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The Zhuxi deposit is the largest copper-tungsten polymetallic deposit in the world and is in Jiangxi
Province in South China. The ore body is characterized by hydrothermal-vein deposits of copper, lead,
and zinc minerals at shallow levels, skarn deposits of tungsten and copper minerals at middle levels,
and altered-granite-hosted copper and tungsten minerals at depth. Such metallogenic systems are typi-
cally intrusion-related. The intrusive granites related to the Zhuxi polymetallic deposit have been dated
at 152.9 Ma to 146.9 Ma. The intrusions provided the thermal energy and the source material for the ore
mineralization. Skarns mineralization, the main type of ore mineralization, developed in the contact zone
of Carboniferous-Permian formations with the granites. Nappe structures changed the dip of the ore bod-
ies from steep in the top part to gentle in the bottom. NE-trending faults provided the fluid pathways and
controlled the geological framework and distribution of ore deposits on a regional scale. In this study,
recognition exploration criteria were analyzed based on a mineral deposit model and the geological set-
ting. Extraction of favorable geological information and GIS-based data-integration methods were used
for mineral-prospectivity mapping of Zhuxi-type polymetallic deposits. Buffering analysis was employed
to extract structural information (e.g. faults) and lithologic or stratigraphic information (e.g. granites or
geologic units). The singularity method and spatially weighted principal component analysis were used
to enhance and delineate geochemical anomalies. The derivative norm was utilized to extract magnetic-
gradient anomalies associated with intrusive granites. Student t-test of weights-of-evidence (WofE)
proved to be an effective way to optimize threshold values for binarization of variables as evidence layers
by evaluating the spatial correlation between known deposits and geological variables. The posterior
probabilities of WofE gave a relative estimation of mineralization potential. Areas delineated by high pos-
terior probability had much higher potentiality for the discovery of new deposits where had none had
been found yet.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Jiangxi Province is an important tungsten province in China as
well as in the world. Previous studies concluded that world-class
tungsten orebodies (e.g. Xihuashan, Dajishan, Yaogangxian depos-
its) developed in the southern part of Jiangxi Province, within the
Nanling tungsten-tin metallogenic belt (Li et al., 1986; Liu et al.,
2014a; Mao et al., 2007; Peng et al., 2006). The northern part of
Jiangxi Province, which adjoins the middle-lower Yangtze River
Valley area, is well known for copper–gold–molybdenum–iron
porphyry and skarn ore bodies. With the development of Chinese
geological and mineral resources prospecting in recent years, two
very large tungsten deposits, Zhuxi and Dahutang, were discovered
in the northern Jiangxi Province. The discovery of these world-class
tungsten deposits subverted the long-held spatial distribution pat-
tern of ‘‘tungsten in the south and copper in the north” within
Jiangxi Province and resulted in the establishment of the ‘‘North
Yangtze tungsten belt” (Mao et al., 2012).

Mineral-prospectivity mapping is based on a mineral predictive
model rather than on empirical data from mapping mineral depos-
its (Asadi et al., 2015). The model analyzes relevant recognition cri-
teria for mineral deposits and synthesizes favorable evidence
layers from multi-source data at a given scale (Bonham-Carter,
1994; Carranza, 2009; Carranza and Laborte, 2014). In the past
few decades, numerous methods have been proposed and used in
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mineral-prospectivity mapping, which can be grouped into two
classes: knowledge-driven and data-driven mineral predictive
models. The knowledge-driven model uses the expert knowledge
of mineral-deposit exploration to estimate metallogenetic poten-
tiality in a given geological setting (Abedi et al., 2013; Carranza,
2008; Rodriguez-Galiano et al., 2015). It is suitable for green field
modelling, which predicts mineral deposits where few or no ore-
bodies are known to exist (Carranza and Laborte, 2014; Lusty
et al., 2012). In contrast, the data-driven model is used in brown-
field exploration, which delineates new targets for further explo-
ration based on existing data for areas where orebodies are
already known to exist. Weighted parameters are assigned to indi-
vidual evidence layers to quantify the spatial association between
known mineral deposits and geological features. The weights-of-
evidence (WofE) model is a quantitative data-driven model based
on the log-linear form of the Bayesian probability model to quan-
tify spatial association (Agterberg and Cheng, 2002; Bonham-
Carter, 1994; Cheng, 2008). It allows the users to calculate WofE
layers and apply posterior probability mapping to mineral
exploration.

Data from geochemical surveys and geophysical exploration
were mapped with the geology of the Jingdezhen region (northern
Jiangxi Province) at a scale of 1:50, 000 scale, and the mineral
deposit model was run. In the study area, the resulting discovery
of the intrusion-related Zhuxi copper-tungsten polymetallic
deposit inspired a new guideline for mineral exploration. In this
paper, we review the Zhuxi mineral deposit model and the ore-
body’s geological setting, analyze recognition criteria for regional
exploration based on the mineral predictive model instead of the
mineral deposit model, calculate posterior probability and delin-
eate prospectivity targets by the WofE model.
2. Geology

2.1. Geological setting and study area

In terms of geological structure, South China consists of the
Yangtze Craton in the northwest and the Cathaysia Block in the
southeast. These two parts were assembled by a subduction-
collision event at ca. 970 Ma (Li and Mcculloch, 1996). The event
also resulted in the formation of Jiangnan Orogen between the
Yangtze Craton and the Cathaysia Block (Wang et al., 2012). The
approximately 1500-km long E-NE-trending Jiangnan Orogen con-
sists of Precambrian meta-sedimentary sequences and igneous
rocks (Huang and Jiang, 2014; Wang et al., 2006, 2015; Zhao,
2015; Zhao and Cawood, 1999). The orogen basement comprises
two series of metasedimentary strata in unconformable contact
with sub-greenschist to greenschist facies rocks (Zhao, 2015;
Zhou et al., 2009). The metamorphic transformation from sedimen-
tary rock to metasedimentary rock occurred in the Neoproterozoic
(Gao et al., 2008, 2012; Wang and Zi, 2007). The most recently dis-
covered tungsten deposits are distributed in the Jiangnan Orogen
(Fig. 1) rather than the metallogenic province of the middle to
lower Yangtze River Valley.

The study area is in the Taqian-Fuchun-Jingdezhen district
(TFJD), which includes approximately 2000 km2 of the northeast-
ern part of the Jiangnan Orogen (Figs. 1 and 2). The Zhuxi poly-
metallic deposit is in the Neopaleozoic shallow marine
carbonate-rock basin of the Jiangnan Orogen. The metallogenic
province of the middle to lower Yangtze River Valley, characterized
by copper-gold-molybdenum–iron porphyry and skarn ore depos-
its, is in the northeast of the study area. The well-known Dexing
copper and Dahutang tungsten deposits have a geological setting
that is similar to that of the Zhuxi tungsten deposit. They are both
located in the northeastern part of Jiangnan Orogen (Fig. 1).
2.2. Lithostratigraphy

The oldest rock in the TFJD belongs to the Neoproterozoic
Shuangqiaoshan Group, which consists of low greenschist facies
rocks formed in the back-arc basin from ca. 850 Ma to ca. 820 Ma
(Gao et al., 2008, 2012; Han et al., 2016; Wu et al., 2005). Shuang-
qiaoshan Group, which has an extremely variable strata sequence,
is composed of pelitic-sandy sedimentary rock (greater than 500 m
thick) with volcanic interlayers (Wang et al., 2008). It includes
sericitized phyllite, sandy phyllite, sericitized killas and metamor-
phosed tuff. The Shuangqiaoshan Group, which forms the base-
ment of Taqian-Fuchun synclinal basin, is characterized by the
enrichment of Cu, As, Sb, Be, Pb, Sn, W, Mo, V, Li, Cd, and Zn in
the Taqian district. The concentrations of As, Sb, W, Cd are 60 to
150 times higher than Clarke values (Hu, 2015). In general, the
Shuangqiaoshan Group is regarded as having provided source
materials for some ore deposits, such as the Jinshan gold deposit,
Dexing copper deposit, and the Yinshan silver polymetallic ore
deposit (Hua et al., 1993; Wan, 1995; Wei, 1996; Xi and Liao,
1997).

The unconformable boundaries between the Shuangqiaoshan
Group and the overlying Carboniferous strata (approximately
200–300 m in thickness) extend along a NE-trending graben basin.
Most of the unconformable boundaries were obscured by later NE-
trending thrust faults. The Carboniferous strata can be further
divided into five formations from oldest to youngest: the early Car-
boniferous Yunshan, Zhongpeng, Zishan Formations and the late
Carboniferous Laohudong and Huanglong Formations. Early Car-
boniferous strata are a sedimentary sequence from conglomerate
at the bottom to fine-grained sandstone with limestone and shale
interlayers at the top. The late Carboniferous strata consist of lime-
stone and dolomite deposited in a tidal-flat environment. The
Huanglong Formation is relatively more enriched in Cu, W, and
Zn (Chen et al., 2012).

During the Permian, a sedimentary sequence of limestone,
chert, mudstone and clastic rocks was formed in an inland-sea
environment. The sequence comprises the early Permian Liang-
shan, Qixia, Xiaojiangbian, Maokou and Mingshan Formaitons,
and the late Permian Leping and Changxing Formations.

Triassic to Cretaceous rocks are scattered across the study area.
During the Triassic, Qinglong Formation and Anyuan Group were
deposited in inland sea platform and paralic shallow marine envi-
ronments, respectively. The Duojiang Formation of Upper Triassic
to Lower Jurassic is a sedimentary sequence of clastic rocks and
shales with thin coal seams. The Linshan Group of Jurassic is a con-
tinental sequence of conglomerate, quartz sandstone and siltstone.
The Cretaceous sediment sequence includes red sandstone, and
siltstone with mudstone interlayers formed in an oxidation
environment.
2.3. Intrusive rocks

In the study area, an S-type granite was intruded into the
Taqian-Fuchun synclinal basin along the NE trending faults in
an extensional and post-collisional environment (Hu, 2015; Li
et al., 2014). The exposed granite dykes and stocks are composi-
tionally categorized as porphyritic granodiorite, granite porphyry,
granodiorite, biotite granite and muscovite granite, which were
dated at 152.9 Ma to 146.9 Ma by using the zircon U-Pb method
(Chen et al., 2015; Li et al., 2014; Su, 2014; Wan et al., 2015).
The Cu, Mo, W, Zn and Ag mineral systems have a close spatial
and genetic relationship with the granites. There are also some
mafic and intermediate-felsic dykes of unknown age and lampro-
phyre veins dated at 160.3 Ma along the NE trending faults (Liu
et al., 2014b).



Fig. 1. Geological map showing the distribution of mineral deposits in Jiangnan Orogen and Yangtze River Belt (YRB). YCF, Yangxing-Changzhou Fault; TLF, Tancheng-Lujiang
Fault; XGF, Xiangfan-Guangji Fault; NCC, North China Craton; SCC, South China Craton; TC, Tarim Craton (Mao et al., 2013).
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2.4. Structural geology

Neoproterozoic and Mesozoic tectonic activities mainly affected
the supracrustal faults, intrusive rocks and mineralization. They
also played a key role in forming the present-day structural frame-
work (Yang et al., 1998, 2009). Neoproterozoic tectonic activity
characteristically produced tight linear folds, large-scale nappe
structures and ductile shear zones (Shu et al., 1995; Xu et al.,
1992). Mesozoic tectonic activity characteristically produced folds
in overlying rocks, brittle fractures and rift basins (Shu et al., 2008).
Mesozoic lithosphere extension produced igneous rocks (granitic
and volcanic) in a rift basin in the northern part of Jiangxi Province
and resulted in large-scale mineralization (Jiang et al., 2006; Mao
et al., 2004; Wang and Shu, 2012; Zhou et al., 2006).

Neoproterozoic lithologies were overthrust from north to south
onto the sedimentary sequences along the NE-trending Taqian-
Fuchun Fault during the Mesozoic. These overthrust basin sedi-
ments protected ore-bearing rocks from subsequent erosion
(Chen et al., 2012). In the study area, four NE-trending parallel
faults controlled the distribution of copper-tungsten polymetallic
deposits. Locally, minor E-W or NE-trending faults later intersected
these more-dominant NE-trending parallel faults, and these inter-
sections became favorable places for granite intrusion and
hydrothermal alteration.
3. Typical mineral deposit model and predictive model

3.1. Mineral deposit model

The Zhuxi orefield is the most studied of any within the TFJD.
When it was discovered, it was regarded as a reworked and over-
printed sedimentary copper deposit. With the discovery of the
underlying ore-bearing intrusive rocks, the Zhuxi orebody became
the largest known tungsten deposit in the world. It was reported to
contain 2.86 Mt WO3, 224.4 Kt Cu, and 1.2 Kt Ag (Li and He, 2016).
The Zhuxi’s mineral reserve of WO3 is 2.7 times that of the Dahu-
tang tungsten deposit, which previously was considered largest in
the world. In this study, the Zhuxi mineral deposit model was
reviewed to define predictive model and regional-scale recognition
criteria for mineral exploration.

The Zhuxi copper-tungsten polymetallic deposit includes two
ore zones (Figs. 2 and 3). The first is the main ore zone, which is
a typical skarn tungsten deposit. Skarn mineralization occurred
in the alteration zone between the Carboniferous carbonates and
the granite. The structurally formed zone between the Neoprotero-
zoic low-grade metamorphic rocks and the Carboniferous Huang-
long Formation provided a favorable fluid pathway. The NE-
trending orebody dips 30–75� to NW, is 750 m long, and extends
greater than 2000 m down dip. Since the orebody was affected
by the nappe structures, it is characterized by significant dip
change from steep in the top part to gentle in the bottom. The
dip angles in the top are generally greater than 60�, whereas the
angles are less than 30� in the bottom and middle (Fig. 4). The
greatest thickness is 577.9 m with a WO3 grade of 0.64% (Liu
et al., 2013). The orebody is characterized by pervasive veinlet,
stockwork and massive structures and is characterized by a min-
eral assemblage of garnet, tremolite, diopside, wollastonite, ser-
pentine, talc, quartz, calcite, pyrite, scheelite, chalcopyrite,
pyrrhotite, and sphalerite. The wall-rock alteration shows signifi-
cant zonation from the granites to the carbonate rocks (Fig. 4)
(Hu, 2015).

The other ore zone of the Zhuxi deposit is characterized by
hydrothermal-vein type mineralization. Formed along the contact
between the Huanglong Formation and the Maokou-Chuanshan
Formations (Chen et al., 2015), these orebodies are within a
distance of 30–40 m away from the strata boundaries and are len-
ticular or are confined to veins (Wu et al., 2015). Additionally, len-



Fig. 2. Geological map of Taqian-Fuchun-Jingdezhen district (TFJD) showing the known mineral deposits (occurrences) and geological features.
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ticular orebodies hosted in altered granite occur below the surface
at depths of greater than 800 m. These deposits have a mean WO3

grade of 0.16% (Hu, 2015).
In the Zhuxi orefield, intrusive granites are S-type, produced by

crustal melting mixed with mantle material (Hu, 2015). Scheelite
Sm-Nd dating determined an isochron age of 144 ± 5 Ma for the
mineralization (Hu, 2015). Fluid-inclusions research showed that
homogenization temperatures of the skarn stage are occurred in
the range of 231–359 �C, the retrograde skarn stage is in the range
of 167–355 �C, and the quartz-sulfide stage is in the range of 114–
351 �C (Li et al., 2014). H-O-S isotopes indicated that the ore-
forming fluid originated from magma (Hu, 2015).

3.2. ‘‘Zhuxi-type” copper-tungsten predictive model

A mineral deposit model is not the same as a mineral predictive
model. The China Geological Survey (2010) classified mineral pre-
dictive types into sedimentary, volcanic, intrusion-related, meta-
morphic, composite-endogenous, and strata-bound-endogenous
types. The intrusion-related mineral predictive type encompasses
all mineral deposits related to the intrusion-related mineral sys-
tems. It includes mineral deposits located within the intrusive rock
(e.g. magmatic and porphyry deposits), the contact zone (e.g. skarn
deposits), and area influenced by hydrothermal fluids generated by
intrusive rock (e.g. high-temperature hydrothermal mineral depos-
its) (Xiao et al., 2009).
Wu et al. (2015) modelled the Zhuxi mineral deposit as having
three components: 1) mineralization characterized by
hydrothermal-vein type copper, lead, and zinc deposits at shallow
depths; 2) mineralization characterized by skarn-type tungsten
and copper deposits at intermediate depths; and 3) mineralization
characterized by altered-granite-type copper and tungsten depos-
its at depth. The copper mineralization is predominantly in the
northeastern part of the orefield, whereas the tungsten mineraliza-
tion is predominantly in the southwestern part (Chen et al., 2015).
At the orefield scale, the Zhuxi mineral deposit exhibits several
mineralization types. They share some ore-controlling features,
but each type also has unique characteristics. Several types have
in common a spatial and genetic relationship with intrusive gran-
ite. Therefore, we consider the Zhuxi mineral deposit to be the
intrusion-related type, in accordance with the China Geological
Survey (2010) classification.

In the past decades, 13 hydrothermal polymetallic deposits (or
occurrences) have been found in the TFJD. As is true of the Zhuxi
mineral deposit, they are controlled by NE-trending faults, are
hosted by Carboniferous-Permian limestone formations, are char-
acterized by geochemical anomalies and magnetic transition zone,
and are related to (concealed) granite intrusions. Although they are
only small- to medium-mineral deposits if classified into the differ-
ent specific types according to the geological features present, they
each have the potential to be a large mineral deposit if the con-
cealed intrusive rock were to be discovered. Therefore, these



Fig. 3. Simplified geological map of Zhuxi copper-tungsten deposits (modified from Chen et al., 2015).
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deposits were also categorized as intrusion-related type, as were
the Zhuxi mineral deposits. Because the Zhuxi deposit has been
researched more than any other in the TFJD, we have named this
predictive type the ‘‘Zhuxi-type” intrusion-related deposit.

Research on the mineral deposit genesis and deposit type is also
necessary for prospectivity mapping. The mineral deposit model
can be used to improve the understanding about ore-controlling
factors and ore deposit indicators. At the orefield scale, the mineral
types can be divided into skarn and hydrothermal-vein and
altered-granite types. There are some detailed differences in terms
of ore-controlling factors at the orefield scale, such as the ore-
forming space. In regional prospectivity mapping, different miner-
alization types have a spatial correlation, and share some similar
ore-controlled factors and predictive indicators. Therefore, we
regarded different mineralization types in the Zhuxi mineral ore-
field as a research objective, and we conceptually scaled up the
mineral deposit model to do regional-scale predictive modelling
according to the principles of scale equivalence.

4. Datasets and methods

4.1. Datasets

Geological mapping at 1:50, 000 scale, stream-sediment geo-
chemical sampling, and geophysical surveying were carried out
by Jiangxi Bureau of Geology and Mineral Exploration. For geo-
chemical analysis, 7403 stream-sediment samples were analyzed
for Au, Ag, Cu, Pb, Zn, W, Sn, Mo, Bi, As, Sb, Cr, Co Cd, Hg, Ni, and
Ba. The ground magnetic survey was carried out along profiles with
500 m spacing and 100 m reading intervals. A total of 31,126 sta-
tions were included. These datasets were registered to the same
coordinate system and merged into a multi-sources geological
information database using GIS.
4.2. Weights-of-evidence and Student’s t-test

WofE is a quantitative data-driven method that uses a log-linear
form of the Bayesian probability model (Bonham-Carter, 1994).
The WofE method is used to estimate the relative importance of
evidence layers for known deposits and to minimize subjective
bias (Agterberg et al., 1993; Andrada de Palomera et al., 2014;
Lindsay et al., 2014). Weight coefficientsW+ andW�, which are cal-
culated by conditional probability, indicate the spatial association
between evidence layers and known mineral deposits. The detailed
description is shown in the following equations.
Wþ ¼ ln
nðE \MÞ=nðMÞ
nðE \MÞ=nðMÞ ð1Þ



Fig. 4. The L42 geological section of Zhuxi copper-tungsten deposits showing the zonation of mineralization and alteration types (Chen et al., 2015).
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W� ¼ ln
nðE \MÞ=nðMÞ
nðE \MÞ=nðMÞ ð2Þ

where nðE \MÞ, nðE \MÞ, nðE \MÞ, and nðE \MÞ represent the
number of unit cells or pixels of E \M, E \M, E \M,and E \M,
respectively, on map patterns. M and M indicate the presence and
absence of known ore deposits. E and E indicate the presence and
absence of favorable factors (e.g. fault buffering, geochemical
anomalies). High positive W+ values and low W- values indicate
the factors are favorable evidence for the known mineral deposits.
Posterior probabilities were calculated by combining weight coeffi-
cients using the odds formulation of Bayes’ rule (Agterberg et al.,
1993; Bonham-Carter, 1994; Lindsay et al., 2014).

An important index to estimate spatial correlation, t-test was
developed from contrast of weight coefficients of WofE
(Agterberg et al., 1990; Bonham-Carter, 1994). The accepted
threshold above which correlation can be considered statistically
significant is t-values � 1.96 at 95% confidence interval
(Agterberg et al., 1990; Bonham-Carter, 1994; Zuo, 2011).

t ¼ C
SðCÞ ¼

Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2ðWþÞ þ S2ðW�Þ

q ð3Þ

where contrast C =W+ �W�, S(C) is the standard deviation of C,
S2ðWþÞ and S2ðW�Þ are the variances of weights (W+ and W-),
respectively.
4.3. Spatially weighted principal component analysis

Spatially weighted principal component analysis (SWPCA)
introduced the spatial-correlation coefficient to principal compo-
nent analysis (Cheng et al., 2011; Cheng, 2006b). The coefficient
is defined by spatial distance, density and intensity associated with
mineral deposits. The symmetrical correlation index is calculated
by the equation

Rðx; yÞ ¼
P

wijðxij � xÞðyij � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
wijðxij � xÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
wijðyij � yÞ2

q ð4Þ

where Rðx; yÞ is the symmetrical correlation index; xij and yij are the
geochemical-element contents of samples from location (i, j); x and
y are the weighted mean values of xij and yij; and wij is the spatial
correlation coefficient ð0 < wij < þ1Þ. It is proposed to extract inte-
grated geochemical anomalies based on the mineral-deposits con-
trolling field of the NE-trending faults, thus:

w ¼ 1 d 6 dopt

½1� ðd� doptÞ=dmax�b dopt < d 6 dmax

(
ð5Þ

where d is the buffering distance of NE-trending faults. The maxi-
mum value of d in the study area is 3 km when the buffering region
covered the whole study area. dopt is the optimal buffering distance
obtained by t-test, for which the buffering region could cover the all
deposits and have high correlation between them; b is a positive
exponent (0 < b < +1), which determines the decay rate of the
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power-law function. More detail regrading Eq. (5) can be found in
Cheng et al. (2011) and Xiao et al. (2012).

4.4. Singularity theory

Singularity can be defined as an index used to describe the
anomalous behaviors of individual physical processes that gener-
ate large material accumulation and energy release within speci-
fied spatiotemporal intervals (Cheng, 2006a, 2007, 2008).
Singularity is characterized by power law model based on fractal
and multifractal theory and has been used to identify weak and
local anomalies in geochemical exploration.

In two-dimensional space, the power-law relation (Carranza
and Hale, 1997; Cheng, 2007) is expressed by the equation

TðAÞ ¼ cAa=2 ð6Þ
where T(A) is the total amount in area A; a is the singularity index
or the exponent of the power-law relationship; and c is a constant.
Considering that the average concentration q(A) in A can be
expressed as

qðAÞ ¼ TðAÞ=A ð7Þ
a similar power-law relationship can be derived:

qðAÞ ¼ cAa=2�1 ð8Þ
If singularity index a � 2, there is no singularity; if a < 2, there

is a positive anomaly indicating a concentration enrichment; and if
a greater than 2, there may be a concentration depletion.

4.5. Derivative norm

Intrusive granites provide both favorable source material and
related thermal energy conducive to forming mineral deposits.
The setting of such intrusion-related orebodies has been found to
be represented by a magnetic gradient surrounding the intrusive-
granite host (Wang et al., 2013). In this work, a derivative norm
was proposed and used to highlight magnetic anomalies for min-
eral prospecting. The method is represented by the equation

jDerj ¼ q�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Der2x þ Der2y

q
ð9Þ

where Derx and Dery are horizontal derivatives in the directions X
and Y, and q is a constant (set as 10,000 in this study) used to
amplify signal and avoid numeric overflow during data processing.
A low pass-filter was needed to reduce the noise of the derivative
norm.

5. Preparation for creating evidence layers

Mineral-prospectivity mapping is used to delineate targets
potentially containing ore mineralization based on spatial correla-
tion of geological features with known ore deposits (Fallon et al.,
2010). Mineral-exploration modelling was used to analyze spatial
signatures between known deposits and geological features to
establish recognition criteria on a regional scale. Some recognition
criteria could be observed directly, whereas some were hidden in
the data. In this section, methods of mathematical geology were
used to set up the recognition criteria on a regional scale and to
create evidence layers for calculating posterior probability.

5.1. Lithostratigraphy

Zhuxi-type polymetallic deposits have a strong spatial and
genetic correlation with Carboniferous-Permian lithologic unit
with a banded distribution. The mineralization was controlled by
NE-trending faults (Fig. 5), and thrust nappe structures protected
the Carboniferous-Permian strata beneath the surface from erosion
over geologic time, while also reducing the extent of their outcrop-
ping at the surface. Buffer analysis and t-test were used to deter-
mine the optimum spatial association between mineral deposits
and Carboniferous-Permian formations. The t-test result (Fig. 6)
showed that the t-values in the area with <1400 m buffer distance
were greater than 1.96, which indicated that the strata with
1400 m buffer would make a favorable evidence layer for mineral
prospectivity.

5.2. Structure

Geological structure is an important predictive variable and
provides the pathway and space for mineral deposition. In the
study area, NE-trending faults provided the fluid pathways and
controlled the geological framework and thus the ore-deposits dis-
tribution. NE-trending faults were overprinted by E-W or NE trend-
ing faults. The intersections of these two faults trends created
favorable places for granite intrusion and ore deposits. Buffering
analysis was used to determine the controlling field of faults. It
showed that all deposits were in the 800 m buffering range. The
t-test (�2.36) indicates that the ore deposits have a strong spatial
association with the faults (Fig. 7). Therefore, the 800 m buffering
range of faults was selected as the evidence layer.

5.3. Granites

Granite intrusions have several outcrops occurring mainly in
the southwestern part of Taqian-Fuchun basin. Geophysical inter-
pretation and drilling have proved that there are larger intrusive
plutons at depth. The t-values of granites buffering were greater
than 1.96 (Fig. 8), which indicates a strong spatial correction
between intrusive granites and mineral deposits. When t > 4, the
cumulative area delineated by the 2000 m buffering range covered
22% of the study area. It was appropriate to delineate the mineral
target as the evidence layer.

5.4. Geophysical anomalies

The ground magnetic-survey data were reduced to the pole
before detailed geological interpretation. Magnetic highs could be
interpreted as indicating areas of intrusive granites. Ore deposits
are located at the boundaries of the granites, which reflect high
gradients in the magnetic field. The derivative norm of magnetic
data was used to highlight areas having high magnetic gradients.
The derivative norm map (Fig. 9) and t-test (Fig. 10) show a strong
spatial correlation between the derivative norm and ore deposits.
Considering the range of cumulative area delineated by the deriva-
tive norm and spatial association, we set 0.033 as the threshold
value to create the evidence layer.

5.5. Geochemical anomalies

In terms of ore-forming processes, fault systems provide the
fluid pathway and space. Therefore, mineral deposits have a high
spatial correlation with faults system. In this work, SWPCA and
the singularity method were used to extract integrated anomalies
for the evidence layer. First, seven principal components were
obtained by SWPCA. Principal component variances and compo-
nent loadings of variables of indictor elements are shown in
Fig. 11. The First Principal Component (PC1) accounted for
32.86% of the total variance. Thus, it contained the maximum infor-
mation of geochemical data and was applied to delineate inte-
grated anomalies.

In the secondary environment, tungsten minerals are usually
stable and difficult to be weathered. Minerals of copper, lead and



Fig. 5. Simplified geological map of the TFJD study area, showing the spatial relationship of faults, favorable rock units, granites and ore deposits (or occurrences).

Fig. 6. Plot of t-test for determining the spatial relationship between the strata
controlling range and ore deposits vs the buffering distance. The t = 1.96 solid line is
regarded as the threshold above which the correlation can be considered as
statistically significant.

Fig. 7. Plot of t-test for determining the spatial relationship between faults and ore
deposits vs the buffering distance. The t = 1.96 solid line is regarded as the threshold
above which the correlation can be considered to be statistically significant.
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zinc are in the form of sulfide. These sulfides are easily oxidized
and broken down, and then copper, lead and zinc can migrate
and become secondarily enriched. Tungsten is a high-
temperature ore-forming element, whereas copper, lead and zinc
are moderate- to low-temperature ore-forming elements. In the
Zhuxi orefield, hydrothermal-vein type copper, lead, and zinc ore-
bodies at shallow depths are more easily weathered than copper
and tungsten deposits at depth. Therefore, the tungsten loading
is not large enough for PC1.

The singularity method was used to enhance integrated geo-
chemical anomalies. In conventional geochemical-data processing,



Fig. 8. Plot of t-test for determining the spatial relationship between intrusive
granites controlling range and ore deposits vs the buffering distance. The t = 1.96
solid line is regarded as the threshold above which the correlation can be
considered to be statistically significant.
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a high concentration for an element indicates high probability for a
mineral deposit. The higher the element concentration, the greater
the t-values will be, but for the singularity method, the lower the
singularity index a, the greater the t-values will be (Fig. 12) and
thus the t-value curve is descending in Fig. 13. Most known ore
deposits are located in areas with singularity index (a) values < 2.
Fig. 9. Mapping of magnetic derivative norm. High
The patterns of a values clearly show spatial correlation with sin-
gularity anomaly. There was an inflection point in the t-test
(Fig. 13) from 1.91 to 1.96 of singularity index. Thus, we set
a = 1.91 as the threshold value to create the evidence layer.

5.6. Regional-scale recognition criteria

Mineral systems and mineral deposit models form the basis to
define recognition criteria for regional exploration (Asadi et al.,
2015; Chen et al., 2007; Porwal et al., 2010; Xiao et al., 2007). To
define the recognition criteria for the Zhuxi-type copper-tungsten
polymetallic deposits on a regional scale in the study area, the
key geological features (i.e., lithostratigraphy and faults), geo-
chemical anomalies, and magnetic anomalies associated with min-
eral deposits were determined. The recognition criteria (Table 1)
were used to extract the favorable evidence layers used as input
to the WofE modelling for delineating prospectivity targets.

6. Results and discussion

The input evidence layers for WofE for integrated prospectivity
mapping were extracted based on recognition criteria shown in
Table 1. The cell size was usually determined based on the geolog-
ical complexity, research level, and data scale. In this study, the cell
size, based on the data scale, was set to be 500 � 500 m. The pos-
terior probabilities were calculated by GeoDAS software (Cheng,
2000). The cumulative proportions of ore deposits and area
(Fig. 14), delineated by posterior probability were 57.89% and
1.16% at a posterior probability of 0.2, respectively. When posterior
values highlight the magnetic field gradient.



Fig. 10. Plot of t-test for determining the optimal threshold values for the
derivative norm used to grade geophysical anomalies. The t = 1.96 solid line is
regarded as the threshold above which the correlation can be considered to be
statistically significant.
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probability was 0.018, the cumulative proportion of ore deposits
reached 100%, while cumulative proportion of area reached
11.05%. Thus, these two posterior probabilities (0.018 and 0.2)
Fig. 11. Results obtained by SWPCA. (a) Component variances of the seven principal com
were used to divide the posterior probability values into three
intervals, corresponding to high potential, moderate potential,
and background, respectively. The prospectivity mapping using
these two parameters is shown in Fig. 15.

The regional prospectivity mapping confirmed that there is
potential for Zhuxi-type polymetallic mineralization. The prospec-
tivity targets (Fig. 15) are in the Taqian-Fuchun basin and have a
strong spatial correlation with faults, strata, intrusive granites,
geochemical anomalies, and geophysical anomalies, which
revealed that the extracted evidence layers contributed signifi-
cantly to prospectivity mapping of WofE. All known deposits fall
into the area with high posterior probability values. This confirmed
that the highlighted areas delineated by high posterior probability
have much higher potentiality for key breakthroughs in future
mineral exploration, especially for areas with high posterior prob-
ability where no deposits have yet been found.

In many previous studies, Student’s t-values not only contained
values greater than 1.96, but also contained some values less than
1.96 (Xiao et al., 2012, 2017; Zuo, 2011). We found all the values
were greater than 1.96 (Figs. 6–8 and 10) in this study. We could
account for this pattern from the perspectives of geology and
mathematics. The geology map (Fig. 5) shows that the mineral
deposits have a strong spatial correlation with fault, granite, and
favorable strata. All the mineral deposits are near the faults, gran-
ites, and favorable lithologies. For example, all the mineral deposits
are within the 800 m fault buffering range. If the buffering distance
ponents (PCs) and (b) component loadings of variables on the first component (PC1).



Fig. 12. Singularity mapping of the first principal component of SWPCA. Cell size is 500 � 500 m.

Fig. 13. Plot of t-test to determine the optimal singularity threshold values to use to
grade geochemical anomalies. The t = 1.96 solid line is regarded as the threshold
above which the correlation can be considered to be statistically significant.

Table 1
Regional-scale recognition criteria for Zhuxi-type mineral deposits.

Exploration Criterion Details

Lithostratigraphy Carboniferous-Permian strata with 1400 m
buffering

Fault 800 m buffering
Granite Granites with 2000 m buffering
Geophysical anomalies Derivative norm �0.033
Geochemical anomalies a of integrated geochemical anomalies �1.91

C. Wang et al. / Ore Geology Reviews 89 (2017) 1–14 11
were greater than 800 m, the n(M) in Eqs. (1) and (2) would be set
to 0, and the t-value would be null. Overall, t-values greater than
1.96 indicate strong spatial correlation between ore deposits and
favorable geological features, proving that the favorable geological
variables we selected for mineral-prospectivity mapping in this
study are appropriate and successful.
In this work, conditional independence was not tested in the
WofE model. Violation of the conditional independence assump-
tion can increase posterior probabilities until they approach 1,
which implies that there is a 100% chance for successful mineral
exploration (Porwal et al., 2010). This is unscientific and has the
effect of decreasing the likelihood of exploration success. From
the perspective of mathematics theory of WofE, the v2 test and
the Omnibus test have all been proposed to validate conditional
independence of evidence layers (Agterberg and Cheng, 2002;
Bonham-Carter, 1994). However, it is unrealistic to assume inde-
pendence of evidence layers in geology because of the internal spa-
tial and genetic relationships among different geological features.
Xiao et al. (2007) proposed a partial correlation coefficient and
matching factor methods to evaluate the variables importance
for mineral deposits rather than conditional independence. Thus,
we avoided discussion related the conditional independence of
input evidence layers in our study. The posterior probabilities of
WofE could be interpreted as relative estimation for mineralization
potential and target areas.



Fig. 14. Cumulative proportions of ore deposits and area delineated by posterior
probability. The solid blue lines grade the posterior probability into high potential,
moderate potential, and background.
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7. Conclusions

The well-known copper-tungsten mineralization is in a Neopa-
leozoic shallow marine carbonate-rock basin in the northeastern
Fig. 15. Prospectivity mapping for
part of Jiangnan Orogen in Jiangxi Province in South China. The
Zhuxi deposit is a typical deposit and the world’s largest tungsten
deposit in the study area. It comprises two main ore zones and
some scattered small orebodies, consisting of skarn-type,
altered-granite type, and hydrothermal-vein type deposits. The
mineralization has a significant zonation and is dominated by
hydrothermal-vein type copper, lead, and zinc mineralization at
shallow depths; by skarn-type copper and tungsten mineralization
at intermediate depths; and by altered-granite-type copper and
tungsten mineralization ate depth. Wall-rock alteration caused
significant alteration zonation from intrusive granites to the car-
bonate rocks.

The Zhuxi-type Cu-W polymetallic deposits are hosted in
Carboniferous-Permian limestone. NE-trending faults provided
the fluid pathways and controlled the geological framework and
ore-deposits distribution. Fault intersections were favorable places
for granite intrusion and ore deposition. Intrusive S-type granites,
dated at 152.9–146.9 Ma, provided the thermal energy and the
source material for ore deposition and displayed a strong spatial
relationship with the mineral deposits.

Favorable geological information extraction and GIS-based
data-integration methods were used extensively for mineral-
prospectivity mapping of Zhuxi-type polymetallic deposits. The
singularity method is a powerful method that was used to enhance
and delineate geochemical anomalies. The derivative normmethod
was effective for extracting magnetic-gradient anomalies for
mineral deposits associated with intrusive granites. The student’s
t-test of WofE was useful to select variables for evidence layers
Zhuxi-type mineral deposits.
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by evaluating the spatial correlation between known deposits and
evidence layers.

The posterior probabilities of WofE gave a relative estimation
for mineralization potential. The prospectivity mapping confirmed
that there is significant potential for Zhuxi-type hydrothermal
polymetallic mineralization. Area highlighted by high posterior
probability had much greater potential for key breakthroughs in
mineral exploration, especially for areas with high posterior prob-
ability but where no deposits have yet been found.
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