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Abstract

Study of constraints of stock emplacement and geometry on associated skarn orebodies is sig-
nificant for the understanding of the epithermal deposit system. We have chosen the typical
Tongguanshan skarn ore deposit (eastern China) as our target area. The Tongguanshan stock
was emplaced at the NE–SW-striking Tongguanshan anticline and is characterized by macro-
scopically homogeneous quartz–monzodiorite. The magnetic parameters show that the stock is
dominated by oblate magnetic ellipsoids and a high degree of anisotropy (> 1.1), and this value
is higher at the stock margin. The strike of magnetic foliation at the stock margin is parallel to
the stock boundary with sub-horizontal magnetic lineations. A vertical NE–SW-striking mag-
netic foliation, which is parallel to the regional structures, is revealed inside the stock. The three-
dimensional geometric modelling shows that the stock has a tongue-like geometry and the con-
tact surface in both eastern and western sides dips to the NW, but the western side is steeper.
Nevertheless, the orebodies are almost developed at the eastern side. Accordingly, we propose
that the Tongguanshan stock was constructed by multiple magma pulses, initiated at the SW
part of the stock, and ascended along inherited NE–SW extended fractures in the
Tongguanshan anticline. The successive magma pulses either accreted by a unilateral E-wards
trend or by bilateral magma accretion, which resulted in a deformation difference in the contact
zone and caused uneven orebody development. Our study also shows that the strike, dip angle
and curvature situation of contact surface, which affects the water–rock reaction process and
distribution of the dilation zone, are important ore-controlling factors.

1. Introduction

Skarn orebodies are usually associated with and unevenly developed around magmatic bodies
(e.g. Einaudi et al. 1981; Baker et al. 2004; Meinert, 2005; Mao et al. 2011; Sial et al. 2011; Xiong
et al. 2019). It is broadly recognized that the magma composition, oxidation state and degree of
fractionation, lithology and structure of country rock will affect the ore genesis process and type
of ore deposit (e.g. Einaudi et al. 1981; Thompson et al. 1999; Audétat et al. 2000; Richards, 2003;
Baker et al. 2004; Meinert, 2005; Seedorf et al. 2005). However, the mechanism of localization of
intrusion-related orebody is less investigated, which is important to improve understanding of
the intrusion-related ore-forming system and further exploitation in the depth (e.g. Ferry &
Dipple, 1992; Gerdes et al. 1998; Heinrich, 2005; Eldursi et al. 2009; Liu et al. 2012, 2014).

Previous studies show that the variation of magma composition, temperature and pressure
gradient around themagma chamber, permeability and fluid circulation in the contact zonemay
cause the ore deposition (Ray et al. 1995; Audétat et al. 2000; Boyce et al. 2003; Lu et al. 2003;
Vallance et al. 2003; Matter et al. 2005; Eldursi et al. 2009; Gerbault, 2012; Luan et al. 2014;
Gonnermann et al. 2017). Nevertheless, this variation is dominantly controlled by the magma
emplacement mechanism (e.g. Eldursi et al. 2009; Chen & Nabelek, 2017). For example, the
gradually emplaced magma injections may accrete in vertical or lateral directions, bilateral
or unilateral accretion, and internal filling, which produce different degrees of metamorphism,
scale of deformation and fluid circulation patterns in the pluton and contact zone (Scaillet et al.
1996; Kratinová et al. 2006; Menand, 2008; Tibaldi et al. 2007; Paterson et al. 2011; Liu et al.
2018a, 2020). Furthermore, the intrusion-related skarn ore deposit is usually associated with
small magmatic bodies (Dines, 1956; Dilles & Proffett, 1995; Tang, 2002). This opinion is well
supported by the magmatism–mineralization system in the Tongling district, eastern China
(insert in Fig. 1a, b). The Tongling district is characterized by widely developed Lower
Cretaceous dioritic stocks (145–135 Ma; Liu et al. 2018b) that intruded in a NE–SW-striking
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fold-fault belt in which several world-class skarn-type Cu–Au–Pb–
Zn ore deposits have been discovered and mined (Fig. 1b; Chang
et al. 1991; Pan & Dong, 1999; Wu et al. 2013). In contrast, the
emplacement of small magmatic bodies, such as stocks, are usually
considered as a diapirically emplaced body with instantaneously
emplaced magma injection, for example, the La Bazana stock in
Iberian Massif (Galadí-Enríquez et al. 2003) or the Oulmès stock
inMorocco (Tahiri et al. 2007). The detailed study of emplacement
process of magmatic stock, currently limited, appears to be of
major significance in understanding the mechanism of orebody
localization in skarn deposits.

The Tongguanshan stock (TGS in Fig. 2; surface area c. 1 km2) is
a representative Lower Cretaceous dioritic stock associated with
typical skarn and stratabound skarn Cu–Fe–Au deposits developed
in the intensively deformed westernmargin of the Tongling district
(Fig. 1b; Pan & Dong, 1999; Mao et al. 2011; Li et al. 2019). Due to
the intensive ore exploration in the Tongguanshan area, detailed
geometry of the geological bodies in the depth is well established
and therefore provides an excellent base from which to understand
the stock emplacement processes and evaluation of the relationship
between the stock emplacement and skarn mineralization. The
Tongguanshan stock was therefore chosen as our target to reveal
how the stock emplacement controls the localization of associated
skarn-type ore deposits. We conducted detailed macro- and

microscopic structure and fabric investigations, anisotropy of
magnetic susceptibility (AMS) and three-dimensional (3D)
geometric modelling on the Tongguanshan stock and its related
orebodies, acquiring new constraints on the stock emplacement
process and the associated orebody.

2. Geological background

The Tongling district, located at the easternmargin of Chinamain-
land, is characterized by widely developed Lower Cretaceous dio-
ritic stocks with surface area ranging over c. 0.5–20 km2 (Fig. 1).
The Early Cretaceous magmatism in the Tongling district can
be classified into two main series, namely the high-K, calc-alkaline
series and the shoshonitic series, related to the typical skarn-type
Cu-Fe and Au deposits, respectively (Fig. 1; Chang et al. 1991; Li
et al. 2007; Xie et al. 2008; Liu et al. 2010, 2014; Deng et al. 2011;
Wu et al. 2013). The Tongling district was highly deformed by pre-
Cretaceous tectonic events since Neoproterozoic time, including
the Neoproterozoic collision between the Yangtze and Cathaysia
blocks, the late Neoproterozoic South China block rifting, the
Palaeozoic and early Mesozoic intracontinental events, and the
Early Cretaceous compression and extension events, producing
the current major series of NE–SW-striking S-type fold system
(Fig. 1; e.g. Wang & Li, 2003; Hacker et al. 2004; Xu et al. 2006;

Fig. 1. (Colour online) Tectonic framework of the Tongling district, modified from the 1:50 000 geological map (Geological Team of Anhui Bureau of Geology and Mineral
Resources, 1989). K – Cretaceous strata; NCC – North China Craton; SCB – South China Block; S – Silurian strata, T1þ2 – lower and middle Triassic strata; TC – Tarim Craton.

2010 H Liu et al.

https://doi.org/10.1017/S001675682100056X Published online by Cambridge University Press

https://doi.org/10.1017/S001675682100056X


Faure et al. 2009; Deng et al. 2011; Shu et al. 2011). Due to the
rigidity difference and differential deformation developed at the
brittle crust level, there are some saddle-like weak zones existing
in the core of the anticline. The E–W-trending basement faults
were also revealed by the geophysical studies (Lü et al. 2003),
the activation of which during the early Mesozoic epoch produced
the NW-trending faults (Fig. 1; Deng et al. 2006). The intersection
of these NE-, NW- and EW-trending faults facilitate the magma
ascent and emplacement.

The Tongguanshan stock is an Early Cretaceous quartz–mon-
zodioritic stock (141.8 ± 1.0 Ma; Wu et al. 2010), intruded in the
western limb and hinge of the NE–SW-striking Tongguanshan
anticline (Figs 1, 2), and displays a roughly oval-shaped exposure
of c. 1 km2 with its long axis parallel to the hinge of the
Tongguanshan anticline (Fig. 2; Wang et al. 2004; Xu et al. 2004;
Du et al. 2007; Xie et al. 2008;Wu et al. 2010). Macroscopically, the
Tongguanshan stock is an isotropic monzodioritic body mainly
composed of medium- to fine-grained quartz–monzodiorite with-
out any obvious lithological or textural zonation (Fig. 3a). Dioritic

enclaves are irregularly shaped and weakly oriented, with long axes
parallel to the regional structures or the stock–country-rock boun-
dary. Previous geobarometric studies on the Tongguanshan stock
and the surrounding contemporaneous Tiane’baodan stock
(TEBD in Fig. 2) have similar emplacement depths at c. 3–5 km
(Du et al. 2004; Cao et al. 2009; Lei et al. 2010). Numerous NE–
SW-striking garnet-bearing veins, dipping to the SE and parallel
to the regional structures, are developed in the eastern margin
of the Tongguanshan stock (Fig. 3b, c).

The country rocks of the Tongguanshan stock mainly consist
of Permian limestone and siltstone in its western side, and
Carboniferous limestone–dolomite strata and Devonian sandstone
in its eastern side (Fig. 2). The Devonian strata are dominated by
the Wutong group, which possess the highest rigidity among these
country rocks (Deng et al. 2006). In the northern part of the stock
(site TL01 in Fig. 2), the bedding of Permian limestone strikes NE–
SW and dips to the NW at c. 50° with weak recrystallization of the
limestone (Fig. 4a). Moreover, according to the field survey in the
Tongguanshan orefield, the lower Permian strata in its NE margin

Fig. 2. (Colour online) Geological map of the Tongguanshan ore field (according to the 1:50 000 geological map (Geological Team of Anhui Bureau of Geology and Mineral
Resources, 1989).
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are folded (Fig. 5). In the SE part of the Tongguanshan stock, the
hornfels-facies Devonian sandstone is well preserved and exposed
in the thermal aureole (i.e. sites TL05, TL07, TL08 and TL09 in
Fig. 2). The bedding of the Devonian sandstone presents consistent
NE–SW strikes with dip angles varying over 54–66° (Fig. 4b–f).

Moreover, the folds of the Devonian strata developed along the
contact zone show SE vergence (Site TL07 in Fig. 4c). Similar struc-
tures are also recorded in the sites far away from the stock, for
example, the crenulation of shale (Fig. 4d) and thrust (Fig. 4e)
can be observed at sites TL08 and TL09, respectively. These

Fig. 3. (Colour online) (a) Field observations of the Tongguanshan stock, (b) quartz–monzodiorite of the stock and (c) garnet-bearing veins developed in the NE margin of the
stock.

Fig. 4. (Colour online) Field observations of the country rocks of
the Tongguanshan stock: (a) bedding of the Permian limestone in
the northern stock margin; (b, c) Devonian sandstone country
rocks along the contact; and (d–f) Devonian sandstone of the
country rock with certain distance to the stock, equal-area pro-
jection of the bedding of the strata inserted.
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consistent kinematic indicators were revealed in and far away from
the stock–country-rock contact zone, suggesting that the country
rocks had suffered a top-to-SE thrusting before the magma
emplacement. However, due to the urbanization on the western
side of the stock, no available country rocks and stock exposures
can be observed on the surface.

The Tongguanshan stock is also characterized by voluminous
skarn-type copper deposits, which are dominantly located in the
northeastern, eastern and southeastern parts of the stock, and
the orebodies are mainly developed in the contact zones with
strikes parallel to the contact surface, as well as the regional struc-
tures (Fig. 5). According to Meng et al. (2004) the age of minerali-
zation is 135.48 ± 0.45 Ma in the Tongguanshan stock, that is,
subsequent to the stock emplacement (c. 140 Ma; Wu et al.
2010). Six representative profiles around the Tongguanshan stock
revealed by the drilling data are presented in Figure 5, showing that
the inward dip angles of the contact surface gradually decrease
from c. 75° in the south (profile E in Fig. 5) to c. 40° in the north
(profile A in Fig. 5).

3. Methodology and sampling

3.a. Petrofabric observation

As mentioned above, our field survey shows that no obvious
emplacement-related fabrics can be observed in the Tongguanshan
stock; we therefore conducted detailed microscopic petrofabric
studies by thin-section observation and anisotropy of magnetic
susceptibility (AMS) analysis to acquire a better understanding
of its emplacement process. We collected five samples (TL05-D,
TL07, TL08, TL09A and TL09B; Table 1 and Fig. 2), oriented by
both magnetic and solar compasses, from the country rocks and

prepared them for microscopic fabric and kinematic investiga-
tions. The samples were cut along the XZ plane, that is,
perpendicular to the foliation and parallel to the lineation. One
massive quartz–monzodiorite sample was also collected at site
TL06 for thin-section investigation (Fig. 2).

3.b. Anisotropy of magnetic susceptibility

Being an efficient method for fabric investigation, AMS has been
widely applied on magma emplacement studies in South China
(Feng et al. 2012; Wei et al. 2014, 2016; Ji et al. 2018; Liu et al.
2018a). In the Tongling district, the AMS was also applied on
the contemporaneous Fenghuangshan pluton to reveal its
emplacement process (Zhang et al. 2008). As the western part of
the Tongguanshan stock is inaccessible due to extensive urbaniza-
tion, only four fresh outcrops in the eastern side of the stock were
collected, that is, samples TL02, TL03, TL04 and TL05 (Fig. 2 and
Table 2). At least seven oriented core samples were collected at
each site using a portable gasoline drill. The raw core samples were
cut into standard cylindrical specimens of length 2.2 cm and diam-
eter 2.5 cm, respectively. Finally, 64 specimens were prepared for
the AMS measurement. Before the measurement, the orientation
of the cores without solar compass measurement was corrected
by –4.2°, that is, the average of azimuth differences between mag-
netic and solar azimuths.

Our AMS measurements and magnetic mineralogy experi-
ments were conducted in the Paleomagnetism Laboratory of
Nanjing University. The core samples and rock powders were ana-
lysed by the KLY-3S Kappabridge coupled with the CS3 furnace of
AGICO Company. Protective argon gas was added to reduce the
oxidation during the heating process. The AMS data were calcu-
lated with the open access software ANISOFT of AGICO

Fig. 5. (Colour online) Representative cross-sections along the
Tongguanshan stock, according to the drilling data.
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Company. Site-mean directions are calculated from the three prin-
cipal axes of the magnetic ellipsoid (K1 ≥ K2 ≥ K3) with 95% con-
fidence level, where K1 and K3 correspond to the magnetic lineation
and pole of the magnetic foliation, respectively. Detailed explana-
tions of the magnetic parameters are provided in Table 2. Ten
cylindrical quartz–monzodiorite specimens (TL02-7B, TL02-9,
TL03-2, TL03-7, TL04-2A, TL04-7, TL05-1, TL05-5, TL05-10 and
TL05-13) were chosen for the oriented thin-section study, and were
cut along the XZ plane, that is, perpendicular to the magnetic foli-
ation and parallel to the magnetic lineation.

3.c. Geometric modelling of the Tongguanshan stock and its
related orebodies

The recognition of the geometry of the Tongguanshan stock and
its related ore bodies is pivotal to the understanding of its
emplacement process, as well as the relationship between the
magma emplacement and the related mineralization. However,
considering its small size and complexity, as well as the surround-
ing intensive human activities, traditional geophysical investiga-
tion methods in this area are less efficient in determining the
stock geometry. To determine the 3D geometry of the geological
bodies, we therefore acquired a high-resolution digital elevation
model (DEM), drilling data and regional resistivity surveying
data from the Tongling Nonferrous Metals Group Holdings

Company, and combined these with our structure and petrofabric
investigation results in the Tongguanshan area (Table 3). We
integrated and processed these data using Micromine 2014
(https://www.micromine.com/) to reconstruct the 3D surface
of the geological bodies. First, the contacts of the geological
bodies in the depth were digitalized from the borehole profiles.
Second, outlines of adjacent contacts between similar geological
units were connected using a triangulated irregular network
(TIN) to obtain the contact surface. Third, the contact surface
was smoothed using a discrete smooth interpolation (DSI) to
approximate the real geological interface. The method for the
reconstruction of the 3D geometry of the geological bodies is
reported in detail by Liu et al. (2012).

4. Results

4.a. Petrofabric investigation of the Tongguanshan stock and
its country rocks

According to our thin-section observation, the quartz–monzodior-
ite of the Tongguanshan stock is composed of plagioclase, K-feld-
spar, quartz, hornblende, sphene, biotite, apatite, pyrrhotite and
magnetite (Fig. 6). Most of the samples present a similar magmatic
texture and euhedral mineral with grain sizes ranging from 0.5 to
1.5 mm, but weak orientation in themineral long axis direction can

Table 2. Sampling information and site-mean anisotropy of magnetic susceptibility measurement results for the Tongguanshan stock. Lithology: quartz–
monzodiorite

Site Location
Altitude
(m)

No.
specimens

Bulk magnetic
susceptibility
(Km, dimen-
sionless)

Degree of
susceptibility
anisotropy

(PJ)

Shape
parameter
of ellip-
soid (T)

Magnetic lineation (K1)
Pole of magnetic
foliation (K3)

Declination/
inclination

(°)
α95 (max/
min) (°)

Declination/
inclination

(°)
α95 (max/
min) (°)

TL02 30.9137° N,
117.8173° E

75 22 37300 1.17 0.005 331.2/27.1 6.6/4.2 72.2/20.6 7.9/3.9

TL03 30.9104° N,
117.8147° E

112 14 50600 1.09 0.410 28.3/42.6 81.0/12.3 295.9/2.6 17.6/11.3

TL04 30.9084° N,
117.8137° E

95 12 30800 1.13 0.430 342.9/37.3 36.4/3.7 119.7/43.7 9.6/5.7

TL05 30.9058° N,
117.8105° E

100 16 52900 1.37 0.070 251.7/4.3 12.3/6.9 160.9/10.7 7.4/4.1

Km = (K1 þ K2 þ K3)/3; PJ = exp({2[(n1 – n)2 þ (n2 – n)2 þ (n3 – n)2]}2), T = (2n2 – n1 – n3)/(n1 – n3), where n1, n2 and n3 are the natural-logarithm-normalized susceptibilities K1, K2 and K3,
respectively.

Table 1. Country rock samples collected from the Tongguanshan area

Sample Geographic coordinates Lithology Observations

TL05D 30.9058° N, 117.8105° E Hornfel sandstone Bedding of the Devonian sandstone (346°, ∠ 60°) and parallel with the granite–
country-rock contact

TL06 30.9072° N, 117.8018° E Quartz–monzodiorite Undeformed with dark minerals up to 60%

TL07 30.9028° N, 117.8060° E Sandstone Weakly hornfel sandstone and folding of the bending is observed

TL08 30.9009° N, 117.8021° E Sandstone Thick Devonian sandstone (c. 30 cm) alternates with thin siltstone layers; bedding
of this sequence is c. 329°, ∠ 54° and cut by the top-to-SE thrust

TL09A 30.899° N, 117.8003° E Shale Fine-grained Devonian sandstone and siltstone layers with bedding occurrence of
327°, ∠ 66° with crenulation observed in thin layered siltstone

TL09B 30.899° N, 117.8003° E Siltstone Fine-grained Devonian sandstone and siltstone layers with bedding occurrence of
327°, ∠ 66° with crenulation observed in thin layered siltstone

2014 H Liu et al.
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be observed (Fig. 6a–c). Nevertheless, sample TL05, located in the
contact zone and characterized by fine-grained and irregular grain
boundary of the quartz and feldspar (Fig. 6b), shows a grain boun-
dary migration recrystallization, probably a result of the interac-
tion with the country rocks during the magma emplacement.
No consistent sub-solidus deformation fabrics were identified in
the quartz–monzodiorite.

Country-rock samples TL05D and TL07 collected in the contact
zone are characterized by homogeneous clastic texture and strong
thermal alteration; these samples are not suitable for kinematic study
because of their fine-grainedmineral size. The other three samples of
sandstone (TL08, TL09A and TL09B; Fig. 2), collected from south
of the Tongguanshan stock and on the western limb of the
Tongguanshan anticline, have similar clastic texture with clast grain

Fig. 6. (Colour online) (a–c) Thin-section observations of the
quartz–monzodiorite of the TGS stock and (d–f) thin-section
observations of the country rocks with indicated kinematic infor-
mation. Ap – apatite; Bt – biotite; Hbl – hornblend; Kfs – K-feld-
spar; Pls – plagioclase; Po – pyrrhotite; Spn – sphene.

Table 3. Data compilation for 3D geometric modelling

Data type Quantity Objectives Data source

Geological and digital eleva-
tion model (DEM)

1 sheet Define the boundary of different geological units on
the surface

Tongling Nonferrous
Metals Group Holding
Company

High-resolution remote
sensing image

1 sheet Searching for outcrops in the surface Central South University

Prospecting profile map 172 sheet Obtain the contact of different geological units in
the depth

Tongling Nonferrous
Metals Group Holding
Company

Borehole survey, core log-
ging and sample analysis

447 borehole with 99 812 m core data
and 9120 specimens for ore grade
analysis

Acquire the contact of different geological units in
the area without borehole data, and the ore grade
variation

Tongling Nonferrous
Metals Group Holding
Company

Controlled source audio-fre-
quency magnetotellurics
(CSAMT)

441 surveying points with 9475 resis-
tivity surveying data

The variation of the resistivity in the depth, to bet-
ter constrain the contact of different geological
units

Central South University

Constraints of the stock emplacement on related orebody localization 2015
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sizes of c. 100 μm (Fig. 6d–f), and the foliation is well defined by the
oriented biotite and muscovite grains. We observed ‘sigmoidal’
plagioclase and quartz grains (Fig. 6d–f) and ‘bookshelf’ mica
grains (Fig. 6e), suggesting a top-to-SEmovement. These phenom-
ena further confirm that the western limb of the Tongguanshan
anticline experienced a top-to-SE movement before the stock
emplacement. No high-grade metamorphic minerals were identi-
fied in the country rocks.

4.b. Magnetic fabrics

4.b.1. Magnetic mineralogy analysis
A total of eight specimens were milled for the thermal magnetic
mineral analysis and present similar curves of magnetic suscep-
tibility (k) versus temperature (T); we therefore only depict two
representative k–T curves in Figure 7a and b. The heating curves
display a slight increasing of magnetic susceptibility during the
heating process, and a rapid drop to zero at 580 °C, suggesting that
the magnetite is the major magnetic susceptibility carrier in the
Tongguanshan quartz–monzodiorite. The lack of Hopkinson peak
in these curves suggests that themagnetite is dominated by samples
of a multidomain nature (Dunlop, 1974). This interpretation is
also supported by the relatively high site-mean bulk magnetic

susceptibility of the quartz–monzodiorite, ranging from c. 31 to
53 × 10–3 (Table 2). Accordingly, the magnetite is the dominant
contributor to the magnetic fabric of the quartz–monzodiorite
in the Tongguanshan stock. We calculated K1 and K3 of the mag-
netic ellipsoid for the magnetic lineation and pole of magnetic
foliation, that is, the AMS result corresponding to a normal
petrofabric.

4.b.2. Features of the magnetic parameters
Most of the measured specimens show a degree of anisotropy (PJ)
greater than 1.1 (Fig. 7c; Table 2), and these high values may be
related to the high concentration of magnetite as opposed to the
post-emplacement deformation (Rochette et al. 1992). The pre-
ferred orientation of magnetic minerals, which is another cause
of degree of anisotropy, may be due to the magma flow or inter-
action between magma and country rocks. Values of PJ are higher
in the sites located closest to the stock–country-rock contact
(Fig. 7c), implying that high values of PJ may be due to the result
of the interaction between magma and country rocks. The shape
parameter (T), representing the shape of the magnetic susceptibil-
ity ellipsoid, is divided into two groups: oblate (0< T< 1) and pro-
late (–1 < T< 0). The majority of the specimens are located in the

Fig. 7. (a, b) Representative magnetic mineralogy investigation and (c, d) magnetic parameters of the Tongguanshan stock quartz–monzodiorite.
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oblate domain (Fig. 7d; Table 2), implying that the planar fabric is
better developed than the linear fabric.

4.b.3. AMS of the Tongguanshan stock
We present the AMS results by equal-area projections (lower
hemisphere) with the three principal axes, site-mean value and
95% confidence level (Fig. 8; Table 2). The sites near the margin
of the stock (i.e. TL02, TL04 and TL05) are characterized by well
grouped inwards-dipping and sub-vertical to vertical (45–80°)
magnetic foliations with strikes parallel to the stock boundary
(Fig. 8). The magnetic lineations of these sites, which may record
the trend of magma flow, are horizontal to sub-horizontal (Fig. 8;
Table 2). However, site TL03 (c. 200 m to the stock boundary)
presents vertical NE–SW-striking magnetic foliations parallel to
the regional structures; however, the magnetic lineations show var-
iable plunges (Fig. 8).

4.c. Stock geometry and the occurrence of the orebodies

By detecting the contact surface from the drilling profiles and 3D
modelling, we can build the geometry of the Tongguanshan stock
in the depth (Fig. 9). Several features are highlighted in our 3D
geometric model. First, the shape of the contact boundary in
the eastern side is much more complicated than in the western
side (Fig. 9a). Second, the Tongguanshan stock has a tongue-like
geometry with a sharp wedge out at –2 km (dashed line in Fig. 9b).
We therefore estimate the volume of the Tongguanshan stock as

c. 1.25 km3. Third, the stock–country-rock contact surface gen-
erally dips to the NW in both east and west sides with dip angle
steepening when moving to the depth, and is steeper in the west
side than in the east side (Fig. 9c). Fourth, the orebodies are
mainly located in the east side of the stock and the highest reser-
vation is revealed in the NEmargin. The extent of the orebodies is
roughly parallel to the stock–country-rock contact surface.

5. Discussion

5.a. Emplacement mechanism of the Tongguanshan stock

5.a.1. Implications of the petrofabrics for the magma
emplacement
Our field and microscopic observations revealed that the
Tongguanshan stock has a macroscopically isotropic appearance.
Although the values of degree of anisotropy aremainly> 1.1, prob-
ably because of the high concentration of magnetite (Fig. 7d), no
sub-solidus deformation has been identified in the stock and its
country rocks. We therefore propose that the Tongguanshan stock
has not experienced a strong post-emplacement deformation
related to a regional tectonic event. As a result, the magnetic fabrics
developed in the stock are primary and reflect themagma emplace-
ment process and the interaction between the magma and its coun-
try rocks, and the magnetic lineation may indicate the magma flow
direction (Rochette et al. 1992).

Fig. 8. (Colour online) AMS Tongguanshan stock results.
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The Tongguanshan intrusion was considered as a stock and
defined as a diapirically emplaced body in previous studies (Xu
et al. 2004; Lei et al. 2010; Wu et al. 2010; Yang et al. 2015).
Previous studies on the diapiric emplaced intrusions show that
such a body is usually characterized by a spherical shape, composi-
tional zonation, circular pattern of steep foliation and lineation,
and the foliation and lineation parallel to the planar and linear fab-
rics developed in its aureole (e.g. Dixon, 1975; Cruden, 1990; He
et al. 2009; del Potro et al. 2013). However, our AMS results reveal
that the sites in the stock margin show a dominantly inwards-dip-
ping magnetic foliation with the strike parallel to the stock boun-
dary (i.e. sites TL02, TL04 and TL05 in Fig. 8). The most
pronounced feature of these sites is that they are characterized
by a sub-horizontal magnetic lineation (dip angle< 45°; Fig. 8;
Table 2), which is contrary to the usually steep magnetic lineation
pattern of the diapiric pluton revealed by previous studies (e.g.
Cruden, 1990; He et al. 2009). We therefore consider that the
one-time magma tank diapiric emplacement model seems incom-
patible with the Tongguanshan stock.

The remarkable feature of the Tongguanshan stock AMS result
is the parallelism of the magnetic foliation and the NE–SW-trend-
ing fold–thrust belt of the country rock (Fig. 8), indicating that the
emplacement of the Tongguanshan stock was either controlled by
the NE–SW extended pre-emplacement structures of the country
rocks, or the stock was constructed by NE–SW-striking dykes.

5.a.2. Space for magma emplacement
Previous geochemistry and geochronology studies of the
Tongguanshan stock suggest that the stock has similar composi-
tion at the margin and in the centre. Zircon SHRIMP U–Pb dating
of the Tongguanshan quartz–monzodiorite yields similar crystal-
lization ages within the error bars – 139 ± 3, 139.5 ± 2.9 and
141.8 ± 1.0 Ma – suggesting that the duration of construction of
the stock was relatively short (Du et al. 2004; Wang et al. 2004;
Wu et al. 2010). The short duration is also supported by the small
stock volume (c. 1.25 km3) revealed by the 3D geometric model-
ling; as proposed by de Saint Blanquat et al. (2011), the emplace-
ment duration has a linear relationship with the volume of
intrusion. Considering that the regional tectonic strain rate is usu-
ally much lower than themagma supply rate (Price, 1975), the con-
tribution of syn-magmatism regional tectonics to the creation of
the emplacement space can be neglected. The NE–SW-striking
and SE-dipping garnet- and magnetite-bearing veins developed
in the eastern margin of the Tongguanshan stock, which corre-
spond to the Early Cretaceous regional extension in the NW–SE
direction (Fig. 3b, c; Wang et al. 2007; Li et al. 2009; Deng et al.
2011; Xie et al. 2012), cross-cut the NW-dippingmagnetic foliation
developed in the stock, suggesting that the regional extensional
event occurred after the magma emplacement. As mentioned
above, our field and thin-section observations also show that the
stock is characterized by magmatic texture and fabrics developed
in the country rocks before the magma emplacement (Figs 4, 6).
We therefore believe that the Tongguanshan stock emplacement
was possibly not influenced by the regional tectonic regime.
Alternatively, the magma pressure from the accreted magma
chamber may be considered as the principal space-creating force
for magma emplacement.

The emplacement depth of the Tongguanshan stock is esti-
mated at c. 3–5 km, that is, the brittle upper crust level (Du et al.
2004; Cao et al. 2009; Lei et al. 2010); the mechanical discontinuity
interfaces in the country rocks are therefore preferable for the
magma emplacement, and the re-arrangement of the country rocks

Fig. 9. (Colour online) 3D geometry of the TGS stock (pink) and its related ore bodies
(yellow) reconstructed by the drilling and regional resistivity surveying data, view from
the (a) top, (b) east and (c) south. Dashed line part represents the modelled geometry
in the depth.
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also partly accommodated the intrusions (e.g. Gudmundsson,
2011; Menand, 2011; Schofield et al. 2012). For example, the shoul-
dering effect observed at the western margin of the Tongguanshan
stock suggests the lateral movement behaviour of the country rock
(Fig. 2). The stock–country-rock contact profiles in the east side
revealed by the drilling data reveal that the dip angle of the contact
surface gradually decreases from c. 65° in the south to c. 45° in the
north (Fig. 5), indicating that the space for magma emplacement
was partly accommodated by the downwards displacement of the
country rocks.

Accordingly, we propose that the space for the emplacement of
the Tongguanshan stock was mainly created by magma pressure
from the magma chamber along the inherited regional structures
in the country rocks, and partially associated with the lateral and
downwards country rock displacement.

5.a.3. Emplacement mechanism of the Tongguanshan stock
The reconstructed 3D geometry of the Tongguanshan stock shows
that the west contact surface is much steeper than the east contact
surface and the root of stock is in the SW part of the stock (Fig. 9b,
c), indicating that the magma emplacement was possibly initiated
at the western stock margin. The crystal grain size in the stock
shows a gradually fining trend from the centre to the east stock
margin (Figs 2, 6). In addition, the strike of the magnetic foliation
at sites TL02 and TL04 is parallel to the NW–SE-trending stock
boundary, where the lower Permian strata are folded (Figs 5, 8),
suggesting that the magma was accumulated at the pluton
northern part. It therefore seems reasonable to assume that the
magma emplacement was initiated at the southwestern part of
the stock.

Site TL03 has the furthest distance to the stock margin and low-
est degree of anisotropy value compared with other sites (Fig. 8),
indicating that themagmatic fabric of site TL03 ismainly produced
by magma emplacement. The understanding of the magnetic fab-
rics at site TL03 is therefore important to reconstruct the accretion
process of the stock. Site TL03 is characterized by vertical NE–SW-
striking magnetic foliations with variable plunges of magnetic lin-
eation (Fig. 8). This is different from the inwards-dippingmagnetic
foliation and horizontal to sub-horizontal magnetic lineation in the
stockmargin, suggesting that site TL03may be derived from differ-
ent magma pulses with respect to other sites in the stock margin,
instead of just a single magma intrusion. The relatively lower
degree of anisotropy of site TL03 compared with sites TL02,
TL04 and TL05 supports this idea (Fig. 7b). However, the accretion
process is still not clear due to the lack of exposure in the western
part of the Tongguanshan stock. We consider that there are two
possibilities of forming the magnetic fabric of site TL03, and there-
fore two corresponding emplacement models were proposed. One

is that site TL03 represents one of themagma pulses intruded along
the NE–SW-extended pre-emplacement structures in the country
rock with unilateral E-wards accretion trend (Model 1 in Fig. 10a).
The other is that site TL03 belongs to the youngest magma pulse
squeezed into the early emplaced magma, that is, bilateral magma
accretion process (Model 2 in Fig. 10b). The ambient stress from
earlier emplaced magma and country rocks therefore resulted in
the NE–SW-extended magnetic foliation.

In summary, we conclude that the Tongguanshan stock was
constructed by multiple magma pulses emplaced along the NE–
SW-trending pre-emplacement structures in the country rock.
The magma emplacement was initiated in the western part of
the stock with either unilateral or bilateral magma accretion trend.

5.b. Influence of magma emplacement on the localization of
related skarn type orebodies

The influence of magma emplacement on the related orebody
localization mainly included the modification of the thermal fluid
composition and pressure condition (e.g. Ray et al. 1995; Audétat
et al. 2000; Vallance et al. 2003; Gerbault, 2012), the change of the
circulation and accumulation of the hydrothermal fluid flow in the
aureole (e.g. Boyce et al. 2003; Lu et al. 2003; Eldursi et al. 2009;
Luan et al. 2014), and enhancement of the permeability and tem-
perature gradients of the country rock (e.g. Nehlig, 1994; Matter
et al. 2005; Gonnermann & Manga, 2009). Previous geochemical
studies in the Tongguanshan orefield suggested that the origin
of the hydrothermal fluid is mainly from the Tongguanshan stock
(Yuan, 2002; Tian et al. 2005).

Our stock emplacement model suggests that the Tongguanshan
stock was constructed by successively emplaced magma pulses
along the NE–SW-striking fractures in the Tongguanshan anti-
cline from west to east (Figs 11, 12). Consequently, the country
rocks in the eastern side were heated and deformed by the succes-
sively emplaced magma arrivals. The variable inclination of the
contact surface in the eastern side, the highly irregular stock–coun-
try-rock boundary and grain boundary migration recrystallization
of the quartz–monzodiorite in the eastern margin (Fig. 6) also sug-
gest that the country rocks on the eastern side experienced a
stronger deformation than that on the western side (Fig. 11).
The fracture of the country rocks may therefore be more developed
in the eastern side, which may enhance the hydrothermal fluid and
larger skarnization in the country rocks.

Recent studies show that the stock geometry, especially the cur-
vature of the intrusion–country-rock contact surface, strongly con-
trols the localization of orebodies (Cao et al. 2020); the curvature of
the contact surface affects the distribution of the dilation zone
around the pluton, where the fluid pressure drops and ore

Fig. 10. (Colour online) Cross-sections through the conceptual
model of the TGS stock in the E–W direction (not to scale). I, II
and III represent the gradually emplaced magma pulses.
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depositing occurs (Liu et al. 2012; Sun & Liu, 2014; Cao et al. 2020).
To better understand the constraints of the stock geometry vari-
ance on its associated orebodies, we therefore chose five zones
(Z1, Z2 and Z3, associated with copper skarn deposit, and Z4
and Z5, devoid of ore deposit) around the Tongguanshan stock
contact with width and depth of c. 200 m (Fig. 11). From the com-
parative analysis of the variation of stock contact surface and
extension of the orebodies along the contact surface, we can pos-
sibly correlate the stock geometry and ore deposits.

The equal-area projections of the contact surface of the stock in
zones Z1, Z2 and Z3 show that the extension of the orebodies (yel-
low stereograms in Fig. 11) is parallel to the stock–country-rock
contact surface, and the dip of the stock contact surface ranges over
c. 45–65° (purple stereograms in Fig. 11). However, in zones Z4
and Z5, the dip of the contact surface is between 56° and 83°, which

is statistically steeper than those in zones Z1, Z2 and Z3 (Fig. 11),
but the strike of the contact boundary is oblique to the regional
structures and no industrial mineral deposit was revealed in these
zones. Furthermore, strong sericitization was observed in the
quartz–monzodiorite along the cleavage, which is parallel to the
strike of the magnetic foliation (Fig. 3c) and the long axis of crystal
grain in the country rocks (Fig. 6d–f). The sericitization was related
to the hydrothermal fluid flow during magma emplacement, sug-
gesting that the hydrothermal fluid flow was also along the strike of
the regional structures. Consequently, the genesis of the skarn-type
ore deposit was mainly dependent upon the interaction between
the stock-derived thermal fluid and the country rock. We therefore
suggest that the parallelism among the strike of the contact surface,
regional structures and direction of fluid flow facilitated the ore
development.

Fig. 11. (Colour online) Equal-area lower-hemisphere spherical projections of the stock–country-rock contact surface and its related skarn deposit. The pink and yellow spherical
projections represent the stock-country rock surface and its related orebodies, respectively. The red and blue points in the image are the nodes of the Triangular Irregular Network
(TIN) of analysed zone.
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Generally, the lower the value of maximum density of stock
contact surface, the more complex the curvature of the contact sur-
face. Our study reveals that the value of maximum density of con-
tact surface increased from Z1 to Z3 (5.3% to 17.5%), and almost
doubled at Z4 and Z5 (28.8% to 30.7%, Fig. 11). However, the ore
reservation decreased from Z1 to Z5, indicating that the curvature
of the contact surface is positively correlated with the ore reserva-
tion. From a comparative analysis of these five zones, we consider
that the curvature of the contact surface is equivalent to the distri-
bution of the dilation zone, important ore-controlling factors in an
intrusion-related ore deposit.

We therefore argue that the emplacement process, that is, the
stock–country-rock contact surface geometry, emplacement depth
and magma accretion process, may be an essential ore-controlling
factor for the ore deposit localization. This idea can be used to
guide further prospecting for large-scaled intrusion-related depos-
its, which are usually constructed from numerous magma batches.
However, to obtain a more comprehensive understanding of the
magma emplacement and its effect on the related mineralization
process, detailed 3D emplacement process studies on a developed
mining area are needed.

6. Conclusions

From our field and thin-section observations, AMS, and 3D geom-
etry studies of the Tongguanshan stock and its related orebodies,
we make the following conclusions.

(1) The Tongguanshan stock is composed of macroscopically iso-
tropic quartz–monzodiorite with a ‘tongue-like’ geometry and
a sharp wedge of c. 2 km depth in the western side of the
Tongguanshan stock.

(2) The magma emplacement was initiated in the western side of
the Tongguanshan stock, and the magma ascended along
inherited NE–SW-striking fractures developed in the
Tongguanshan anticline. The successive magma arrivals were
either unilaterally accreted to the east side of the stock or

bilaterally accreted by a succession of NE–SW striking magma
pulses.

(3) The strike, dip angle and curvature situation of the stock–
country-rock contact surface, which may affect the water–rock
reaction process and distribution of the dilation zone, are
important ore-controlling factors.
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