Fig. 7(d)). With the development of
deep exploration, some concealed skarn type
orebodies may be discovered in the deep contacts
zone (from —1200 to —2500 m). The SKS-TSL
fault is also characterized by the vertical
low-resistance anomaly (~400 Q-m) under the

Lower Jurassic strata and cuts through the abnormal
high-resistance bodies (Fig. 7(d)), implying the
deformation after Jurassic mineralization.

4.3 Zircon U—Pb geochronology and Hf isotope

To further constrain the genetic relationship
between granitic plutons and mineralization
revealed by field observations and wide-field
electromagnetic profiles, petrology, geochronology
and Hf isotope of zircon in the SKS—TSL fault
were analyzed. The analytical results of four
samples, 75 highly reliable zircon U—-Pb dates
(concordance >90%), and corresponding Hf
isotopic compositions are presented in Tables S1
and S2 in Supplementary information.

The granitic plutons and dikes intruded
along three faults can be divided into four types:
(1) fine-grained granitic dikes developed in compre-
ssional deformation (Figs. 8(a, b)); (2) quartz
porphyry dikes filled in the NE- and NW-striking
faults (Figs. 8(c, d)); (3) granodiorite related to Cu—
Pb—Zn mineralization (Figs. 8(c, d)); (4) granitic
porphyry related to the W—Sn mineralization. All
the granitic plutons and dikes are massive, with
granitic or porphyritic texture (Fig.8). Major
rock-forming minerals are quartz (40—60 vol.%),
plagioclase (20—40 vol.%), biotite (0—20 vol.%),
and minor muscovite (<5 vol.%). Phenocrysts are
quartz and plagioclase, while the matrix is
dominated by plagioclase, quartz, and biotite
(Fig. 8). Zircon grains from granitic plutons and
dikes in the SKS—TSL fault exhibit similar features
and are mostly euhedral, with a length of
50—200 pm and aspect ratios of 1:1-3:1. CL
imaging reveals that most of the zircon grains have
internal oscillatory zonation, indicating a magmatic
origin (Fig. 9) [28].

4.3.1 Triassic granitic dikes

The *°Pb/***U ages of 13 zircon grains from
a granitic dike intruded in the compressional
SKS—TSL fault are plotted on or close to the
concordant curve, yielding a concordant age of
(252.8£1.1) Ma (MSWD=0.97; Fig. 10(a)). The
76yb/!""Hf and '"°Luw/'”’Hf ratios of 6 zircon
grains range from 0.030476 to 0.067344 and from
0.001030 to 0.002197, respectively. The calculated
initial '"°Hf/'”’Hf ratios are 0.282308—0.282450,
with eHf{(¢) values from —10.79 to —5.87 (Fig. 11(a))
and Tpmc ages of 1651-1965 Ma (Table S2 in
Supplementary information).
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Fig. 8 Photomicrographs of granitoids in middle Qin—Hang metallogenic belt: (a) Triassic fine-grained granite in
SKS—TSL fault; (b) Triassic two-mica granite in Changchengling Rb—Pb—Zn deposit; (c) Jurassic quartz porphyry in
Baoshan Cu polymetallic deposit; (d) Jurassic quartz porphyry in SKS—TSL fault; (e) Jurassic granodiorite in
Tongshanling Cu polymetallic deposit; (f) Jurassic granite porphyry in Weijia W deposit (Qtz—Quartz; P1-Plagioclase;
Ms—Muscovite; Bi—Biotite)
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Fig. 9 CL images of zircon from granitoids in middle Qin—Hang metallogenic belt, with zircon grains: (a) Triassic
fine-grained granite in SKS—TSL fault; (b) Jurassic quartz porphyry in SKS—TSL fault; (c) Jurassic granodiorite in
Tongshanling Cu polymetallic deposit; (d) Jurassic granite porphyry in Weijia W deposit

4.3.2 Jurassic quartz porphyry dikes

The **Pb/**®U ages of 14 zircon grains from a
quartz porphyry dike intruded in the extensional
SKS—TSL fault are plotted on or close to the
concordant curve, yielding a concordant age of
(159.9+0.6) Ma (MSWD=0.32; Fig. 10(b)). The
76yb/!""Hf and '"°Lu/'""Hf ratios of 4 zircon grains
from drill cores of ZK701 range in 0.029955—
0.054982 and 0.001067—0.001922, respectively.
The calculated initial 'Hf/'’’Hf ratios are

0.282527-0.282622, with ¢Hf(¥) values ranging
from —5.08 to —1.81 (Fig. 11(b)), and Tomc ages of
1323—-1533 Ma (Table S2 in Supplementary
information).
4.3.3 Jurassic granodiorite

The 2*Pb/**U ages of 14 zircon grains from
granodiorite intruded in the extensional SKS—TSL
fault are plotted on or close to the concordant curve,
yielding a concordant age of (155.0+0.6) Ma,
(MSWD=0.07; Fig. 10(c)). The '7°Yb/!""Hf and
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6Lu/""Hf ratios of 14 zircon grains from sample
20200824-7s1 range from 0.029348 to 0.041874
and from 0.001123 to 0.001856, respectively. The
calculated initial '"°Hf/'""Hf ratios are 0.282388—
0.282519, with ¢Hf(#) values ranging from —10.18
to —4.61 (Fig. 11(c)) and Tpmc ages of 1499-—
1850 Ma (Table S2 in Supplementary information).
4.3.4 Jurassic granite porphyry

The **Pb/>**U ages of 11 zircon grains from
granite porphyry intruded in the extensional
SKS—TSL fault are plotted on or close to the
concordant curve, yielding a concordant age of
(158.9£0.3) Ma (MSWD=3; Fig. 10(d)). The
76yb/'""Hf and '°Lu/'"Hf ratios of 12 zircon
grains from sample ZK902-245 are 0.020013—
0.055455 and 0.000681—-0.001785, respectively.
The calculated initial 'Hf/'’’"Hf ratios are
0.282482-0.282563, with &Hf(f) values ranging
from —6.11 to —4.01 (Fig. 11(d)) and Tpmc ages of
1459-1636 Ma (Table S2 in Supplementary
information).

4.4 Trace element compositions of calcite

A summary of trace element analytical results
of calcite grains in the faults and mineral deposits is
shown in Table S3 in Supplementary information,
with detailed analytical data given in Table S4 in
Supplementary information.

The Stage I calcite grains in the SKS—TSL
fault have low ZREE+Y contents ((0.05-0.10)x10"°,
mean=0.07x10"%). The chondrite-normalized REE
patterns are flat (Lan/Ybx=0.21-2.50, mean=1.11),
with a weak positive Eu anomaly (Euw/Eu*=0.77-
178, mean=1.21) and a significant negative
Ce anomaly (Ce/Ce*=0.41-0.84, mean=0.56)
(Fig. 12(a)). The Stage II calcite grains in the
SKS—-TSL fault have higher XREE+Y contents
((0.70-8.96)x107°, mean=3.93x107%). The LREE/
HREE ratios vary from 5.70 to 12.2, with mean
of 8.85, and the chondrite-normalized REE
patterns are LREE-enriched (Lan/Ybn=7.32—44.5,
mean=16.2), with a significant negative FEu
anomaly (Eu/Eu*=0.30—-1.39, mean=0.62) and no
Ce anomaly (Ce/Ce*=0.77-1.03, mean=0.93)
(Figs. 12(b, ¢)).

The Stage I calcite grains in the CZ—-LW fault
have low XREE+Y contents ((1.07—11.06)x107°,
mean=5.87x107°). Their chondrite-normalized REE
patterns are also flat (Lan/Ybn=3.11-12.7, mean=
7.00), with a weak negative Eu anomaly (Euw/Eu*=

0.47-1.2, mean=0.77) and a significant negative
Ce anomaly (Ce/Ce*=0.01-0.06, mean=0.03)
(Fig. 12(d)). The Stage II calcite grains in the
outcrop of CZ-LW fault have higher ZREE+Y
contents  ((0.90—24.0)x107%, mean=7.32x107%).
Their chondrite-normalized REE patterns are
LREE-enriched (Lan/Ybx=4.31-189, mean=36.2),
with a significant negative Eu anomaly (Eu/Eu*=
0.36—0.96, mean=0.65) and no Ce anomaly
(Ce/Ce*=0.76—1.13, mean=0.93) (Figs. 12(e, 1)).

The Stage I calcite grains in the ZX—CCL fault
also have low ZREE+Y contents ((0.18—6.62)x107°,
mean=2.35x10°) and similar REE patterns
with those of SKS-TSL and CZ-LW faults
(Figs. 12(g, h)). The Stage II calcite grains in the
ZX-CCL fault have higher ZREE+Y contents
((1.73-20.3)x10°°, mean=7.89x10"°). The LREE/
HREE ratios vary from 5.03 to 15.5, with a mean
value of 8.14. Their chondrite-normalized REE
patterns show a decrease slope from La to Lu
(Lan/Ybn=4.85—-22.6, mean=12.7), with a weak
negative Eu anomaly (Eu/Eu*=0.59—0.88, mean=
0.76) and no Ce anomaly (Ce/Ce*=0.86—1.07,
mean=0.94) (Fig. 12(1)).

Calcite grains formed in the Stage I of the
Tongshanling Cu—Pb—Zn deposit exhibit variable
YREE+Y contents ((6.23—157)x107%, mean=
60.7x107°). The LREE/HREE ratios change
from 3.31 to 5.58, with a mean value of 4.16.
Their chondrite-normalized REE patterns are
significantly LREE-enriched, with a positive Eu
anomaly (Eu/Eu*=1.24-6.52, mean=2.76) and
no Ce anomaly (Ce/Ce*=0.93—1.01, mean=0.97)
(Fig. 12(j)). Calcite grains formed in Stage II of
the Tongshanling Cu—Pb—Zn deposit also exhibit
variable XREE+Y contents ((19.1-119)x107°,
mean=62.0x10"%). Their LREE/HREE ratios range
from 1.66 to 2.91, with a mean value of 2.25. Their
chondrite-normalized REE patterns are significantly
LREE-enriched, with a weak negative Eu anomaly
(Euw/Eu*=0.71-0.93, mean=0.79) and a weak Ce
negative anomaly (Ce/Ce*=0.73—0.89, mean=0.80)
(Fig. 12(3)). Calcite grains formed in the Stage I and
Stage II of the Weijia W deposit also exhibit
variable XREE+Y contents ((12.3—134)x107°).
Their LREE/HREE ratios range from 4.08 to 19.7.
Their chondrite-normalized REE patterns are
significantly LREE-enriched, with a negative
Eu anomaly (Euw/Eu*=0.50—0.64) and no Ce
positive anomaly (Ce/Ce*=0.90—1.04) (unpublished,
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deposit [30]

Fig. 12(k)). The calcite grains formed in the skarn
stage of the Baoshan Cu deposit have a similar REE
pattern to that in the Tongshanling and Weijia
deposits (Fig. 12(1)) [30].

The Stage I calcite grains in the SKS—TSL
fault have low Fe and Mn contents (mean=
49.3x10°%, 6.45x107%, respectively), and higher Sr
contents ((393—611)x107°, mean= 499x107°) than
those of the Stage II calcite grains. The Stage I
calcite grains in the CZ-LW fault have similar
trends, and the Stage II calcite grains from deep
drill cores have the highest Fe and Mn contents
(mean=388x107°, 540x107°, respectively) and the
lowest Sr contents ((25.8-42.9)x107°, mean=

30.5x107°%). The contents of ore-forming elements
(e.g., W, Sn, Cu, Pb) are less than 1x107® in almost
all samples, but the Zn contents are significantly
higher than those of the Stage II calcite grains in
faults (>1x107°).

4.5 C—O isotopic compositions of calcite

The carbon and oxygen isotopic compositions
of the Stage I and Stage II calcite grains in the
faults and mineral deposits are presented in
Table S5 in Supplementary information. The
8'"8OH20 values of fluids are calculated by using
the calcite—H»O fractionation equilibrium [31]:

§"* OSMOW=1.030865"*OPDB+30.86
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The 3"*CPDB and §"*OSMOW values of the
Stage I calcite grains in the SKS—TSL, CZ-LW and
ZX—CCL faults range from —4.33%o to 1.48%o with
an average value of —1.18%o, and 17.1%o to 21.0%o
with an average of 18.9%o, respectively. The
3'3CPDB and 5'"*OSMOW values of the Stage II
calcite in the SKS-TSL, CZ-LW and ZX-CCL
faults range from —4.33%0 to 1.17%. with an
average of —1.62%o, and 9.78%o to 15.5%0 with an
average of 12.6%o, respectively. The 5'*OSMOW
values of the Stage I calcite grains are slightly
higher than those of the Stage II calcite grains
(Fig. 13).

The &"CPDB values of calcites in the
Tongshanling, Weijia, Baoshan, and Changcheng-
ling deposits range from —7.70%o0 to —2.08%o with
an average of —3.76%o and the §'"*OH20 values of
fluid range from 10.3%o to —15.5%0 with an average
of —12.5%o, which is identical to those of Stage Il
calcites in the SKS—-TSL, CZ-LW and ZX-CCL
faults. The §"°CPDB and §"*OSMOW values of
calcites in the limestone from the Devonian
Qizigiao formation are 1.45%c and 20.83%o,
respectively. The §"*CPDB and §'*O0SMOW values
of calcites in the limestone from the Carboniferous
Shidengzi formation are 1.36%0 and 19.8%,
respectively, which is similar to the composition of
marine carbonate.

5 Discussion
5.1 Polyphase tectonic events and magmatic

activities
Field structural observations have identified

Met. Soc. China 33(2023) 231-253

four deformation events in the study area: D; is
related to E-W to WNW-ESE shortening
associated with the collision between the Yangtze
and Cathaysia blocks; D, is characterized by top
to the NW thrusting due to subduction of the
paleo-Pacific plate; D; extensional deformation is
accompanied by large-scale magmatic activities and
W-Sn and Cu—Pb—Zn polymetallic mineralization;
D4 is a strike-slip deformation event after the
mineralization.

D; is interpreted as a regional progressive
shortening event. During D;, a series of nearly
N-trending upright and inclined folds developed
in the Devonian, Carboniferous, and Permian
strata that contain widespread nearly N-striking
compaction cleavages (Fig.2). In addition, some
granitic dikes were intruded along the compaction
cleavages and the SKS—TSL and ZX—-CCL faults
(Figs. 4(c), 8(a) and 10(a)), but no hydrothermal
activity and Cu—Pb—Zn mineralization occurred in
D, within the study area (Fig. 4(c)), except minor
W mineralization in the Wangxianling ore field
(molybdenite Re—Os age: (224.0+1.9) Ma) [33]. In
the SKS—TSL fault, a granitic dyke (zircon U-Pb
age: (252.8+1.1) Ma, Fig. 8(a)) was intruded into
the compaction cleavages during the D; event [34].
The low ¢Hf(f) values (from —10.79 to —5.87) and
old Towmc ages (1651—-1965 Ma) further confirm that
it was originated from the thickened lower crust
(Fig. 11(a)). Therefore, the abnormal high-
resistance body below the SKS—TSL fault may be
not caused by Permian granite and is more likely
the response of Jurassic granite (Fig. 7(d)). A
fine-grained and muscovite-bearing granitic dyke
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Fig. 13 5"*Cppp—06'30smow diagram of calcite in faults and mineral deposits within middle Qin—Hang metallogenic belt

(modified from LIU et al [32])
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(zircon U-Pb age: (229.3+£7.6) Ma) in the Chang-
chengling Pb—Zn deposit filled in the fault has
no compressional deformation, indicating that it
was intruded during the post-orogenic extension,
similar to the Wangxianling and Xitian plutons [17].
Although the quartz vein type Pb—Zn orebodies are
related to the fault in the shallow level (<500 m),
the abnormal high-resistance body (>1km wide)
below the ZX—CCL fault may be caused by Triassic
granitic plutons. Extensive Rb, Li, Nb and Ta
mineralization has been discovered in the
fine-grained muscovite granite pluton [35],
implying that there may be a W polymetallic
orebody in the contact zone of the pluton
(Fig. 7(¢)).

During the Permian and Triassic, closure of the
Paleo-Tethyan Ocean on both sides of the South
China Block and its collision caused the South
China Block to be compressed and thickened.
Thermal-stress relaxation will occur during the time
interval of 10—20 Ma after the thickening of the
crust and will result in underplating of ultrabasic—
basic—alkaline magmas to form peraluminous
granite [17]. Most of the Triassic granites in the
Qin—Hang metallogenic belt are not mineralized,
and only a small amount of rock masses is related
to the W polymetallic mineralization [36], such as
Limu, Wangxianling, Longshang, and Changcheng-
ling deposits [36]. In addition, all granitic intrusions
related to Triassic mineralization are dated at
220—230 Ma when the tectonic setting was changed
into a post-orogenic extension setting [19].

In the Early Jurassic, the study area was
transformed from the Tethyan tectonic regime to
the subduction regime of Paleo-Pacific plate [37].
The D, compressional deformation can be
interpreted as the remote effects of the subduction
of the Paleo-Pacific plate [34]. The D, structures
are dominated by NNE-striking and ESE-dipping
reverse faults with a dip angle of ~45° in the
Changchengling, Shuikoushan and Tongshanling
ore fields (Fig. 10(m)). The formation of bimodal
volcanic rocks, A-type granite, and lamprophyre
dykes (170—180 Ma) indicates the termination
of D, deformation and the beginning of D3
extension [13,34,38].

In the Middle Jurassic, the Pacific plate began
to retreat or was subducted in a NE direction,
and the intracontinental tectonic setting was
changed from a compressional environment to an

extensional environment [1]. The D3 extensional
event was resulted from the retreat of the
Paleo-Pacific plate, and the lithospheric extension
was caused by asthenosphere upwelling [6].
Large-scale A- or S-type granites and I-type
granites (150—160 Ma) were intruded in this period
and were associated with W—Sn and Cu—Pb—Zn
mineralization, respectively [7]. The wide-field
electromagnetic profiles reveal that the pluton
emplacement is controlled by regional faults
(Fig. 7). Although on the surface, some plutons are
not exposed, the shallow skarn orebodies, quartz
porphyry dikes and the calcite veins in the faults are
probably derived from deep plutons (Figs. 4(a—i)).
The U-Pb ages of zircon from a quartz porphyry
dike in the SKS—TSL fault confirms that it was
formed at the same time as the granitic porphyry
(Figs. 10(b, d)), and their similar eHf(r) values
suggest a similar source (Figs. 11(b, d)). The D4
deformation event is characterized by dextral
strike—slip (Figs. 5(j—1)). The strike—slip movement
along an irregularly shaped fault system leads to the
convergence or divergence deformation at fault
bends (Fig. 5(1)). The strike—slip faults crosscut the
Late Jurassic granite and Cu—Pb—Zn orebodies with
offset up to 300 m (Figs. 5(G-1)).

5.2 Genetic relationship of fault fluids and

mineralization
5.2.1 Comparison of REE patterns of calcite

As a reaction product of hydrothermal fluid
and limestone, calcite is widely developed in
limestone, faults, and W-Sn and Cu—Pb—Zn
deposits in the middle Qin—Hang metallogenic belt
(Fig. 5). Rare earth elements are stable in the fluid
migration process and the REE patterns of calcite
can reveal the source and evolution of fluid [39].
The analytical results of rare earth elements show
that the Stage I and Stage II calcite grains have
distinct Y REE+Y contents and REE patterns
(Fig. 12). The XREE+Y contents of the Stage II
calcite crystals are significantly higher than those
of the Stage I calcite grains in the three regional
faults (Table S3 in Supplementary information).
Precipitation of REE-enriched minerals (e.g., garnet,
scheelite and calcite) can cause variation in the
YREE+Y contents as they capture large amounts
of REE (especially HREE) in the ore-forming
fluid [40], and so the XREE+Y contents will be
gradually decreased with time.
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In addition to the change in the XREE+Y
contents, the REE patterns of calcite are also
significantly different between the Stage I and
Stage II (Fig. 12). The LREEs are depleted more
significantly in the Stage I calcite, and their Ce
anomalies are obviously different (Fig. 12). The
ideal calculated radius of REE®" for -eight-
coordination Ca* is 1.10 A in calcite, which is
quite close to that of LREEs ({rCa*=1.10A,
[l La**=1.032 A, BlrNd**=0.983 A, FrLu*=
0.861 A) [41]. Therefore, calcite preferentially
incorporates LREEs with maximum compatibility in
ionic radius and the calcite precipitated from the
hydrothermal system is enriched in LREEs [42].
However, it cannot explain the LREEs-depleted
pattern of the Stage I calcite. A possible reason is
that the Stage I fluid is depleted in LREEs.
Therefore, the Stage 1 and Stage II calcites have
different fluid sources, and the significant negative
Ce anomaly of the Stage I calcite grains suggests
that they may have been derived from marine
limestone [43]. The LREEs-enriched REE patterns
of the Stage II calcite grains in fault are similar to
those of the calcite grains in the W—Sn and
Cu—Pb—Zn deposits (Fig. 12) [29], which indicates
that the source of the Stage II fault fluid is similar
to that of the ore-forming fluid.

Elements Y and Ho have similar ionic radius,
and the Y/Ho ratios are consistent in a single
hydrothermal system, and therefore they can be
used to reveal the source of fluid [43,44]. The Y/Ho
ratios of the Stage Il calcite grains in three faults
range from 23.3 to 69.4, with an average value of
40.9 (Table S4 in Supplementary information),
which is identical to those of calcite grains in the
W-Sn and Cu—Pb—Zn deposits (27.2—61.3, mean=
37.6) (Fig. 14). In the Y/Ho vs La/Ho diagram
(Fig. 14), the Y/Ho and La/Lu ratios of the Stage 11
calcite grains in faults and W—Sn and Cu—Pb—Zn
deposits are similar, which implies that they are
derived from the same fluid source that may have
been generated from the granitic plutons. However,
the Stage I calcite in three faults has a larger
range of variation in the Y/Ho ratios (6.96—106,
mean=57.7) (Table S4 in  Supplementary
information). This suggests that the fluid source of
the Stage I calcite in faults is different from that of
the Stage I calcite in the W—Sn and Cu—Pb—Zn
deposits.
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Fig. 14 Y/Ho—La/Lu plot of calcite in faults and deposits
within middle Qin—Hang metallogenic belt (modified
from IRBER [44])

5.2.2 Fluid source constrained by C—O isotopes

The 8" *Cppp and 8"*Osmow values of the Stage
II calcite grains from the three faults are plotted
near the edge of the magmatic fluid field or closer
to the magmatic water field, similar to those of
calcite grains from the Cu—Pb—Zn deposits
(Fig. 13) [45]. This indicates that the Stage II fault
fluid and ore-forming fluid of the Cu—Pb—Zn
mineralization was mainly originated from a
magmatic hydrothermal fluid, and a small amount
of wall rock materials was mixed into the
ore-forming fluid in the Stage II. However, in the
3"3Cppp vs 8'®0smow diagram (Fig. 13), all data of
the Stage I calcite grains are also plotted near the
edge of the marine limestone field, similar to the
wall rocks of the Carboniferous Shidengzi
Formation and the Devonian Qiziqiao Formation.
This confirms that the Stage I calcite grains with
flat REE patterns are derived from limestone in the
wall rocks.

In summary, although the Jurassic granite
plutons have not been identified in some parts of
the faults, the age of the D3 deformation, and the
REE patterns and C—O isotopic compositions of
calcite grains suggest that they have a close
spatial-temporal and genetic relationship with the
Jurassic granite (150—160 Ma) and the W—Sn and
Cu—Pb—Zn deposits.

5.3 Implication for deep exploration

Under the background of global plate collision
and aggregation, the South China plate was formed
in the Silurian [46] and experienced polyphase
tectonic events, including the Triassic collision, the
subduction and back-arc extension of the ancient
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Pacific plate in the Jurassic (Fig. 15) [8,47].
Multi-stage granitoids are distributed in the middle
Qin—Hang metallogenic belt, South China, and their
metallogenic potential and metallogenic types are
significantly different [2,6,17]. The W-Sn and
Cu—Pb—Zn mineralization is closely related to
granites and is mainly controlled by faults [3,4,20].
However, due to the thick cover of limestone, the
alteration effect of the deep granitic plutons on the
surface rocks is very small. Therefore, it is very
difficult to use traditional geochemical exploration
or drilling methods to explore mineral deposits in
the deep level.

During the Triassic compressional deformation
stage, magmatic activity was dominated by some
granitic dykes or plutons, forming some small
magmatic type Rb—Nb—Ta deposits and magmatic-
hydrothermal type W deposits, such as the
Changchengling Rb—Pb—Zn deposit and the
Wangxianling W deposit (Fig. 15(a)) [35,36]. Large
W-=Sn and Cu—-Pb—Zn deposits are mainly related to
the extensional deformation during the Late
Jurassic (Fig. 15(c)) [6]. The normal faults formed
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- Triassic granite - Cretaceous granite

during this stage are steep and are connected with
the deep concealed granitic intrusions (Figs. 7
and 15). In the outcrops and shallow parts of the
Jurassic normal faults, multiple stages of calcite
were formed, and the Stage II calcite is closely
related to magmatic fluids (Figs.5 and 6).
Therefore, it is necessary to identify these normal
faults for deep exploration, and to obtain the
geological information of deep magmatic fluids by
deciphering the mineralogical characteristics, REE
patterns, and C—O isotopic compositions of calcite
in the faults for understanding the W—-Sn and
Cu—Pb—Zn mineralization processes.

The wide-field electromagnetic profiles reveal
the presence of abnormally high-resistance bodies
1-5 km below the surface normal faults with Stage
II calcite (Fig. 7). 3D modelling also shows that the
abnormally high-resistance bodies have an intrusive
geometry that is obviously different from the
sedimentary strata (Fig. 7(b)) [20]. It is suggested
that the anomalies are granitic plutons because of
their higher electrical resistivity than limestone [48],
which is further confirmed by the drilling results of

»” | Cu~Pb-Zn deposits

| Fault

) » Pb—Zn deposits (vein-type)

Fig. 15 Structure—magma-mineralization model for deep exploration in middle Qin—Hang metallogenic belt: (a) D,

compressional deformation in Permian; (b) D, compressional deformation in Early Jurassic; (¢) Ds; extensional

deformation and magma-mineralization in Late Jurassic; (d) D4 strike—slip deformation after mineralization
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drill holes ZK902 and ZK1102 in the Tongshanling
Cu polymetallic deposit (Fig. 7(d)). The transitional
between the high-resistance and low-
resistance bodies often correspond to the skarn type
W-Sn and Cu—Pb—Zn orebodies (Figs. 7(a, d)).
They are steadily extended to a depth of 3—4 km,
indicating a great deep exploration potential. The
regional normal faults also have a good response in
the wide-field electromagnetic profiles, and they
commonly appear as a low-resistance abnormal
zone with a large dip angle of 60°—90° (Fig. 7).
Although Pb—Zn ore and limestone have obviously
different resistivities [48] and this kind of orebodies
have been found in the shallow part of the
Changchengling deposit, the response of quartz
vein type Pb—Zn orebodies are not obvious in the
wide-field electromagnetic profiles (Fig. 7(c)). This
may be due to the fact that width of the orebodies is
relatively small (generally less than 2 m), and can
not be detected by the wide-field electromagnetic
sounding, or because of the interference with
shallow low-resistance bodies [20,25].

Although the morphology of the concealed
granitic plutons was revealed by the wide-field
electromagnetic profiles and 3D modelling, their
chronological and geochemical characteristics
cannot be directly determined, which hinders the
prediction of the mineralization potential and
identification of exact rock types [2,12]. In this
study, some small granitic dikes are often developed
in the shallow part of faults. They may be the
branches of deep plutons and can be used to reveal
detailed information about the concealed granitic
plutons (Fig. 7). The zircon U-Pb dating of dikes
can directly constrain the diagenetic age and the
possible W—Sn and Cu—Pb—Zn mineralization age
related to the dikes and plutons. For example, the
Tongshanling, Baoshan and Xianghualing deposits
were mainly formed in the Jurassic, while the
Changchengling deposit was formed in the Triassic
(Fig. 10). The zircon Hf isotopes can further reveal
the source of the granitoids. For example, the
granodiorite at Tongshanling is mainly derived from
crustal materials, and the granite porphyry at Weijia
is originated from mixing of crustal and mantle
materials [17]. By combining the geochemical
characteristics of intrusive rocks, granodiorite is the
I-type granite, and is closely related to Cu—Pb—Zn
mineralization, while granitic porphyry is the
A-type granite, and is closely related to W—Sn

zones

mineralization. The lithologies of granitoids are
completely consistent with the types of
mineralization (e.g. Tongshanling Cu—Pb—Zn
deposit and Weijia W deposit). In addition, some
vein-type Pb—Zn deposits in South China are also
distributed in the distal W—Sn deposits, which may
be related to the A-type granite and W—Sn deposits,
such as the Congshuban Pb—Zn and Shizhuyuan
W-Sn deposits [49].

Therefore, the structures, magmas, and W—Sn
and Cu—Pb—Zn mineralization in the shallow and
deep levels are coupled in time and space, and are
closely related to each other in genesis (Fig. 15).
The combination of structural investigation and
wide-field electromagnetic sounding provides us a
new perspective for deep exploration, especially in
the areas covered by thick sedimentary rocks
(Fig. 7). The mineralogy, chronology and geo-
chemical analyses of calcite and zircon further
constrain the ore-forming fluid characteristics,
source, and the possible types of mineralization
(Figs. 12 and 13). Deep drilling in the Tongshanling
and Baoshan Cu—Pb—Zn deposits has confirmed
that this method is very effective in the middle
Qin—Hang metallogenic belt, South China
(Figs. 7(a, d)).

6 Conclusions

(1) Macroscopic and microscopic observations
have identified four deformation events in the
middle Qin—Hang metallogenic belt, South China:
D, is a nearly E-W to WNW-ESE shortening event;
D, is a top to the NW thrusting event; D3 is a
NW-SE-oriented extensional event; D4 is a dextral
strike—slip event related to the NE—trending faults.

(2) During the D3 regional extensional event,
large scale granite emplacement and W—Sn and
Cu—Pb—Zn mineralization occurred. The similarity
in REE patterns and C—O isotopic compositions of
the Stage I calcite grains in the faults and the W—Sn
and Cu—Pb—Zn deposits suggests that they have
similar genetic mechanism and sources in response
to the NW—SE regional extension during the Late
Jurassic.

(3) The wide-field electromagnetic profiles
reveal the deep extension (1.5—4 km) of the surface
regional faults and the skarn type W-Sn and
Cu—Pb—Zn orebodies. Some concealed granitic
plutons are also identified to correspond with the
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abnormally high-resistance bodies 1-5 km below
the normal faults with Stage II calcite.

(4) The combination of structural analysis,
geochemistry and wide-field
sounding provides superior constraints on deep
exploration of the W—Sn and Cu—Pb—Zn deposits
related to magmatic-hydrothermal fluids, especially
in the areas covered by thick sedimentary rocks in
the middle Qin—Hang metallogenic belt, South
China.

electromagnetic
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