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a b s t r a c t

The Laoangou Pb-Zn-Ag polymetallic ore deposit (LAG) is a hydrothermal vein-type deposit in the East
Qinling polymetallic metallogenic belt, which is controlled by NW-, NE- and nearly SN-trending faults
and mainly hosted in the dolomite marble of Meiyaogou and Baishugou formations within the
Luanchuan ore district (LOD). Although district-scale metallogenic prediction related to the Pb-Zn-Ag
deposits in the LOD has been attempted, there have been no studies to formulate a detailed deposit-
scale metallogenic prediction of the Pb-Zn-Ag deposit in 3D space. Here we selected the LAG to formulate
a metallogenic prediction model for Pb-Zn-Ag deposit based on data from 1:10,000 scale geological map,
and 66 boreholes and 39 sections of exploration lines on 1:1000 scale, to extract the salient spatial fea-
tures of the deposit. We apply ordinary weights and weighted weights of evidence, followed by boosted
weights of evidence, logistic regression and information entropy for integrating the features of the ore
deposit for exploration targeting. The C–V fractal method is applied to classify the probabilities.
Accordingly, three levels of exploration targets are delineated: the first level targets are mainly dis-
tributed in the periphery of known orebodies (M2, M3, II-3 and VI), which are also located in the ore-
controlling strata and fault zones; the second level targets are located in the region of known orebodies,
indirectly confirming that the prediction result is reliable; and the third level targets, which are mainly
located at the contact between ore-controlling strata and metagabbro bodies, offer new targets for explo-
ration in this ore district. Combining our results obtained in this study with those in previous studies, we
provide some guidelines for exploration targets in the Pb-Zn-Ag deposits in the LOD, which might help in
more effectively delineating the target zones.

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

The depletion of shallow ore resources has warranted deep
exploration and prediction of prospecting potential targets. The
3D geological modeling method, which mainly utilizes detailed
geological maps, geologic survey records, structural information,
and geophysical and geochemical data to construct the 3D geolog-
ical images of strata, structure, rock formation and ore body, geo-
physical anomaly and geochemical anomaly, has become an
important tool for deep prospecting work (Kaumfmann and
Martin, 2008; Wang and Huang, 2012). Such 3D geological models
help to better understand geological structure spatial relationship,
aiding in identifying exploration and prospecting targets (Wang
et al., 2015; Mejía-Herrera et al., 2015). Furthermore, 3D geological
models can also be employed to evaluate the genetic aspects
through spatial analysis or logical calculation associated with
regional metallogenic concepts and typical ore deposit models
(Pouliot et al., 2008;Wang and Huang, 2012). Currently, 3D geolog-
ical modeling technique is used widely to analyze geological for-
mations enriched in resources and their spatial distribution (Shao
et al., 2011). Special softwares (e.g. Micromine, Gocad, Surpac
and 3Dmine) help in data processing and construction of complex
3D models. Although the use of geological maps, and field and
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structural information to build precise 3D models remain as a chal-
lenge (Kaufmann and Martin, 2008), the models allow to better
integrate several features and to understand their implications
(Martelet et al., 2004; Wang et al., 2015; Li et al., 2016). One of
the challenges in the application of these data and techniques is
the quantitative extraction of useful exploration criteria from 3D
datasets and effectively integrate all of the available 3D informa-
tion to guide future deep exploration (Mao et al., 2011b; Yuan
et al., 2014; Li et al., 2015a).
Fig. 1. (a) Tectonic map of China, showing the location of the Central China orogenic belt
Geology and mineral resource of the LOD, showing the spatial distribution with known or
2015; Yang et al., 2016). Abbreviations of deposits: BLG, Bailugou; DWG, Dawanggo
Lengshuibeigou; LTS, Luotuoshan; NNH, Nannihu; SDZ, Sandaozhuang; SFG, Shangfanggo
LAG, Laoangou. Abbreviations of granites: DP, Daping; HBL, Huangbeiling; SBG, Shibaog
Mineral potential targets based on 3D geological modeling,
which is an effective method of target identification during mineral
exploration (Agterberg et al., 1990; Bonham-Carter, 1994; Wang
et al., 2011b; He et al., 2013; Shahriari et al., 2013; Luz et al.,
2014), aim to delineate potential target zones and estimate the
probable size of undiscovered ore deposits as well as to estimate
the total mineral resource of certain types of mineral deposits
(Singer, 2008; Carranza, 2009; Carranza and Sadeghi, 2010;
Wang et al., 2012a, 2012b, 2017; Li et al., 2015a; Wang et al.,
. (b) Tectonic subdivision of the Qinling Orogen, showing the location of the LOD. (c)
e occurrences and the location of the LAG (Modified after Duan et al., 2010; Cao et al.,
u; DYK, Dongyuku; HDG, Hongdonggou; HTC, Hetaocha; JDG, Jiudinggou; LSBG,
u; XG, Xigou; YDG, Yindonggou; YHG, Yinhegou; YSA, Yangshuao; ZYK, Zhongyuku;
ou; YK, Yuku; LJS, Laojunshan; LWZ, Longwangzhuang.
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2017). Based on 3Dmodeling and application of statistical methods
such as weights of evidence, logistic regression, information
entropy and fractal analyses, potential target zones for prospecting
have been successfully identified in some recent studies
(Hamedani et al., 2012; Li et al., 2015a; Wang et al., 2015, 2017;
Li et al., 2016). The method of weights of evidence based on Bayes’
rule has been used for 2D data integration and modeling
(Agterberg, 2011; Mohammady et al., 2012; Ozdemir and Altural,
2013; Nielsen et al., 2015; Ford et al., 2016). Through these meth-
ods, spatial relationships between data inputs and mineralization
have also been quantified (Yuan et al., 2014). The degree of corre-
lation between a particular condition or pattern and a set of data
points representing known ore deposits or occurrences derived
through these techniques also help to identify the favorable zones
for mineral exploration (Agterberg et al., 1990; Cheng and
Agterberg, 1999; Yuan et al., 2014). Several recent studies have
used the weights of evidence for conducting the 3D potential
exploration targets (Yuan et al., 2014; Li et al., 2016; Wang et al.,
2015, 2017).

The Laoangou Pb-Zn-Ag polymetallic ore deposit (LAG) in
southeastern part of the Luanchuan polymetallic ore district
(LOD) is located at the margin of the North China Craton within
the east Qinling orogenic belt (Cao et al., 2015; Li et al., 2015b;
Yang et al., 2016) (Fig. 2b). Mineralization in this hydrothermal-
vein deposit is controlled by NW- and NE-trending faults (Yang
et al., 2016). Although previous 3D geological modeling (Zhu,
2013; Wang et al., 2011a) and 3D metallogenic prediction (Wang
et al., 2011a, 2015) have been attempted in the LOD, several
aspects remain unresolved. Previous work mainly focused on the
district-scale metallogenic prediction of Mo and Pb-Zn-Ag deposits
in the LOD (Wang et al., 2015; Yang, 2016), whereas that for
deposit-scale Pb-Zn-Ag mineral has not been performed systemat-
ically. The currently available models for ore strata, structure and
host rock of the LOD are based on limited data, and are therefore
nor precise and require further optimization. Also 3D geological
models of the LAG, which is one of the hydrothermal vein-type
deposits in the LOD, have not been attempted as yet, with no reli-
able information on the deep structure for metallogenic prediction
of Pb-Zn-Ag mineral.

In this study, we attempt a systematic reconstruction of the 3D
geological models (orebody, strata, fault and host metagabbro
body) based on the data obtained from geological maps, cross-
sections and boreholes which provides insights into the regional
geology and processes of ore-formation. We use the following
Fig. 2. Age data histograms and probability curves, (a) compilation of data on porphyry-
in the LOD; (b) compilation of data on ore-related granites in the LOD. Data sources: Ma
(2017) and references therein.
information to formulate the models: (1) 1:10,000 scale geological
map and two sections; (2) corresponding fault lines from the map;
and (3) data from 66 boreholes and 39 sections of prospecting
lines. Ultimately, a comprehensive deposit-scale 3Dmineral poten-
tial targeting model was formulated to delineate the subsurface
mineral exploration potential in the LAG. We then employ weights
of evidence, logistic regression, information entropy and fractal
methods to analyze and integrate geological information and
exploration criteria. The potential targets delineated in this study
are expected to contribute to further guide the deep prospecting
work of the LAG.
2. Geological background

2.1. Regional geological and tectonic framework

The Central China orogenic belt (COO), located in the southern
margin of the North China Craton to the north of Yangtze Craton,
extends from West Kunlun in the west to Sulu in the east (Bao
et al., 2014; Cao et al., 2015), is composed of the Qilian, West Qin-
ling, East Qinling and Dabie orogens, stretching over 4000 km
(Pirajno, 2013; Bao et al., 2014; Dong and Santosh, 2016; Hu
et al., 2016; Deng et al., 2016) (Fig. 1a, b). The CCO witnessed open-
ing and closure of paleo-oceans between terranes, and subsequent
collision and suturing between the North China Craton and
Yangtze Craton during the Triassic (Meng and Zhang, 2000; Sun
et al., 2002; Li et al., 2015; Tang et al., 2016; Dong and Santosh,
2016; Yang et al., 2017), preserving the records of Late Mesopro-
terozoic to Cenozoic tectonics (Ratschbacher et al., 2003; Bao
et al., 2014; Cao et al., 2015; Xue et al., 2017). Among these, the
Qingling orogen which extends approximately 1000 km from west
to east and is bounded by the Sanbao fault to the north and the
Longmenshan-Dabashan fault to the south (Fig. 1b) contains four
terranes, including the southern margin of the North China Craton,
North Qinling Terrane, South Qinling Terrane, and the northern
margin of the Yangtze Craton from north to south (Bao et al.,
2014; Xiao et al., 2017; Dong and Santosh, 2016). From north to
south, the North China Craton and the North Qinling Terrane are
separated by the Luanchuan fault (Bao et al., 2014), the North Qin-
ling Terrane and the South Qinling Terrane by the Shangdan fault
(Li et al., 2015b), and the South Qinling Terrane and the Yangtze
Craton by the Mianlue fault (Dong et al., 2011; Wang et al.,
2013; Wu and Zheng, 2013) (Fig. 1b).
skarn (PS) type Mo-W deposits and hydrothermal-vein (HV) type Pb-Zn-Ag deposits
o et al. (2005, 2010), Bao et al. (2014), Li et al. (2015), Yang et al. (2016), Xue et al.
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The East Qingling metallogenic belt, comprising the Huaxiong
Terrane which is located the southern margin of the North China
Craton and the North Qinling Terrane Paleozoic accretionary Ter-
rane at the northern margin of the Qingling region (Mao et al.,
2011a; Chen and Santosh, 2014; Bao et al., 2014; Cao et al.,
2015; Tang et al., 2015; Dong and Santosh, 2016), preserves the
signature of an active continental margin associated with the
subduction-collision history between the North China Craton and
the Yangtze Craton during the Triassic (Li et al., 2005, 2012,
2015c; Dong and Santosh, 2016; Xue et al., 2017; Yang et al.,
2017). From the southern margin of the North China Craton to
the northern margin of the Qingling region, the Huaxiong Terrane
and the North Qinling Terrane Paleozoic accretionary Terrane are
separated by the Sanbao fault, the Luanchuan fault and Shangdan
fault, respectively (Fig. 1b). The LOD which is located at the south-
ern margin of the Huaxiong Terrane near the Luanchuan fault that
forms the southern boundary fault of the North China Craton (Cao
et al., 2015) (Fig. 1b).

2.2. Geological background within the LOD

The dominant rocks exposed in the LOD, including the Meso-
proterozoic Guandaokou, Neoproterozoic Luanchuan, Sinian Tao-
wan and Neoproterozoic Kuanping groups from top to bottom
(Fig. 1c), comprise Proterozoic and Paleozoic rocks (Yang et al.,
2016). The Mesoproterozoic Guandaokou and Neoproterozoic
Luanchuan groups consisting of a suite of carbonaceous
carbonate-shale-chert sequence form the main host strata of Mo-
Pb-Zn polymetallic ores. The Guandaokou group is unconformably
overlain by the Luanchuan group (Yang et al., 2016). The Sinian
Taowan group contains carbonatites metamorphic siltstone, quart-
zite, phyllite, conglomerate and argillaceous marble, which uncon-
formably overlie the Luanchuan group (Yang et al., 2016). The
Neoproterozoic Kuanping Group, including a succession of meta-
morphic clastic and mafic igneous rocks and carbonatites located
in the south (Duan et al., 2010; Li et al., 2012), which uncon-
formably overlie the Luanchuan group (Tang et al., 2016; Yang
et al., 2016) (Fig. 1c).

The faults and folds developed in the LOD mainly include the
Luanchuan fault and its branches, which are mainly NE- and
NW-trending and record multi-stage brittle- and ductile-
deformation associated with the Triassic continental collision
between the North China Craton and the Yangtze Craton (Cao
et al., 2015; Yang et al., 2016, 2017) (Fig. 1c). The regional struc-
tures mainly include the WNW-striking thrust faults, subordinate
NE-striking strike-slip faults as well as WNW-trending interlayer
fractures developed in the Luanchuan and Guandaokou groups
(Yang et al., 2016), which are the main ore-controlling structures
of the Mo-Pb-Zn polymetallic deposits (Cao et al., 2015; Li et al.,
2015b; Yang et al., 2016).

The major intrusions in the LOD are Neoproterozoic metagab-
bro dykes, late Jurassic – early Cretaceous granites, Mesoprotero-
zoic alkaline granites and Neoproterozoic syenite porphyries
(Fig. 1c). The ca. 830 Ma metagabbro dykes mainly occur in the
Luanchuan group, and show a close relationship with rifting along
the southern margin of the North China Craton associated with the
breakup of the Rodinia supercontinent (Wang et al., 2011a). The
granitoids exposed in LODmainly include the late Jurassic granites,
early Cretaceous granites, Mesoproterozoic alkaline granites and
Neoproterozoic syenite porphyries, which are distributed in the
Laojunshan, Shibaogou and Longwangzhuang regions of the LOD
(Fig. 1c). The intrusions show NW and NNE trend and occur along
the tectonic intersection area showing close relationship with min-
eralization (Yang et al., 2016) (Fig. 1c). Among these intrusions, the
late Jurassic-early Cretaceous granites make up the most major
intrusion. Which are characterized by the I-type granites (Li
et al., 2012, 2015b; Bao et al., 2014; Zhang, 2014; Cao et al.,
2015), and considered the magma source from the lower crust with
involvement of the upper mantle associated with the large-scale
lithospheric thinning beneath the North China Craton during the
Mesozoic (Li et al., 2013; Santosh, 2013; Zhai and Santosh, 2013;
Zhu et al., 2009; Yang et al., 2017).

2.3. Mineralization within the LOD

The LOD which is located in the core of a molybdenum-bearing
polymetallic ore belt in the East Qinling metallogenic belt includes
the famous Nannihu and Yuku ore fields (Mao et al., 2008, 2011; Li
et al., 2012) (Fig. 1c), shows a regular spatial distribution of the dif-
ferent deposits in the two ore fields (Cao et al., 2015). The two ore
fields (Nannihu and Yuku ore fields) are characterized by similar
metallogenic systems, with three types of deposits including the
proximal porphyry-skarn (PS) type Mo-W deposits, intermediate
skarn (SK) type Zn deposits and distal hydrothermal-vein (HV)
type Pb-Zn-Ag deposits from the center to the periphery in each
ore field (Wang et al., 2013; Cao et al., 2015; Yang et al., 2016)
(Fig. 1c). The proximal PS type Mo-W deposits mainly including
the Nannihu, Sandaozhuang and Shangfanggou deposits of Nan-
nihu ore field, as well as Dongyuku and Dawanggou deposits of
Yuku ore field are distributed at the inner and outer contact zones
between the porphyry and the hornfels and subordinately in the
skarn and marble, and are characterized by typically zoned
hydrothermal alterations from the porphyry to the wall rocks
(Yang et al., 2013; Cao et al., 2015) (Fig. 1c). The intermediate SK
type Zn deposits are mainly represented by the Luotuoshan and
Yinhegou deposits of Nannihu ore field and the Zhongyuku deposit
of Yuku ore field which are mostly located within the contact zones
between the intrusions and the carbonate sedimentary rocks
(Fig. 1c). They are characterized by extensive wall rock alteration
around the orebodies (Cao et al., 2015). The distal HV type Pb-
Zn-Ag deposits include these typical Lengshuibeigou, Sandaogou
and Hongdonggou deposits of the Nannihu ore field, as well as
the Bailugou, Xigou, Yindonggou and Laoangou deposits of the
Yuku ore field, and are structurally-controlled by the NE-trending
strike-slip and the NWW-trending bedding faults as well as
WNW-trending interlayer fractures and folds at the periphery of
the two ore fields (Cao et al., 2015; Yang et al., 2016) (Fig. 1c).
Moreover, the distal HV type Pb-Zn-Ag deposits occur as veins
and are spatially hosted within mineralized fault zones, interlayer
fractures and fold zones.

2.4. Geodynamic setting

Li et al. (2012) proposed that ore-bearing plutons possess the
features of post-collisional intrusions, and proposed that magma-
tism in the post-collisional setting in the Luanchuan ore belt com-
menced at 157 Ma, with a peak at �145 Ma and lasted until
�115 Ma (Li et al., 2012). In the compiled age data from the LOD
shown in Fig. 2, the HV type Pb-Zn-Ag deposits show age peaks
at 136.5 Ma (Fig. 2a), the PS type Mo-W deposits display age peaks
at 145.2 Ma (Fig. 2a), and the ore-bearing granites exhibit age
peaks from 134.6 Ma to 150.1 Ma (Fig. 2b) (Table 1). These ages
are broadly common throughout the metallogenic belt in the
LOD and are consistent with the results proposed by Li et al.
(2012). From the available age data (Li et al., 2012; Cao et al.,
2015; Yang et al., 2016; Xue et al., 2017), the collision between
the North China Craton and the Yangtze Craton (Qinling orogen)
began in the Triassic (Zhang et al., 2001; Guo et al., 2005) and con-
tinued to the late Triassic (�211 Ma) (Jiang et al., 2010). The Qin-
ling orogen then evolved into the intra-continental orogenic
stage with thrusting and uplift caused by continental collision
and extension (Zhang et al., 2001; Liu et al., 2004; Jiang et al.,



Table 1
Isotopic ages reported from granitic plutons, deposits of porphyry-skarn Mo-W deposit, hydrothermal-vein Pb-Zn deposit and skarn Pb-Zn deposit in the LOD.

Deposits/granites Sample Types Methods Age (Ma) Reference

Porphyry-skarn Mo-W deposit
Nannihu Molybdenite Re–Os 143.9 ± 2.1 Xiang et al. (2012)

Molybdenite Re–Os 144.4 ± 2.2
Molybdenite Re–Os 145.8 ± 2.3
Molybdenite Re–Os 145.8 ± 2.2
Molybdenite Re–Os 143.4 ± 2.0
Molybdenite Re–Os 139.3 ± 2.3 Mao et al. (2008)
Molybdenite Re–Os 144.8 ± 2.1 Li et al. (2004)

Sandaozhuang Molybdenite Re–Os 145 ± 2.2 Li et al. (2004)
Molybdenite Re–Os 143.5 ± 2.9 Mao et al. (2008)
Molybdenite Re–Os 144.2 ± 1.5
Molybdenite Re–Os 143.8 ± 1.8
Molybdenite Re–Os 144.6 ± 2.5 Xiang et al. (2012)
Molybdenite Re–Os 146.5 ± 2.3
Molybdenite Re–Os 146.0 ± 2.3
Molybdenite Re–Os 144.5 ± 2.3
Molybdenite Re–Os 146.0 ± 2.2

Shangfanggou Molybdenite Re–Os 144.8 ± 2.1 Li et al. (2004)
Molybdenite Re–Os 142.9 ± 1.6 Mao et al. (2008)
Molybdenite Re–Os 141.8 ± 3.6

Yuku Molybdenite Re–Os 146.9 ± 2.1 Li et al. (2015b)
Molybdenite Re–Os 145.9 ± 2.1
Molybdenite Re–Os 147.1 ± 2.1
Molybdenite Re–Os 146.3 ± 2.2
Molybdenite Re–Os 146.7 ± 2.2
Molybdenite Re–Os 144.6 ± 2.2

Majuan Molybdenite Re–Os 141.8 ± 2.1 Li et al. (2007)
Dongyuku Molybdenite Re–Os 146.6 ± 0.9 Zhang (2014)
Jiudinggou Molybdenite Re–Os 141 ± 2.5
Dawanggou Molybdenite Re–Os 147.3 ± 2.5 Mao et al. (2008)

Molybdenite Re–Os 146.8 ± 2.3
Molybdenite Re–Os 147.5 ± 2.2
Molybdenite Re–Os 147.5 ± 2.1
Molybdenite Re–Os 142.9 ± 1.9
Molybdenite Re–Os 141.5 ± 2.0

Hydrothermal-vein Pb-Zn-Ag deposit
Lengshuibeigou Quartz Ar–Ar 136.1 ± 0.4 Wang et al. (2013)
Sandaogou Sphalerite Rb–Sr 137.3 ± 5.4 Cao et al. (2015)
Xigou Sphalerite Rb–Sr 137.7 ± 5.7
Hongdonggou Sphalerite Rb–Sr 135.7 ± 3.2 Yang et al. (2016)

Skarn type Pb-Zn deposits
Luotuoshan Sphalerite, Galena and Pyrite Rb–Sr 137.3 ± 2.6 Yang et al. (2015)

Ore-related granites
Nannihu Granite porphyry LA-ICP-MS U–Pb 146.7 ± 1.2 Xiang et al. (2012)

Granite porphyry LA-ICP-MS U–Pb 145.2 ± 1.5
Granite porphyry LA-ICP-MS U–Pb 176.3 ± 1.7
Granite porphyryn LA-ICP-MS U–Pb 158.2 ± 1.2
Granite porphyry LA-ICP-MS U–Pb 145.7 ± 1.2
Porphyritic granite LA-ICP-MS U–Pb 149.6 ± 0.4 Bao et al. (2014)
Granite porphyry SHRIMP U–Pb 157 ± 3 Mao et al. (2010)
Porphyritic granite SHRIMP U–Pb 158.2 ± 3.1 Mao et al. (2005)

Shangfanggou Granite porphyry LA-ICP-MS U–Pb 135.4 ± 0.3 Bao et al. (2014)
Granite porphyry SHRIMP U–Pb 158 ± 3 Mao et al. (2010)
Porphyritic granite SHRIMP U–Pb 157.6 ± 2.7 Mao et al. (2005)
Granite porphyry LA-ICP-MS U–Pb 135.4 ± 0.3 Bao et al. (2009)
Porphyritic granite LA-ICP-MS U–Pb 153.2 ± 1.3 Li et al. (2015b)

Shibaogou Monzonite granite LA-ICP-MS U–Pb 156 ± 1 Yang et al. (2012)
Monzonite granite LA-ICP-MS U–Pb 157 ± 1
Monzonite granite SHRIMP U–Pb 147.2 ± 1.7 Bao et al. (2014)
Syenogranite porphyry SHRIMP U–Pb 145.3 ± 1.4
Monzonite granite SHRIMP U–Pb 150.3 ± 1.5 Liu (2007)

Yuku Granite porphyry LA-ICP-MS U–Pb 150.5 ± 0.8 Zhang (2014)
Granite porphyry LA-ICP-MS U–Pb 154.1 ± 1.8
Granite porphyry LA-ICP-MS U–Pb 148.3 ± 1
Granite porphyry LA-ICP-MS U–Pb 154.1 ± 1.8 Li et al. (2015b)
Granite porphyry LA-ICP-MS U–Pb 148.3 ± 1.0
Granite LA-ICP-MS U–Pb 149.6 ± 2.4 Xue et al. (2017)

Daping Granite porphyry LA-ICP-MS U–Pb 141.2 ± 0.5 Zhang (2014)

232 F. Yang et al. / Ore Geology Reviews 89 (2017) 228–252
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2010). Subsequently, magmas intruded as small-scale stocks, dikes,
and pipes in the Jurassic, and intrusions formed large-scale stocks
and batholiths in the Cretaceous (Liu, 2007; Li et al., 2012).

3. Deposit geology

3.1. Stratigraphy and intrusions

The LAG is located in the southeastern part of Chitudian Pb-Zn-
Ag polymetallic metallogenic belt of the LOD, and classified as the
hydrothermal-vein (HV) type Pb-Zn-Ag deposits controlled by
NW-, NE- and nearly SN-trending faults in the LOD (Guang et al.,
2013; Yang et al., 2016) (Fig. 1c). Regionally, the exposed strata
in the LAG include those belonging to the Dahongkou, Meiyaogou,
Fig. 3. Geology and mineral resource of the LAG, showing the spatial distribution w
Nannihu, Sanchuan formations of the Luanchuan group and
Baishugou formation of the Guandaokou group, together with
Proterozoic and Paleozoic units (Fig. 3a, b). The Dahongkou forma-
tion is composed of biotite trachyte, sericite-albite schist and dolo-
mite marble, the Meiyaogou formation contains dolomite marble,
sericite-quartz schist, biotite schist and carbonaceous slate, the
Nannihu formation includes quartz marble, biotite marble,
sericite-quartz schist and metasiltstone, and the Sanchuan forma-
tion contains biotite marble and metasiltstone, and Baishugou for-
mation includes biotite marble, sericite-quartz schist and
carbonaceous slate specifically (Fig. 3a, b). Among these forma-
tions, the Meiyaogou and Baishugou formations are the major
ore-bearing strata (Fig. 3a, b), and host rocks mainly include
banded dolomite marble, sericite-quartz schist, biotite schist and
ith known orebodies and exploration lines (Modified after Guang et al., 2013).
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carbonaceous slate of Meiyaogou formation and thick-bedded bio-
tite marble, sericite-quartz schist and carbonaceous slate of
Baishugou formation. A number of faults have been recognized
surrounding the deposit, and they include three types with
NWW-NW, NNE, and NE-NEE trends which form the branches of
the Luanchuan fault (Cao et al., 2015; Yang et al., 2016) (Fig. 3a, b).

The intrusive suite in the LAG mainly includes metamorphosed
gabbro dykes and syenite porphyries (Fig. 3a, b). The metamor-
phosed gabbro dykes are mainly distributed in the southwestern
part of the LAG, and intruded into the Baishugou, Nannihu and
Meiyaogou formations. The gabbro is grayish green colored, fine
to medium grained and typical gabbroic texture, including the
minerals of amphibole (40–55 vol.%), plagioclase (30–50 vol.%)
and biotite (3–10 vol.%), with apatite, pyrite, magnetite and titanite
Fig. 4. Representative exploration profiles for the No. II orebody (a), No. VI orebody (b) an
and host rocks (Modified after Guang et al., 2013).
as accessory. The gabbro dykes mostly occur at the periphery of the
known orebodies (Fig. 3a, b), suggesting a close spatial relationship
with the mineralization and serving as a guide for prospecting
(Yang et al., 2016). The syenite porphyries are located in the south-
western segment of the LAG, and away from the orebodies indi-
rectly suggesting that there is no close genetic and spatial
relationship between these porphyries and the mineralization.

3.2. Orebodies

The known orebodies (Nos. II, III, Ⅳ, VI, IX and M2) in the LAG
are vein type (Fig. 4a–c), hosted in the banded siliceous dolomite
marble, quartz-bearing dolomite marble and sericite schist of the
Meiyaogou and Nannihu formations, as well as within dolomite,
d No. V orebody (c), showing the spatial relationships among metagabbro, orebodies
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sericite-quartz schist and carbonaceous slate of the Baishugou for-
mation (Fig. 3). The No. III orebody is a concealed orebody and is
the main orebody in the LAG (Fig. 3), hosted in the siliceous banded
dolomite marble of Baishugou formation, and stretches along a
NW-trending fault with dip angles of 50-54�. The M2 orebody is
also a concealed orebody and one of the major ones in the LAG
(Fig. 3), and hosted in the siliceous banded dolomite marble of
Meiyaogou formation, with NE-trend and dipping 42–58�. The
No. IX orebody is hosted in dolomite marble and carbonaceous
slate of the Baishugou formation, extending NNE and dipping
45–50�, and is located in the same metallogenic belt as No. III ore-
body, although separated by the NE trending fault (Fig. 3). The No.
IV orebody is controlled by secondary structures of the NE-
trending fault in the LAG, stretching NE with dip angles of 80�.
The Nos. II and VI orebodies are distributed in the Laoangou region,
and show NW trend with dip angles of 40–80� (Fig. 4a, b). The No.
V orebody is mainly hosted in the marble of Baishugou formation
with a dip of 76� (Fig. 4c). Overall, these known orebodies are
mainly hosted in banded siliceous dolomite marble and quartz-
bearing dolomite marble, which are controlled by NW-, NE- and
nearly SN-trending faults in the LAG (Guang et al., 2013; Cao
et al., 2015; Yang et al., 2016).

3.3. Spatial distribution

The NW-trending faults define the major tectonic feature in the
LAG. Most of the orebodies occur along the strata or interlayers
within the fracture zone. Particularly, the intersection zone
between ore-bearing strata and NE-trending faults host the major
orebodies (Guang et al., 2013; Yang et al., 2016). Furthermore, tec-
tonic breccia developed within the fault zones shows a close rela-
tionship with Pb-Zn-Ag polymetallic mineralization in the
intersection zone, and the dolomite marble is often cemented by
sulfides and distributed along NE- or NW-trending faults (Fig. 3).

3.4. Paragenetic relationships

The known orebodies in the LAG occur as veins with a thickness
of 1–5 m and a length of 0.5–1.0 km, and are mainly hosted in
banded siliceous dolomite marble and quartz-bearing dolomite
marble (Guang et al., 2013). The boundaries between the orebodies
and the wall rocks are sharp (Fig. 5H), and these known orebodies
are usually distributed in quartz veins (Fig. 5G, I). The ore minerals
are mainly represented by galena, sphalerite, pyrite, and minor
amounts of chalcopyrite, tetrahedrite and argentite, whereas the
gangue minerals include quartz, dolomite and calcite (Guang
et al., 2013; Cao et al., 2015) (Fig. 5A–F). Representative samples
(Table 2) collected from fresh surface inside the mine tunnel of
the No. III orebody were used for petrologic studies. Sample M01
was taken from wall rock dolomite marble and is characterized
by spots of pyrites (Fig. 5A). Sample M03-1 from the No. III orebody
contains pyrite, sphalerite and galena as the main ores (Fig. 5B),
and sample M03-6 is from a late quartz vein which cuts the wall
rock (Fig. 5E, F). The pyrite shows anhedral, euhedral and colloform
morphology under the microscope (Fig. 5a–f), and often occur as
fillings in quartz veins and is also sporadically distributed in the
dolomite marble (Fig. 5a, e, f). Most of the pyrite crystals in the
quartz stringers of dolomite marble are euhedral (Fig. 5c, d). How-
ever, the sphalerite and galena surrounding the pyrite are anhedral
(Fig. 5b, c). The texture suggests that the galena and sphalerite are
coeval and formed later than the pyrite. Hence, the Pb-Zn-Ag poly-
metallic mineralization is inferred to be younger than the early
pyrite. In summary, the ores commonly show banding and massive
structure, and the minerals in the ores are commonly euhedral-
subhedral and medium- or coarse-grained consistent with the
results reported by Cao et al. (2015).
Based on the mineral assemblages, textural relationships and
data from previous studies (Wang et al., 2013; Guang et al.,
2013; Cao et al., 2015; Yang et al., 2016), the hydrothermal-vein
(HV) type Pb-Zn-Ag deposits of the LAG can be subdivided into
three stages as follows (Fig. 6). The early quartz-pyrite stage (Stage
I) typically occurring along both sides of the veins, the quartz–sul-
fide stage (main stage, stage II) forming sphalerite-galena-quartz
assemblage and typically distributed at the center of the veins
and the late quartz-carbonate stage (Stage III) mainly including
quartz, dolomite and calcite (Fig. 6).

4. Methodology

The 3D geological models in this study were constructed from
multiple datasets collected from geological data and metallogenic
features, including two cross-sections, a 1:10,000 geological map,
39 1:1000 sections of exploration lines, 5 prospects, 66 exploration
boreholes, and regional geophysical data (gravity, magnetic and
topographic). Subsequently, the 3D modeling and weights of evi-
dence (WofE), Logistic regression, Information entropy and fractal
methods were adapted to enable 3D mineral potential targeting by
analysis and integration of exploration targeting criteria using var-
ious datasets as described in the following sections.

4.1. Weights of evidence (WofE) method

The ordinary WofE method is a bivariate statistical approach
based on Bayes’ theory of conditional probability that quantifies
the relationship between mapped distributions of a given dataset
and training points, which in this case are areas of known mineral-
ization (Agterberg, 1992, 2011; Bonham-Carter, 1994; Agterberg,
2011; Yuan et al., 2014; Ford et al., 2016), including the ordinary
WofE, weighted WofE and boost WofE methods. The data-driven
WofE method uses statistics to derive posterior probability values
for a given part of the model, which show the probability of a min-
eral deposit existing (Ford et al., 2016).

In this study, the ordinary WofE method is employed to get pos-
terior probability (Pposterior) of each block within 3D geological block
models of this study and the prior probability (Pprior) which should
be obtained firstly represent the probability of occurrence of a min-
eral deposit without consideration of any known evidence. For the
data of the ith binary exploration criterion, P represents the probabil-
ity, i represents estimated weights of evidence values generated by
taking the natural log of the probability ratios, Bi represents the pres-
ence of the ith exploration criterion, �Bi represents the absence of the
ith exploration criterion, D represents the presence of the mineral
deposit, �D represents the absence of the mineral deposit, Wþ

i repre-
sents the weight of the presence of exploration criterion, andW�

i rep-
resents the weight of the absence of exploration criterion. Wþ

i and
W�

i can be estimated respectively in Eqs. (1) and (2) as follows:

Wþ
i ¼ ln

PðBijDÞ
PðBij�DÞ

ð1Þ

W�
i ¼ ln

Pð�BijDÞ
Pð�Bij�DÞ

ð2Þ

Through computing the contrast Ci ¼ Wþ
i �W�

i , we can obtain the
strength of correlation between an exploration criterion and the
mineral deposit, which can be tested for statistical significance.
Besides, probability can be expressed in terms of odds, and Oprior

can be estimated as Pprior=ð1� PpriorÞ. The WofE method requires
that each exploration criterion in respect to the distribution of the

mineral deposit is independent.
PN

i¼1W
k
i ði ¼ 1;2 . . . . . .NÞ repre-

sents the weighted accumulation of the N exploration criterion



Fig. 5. Hand specimen photographs and transmitted light or reflected light photomicrographs of representative mineral assemblages and textural features of the LAG. M01
medium-fine grained pyrites sporadically distributed in marble (A). The pyrites are mainly medium-fine grained (10–600 mm) with subhedral to euhedral structure (a). M03-
1 Massive ore, including dark brown medium-fine grained sphalerite, galena and pyrite (B). The pyrites are mainly subhedral to euhedral and medium-fine grained, whereas
the medium-fine grained galena shows xenomorphic structure (b). M03-3 Massive quartz veins with sphalerite, galena and pyrite (C). Sphalerite infilling the quartz veins is
surrounded by medium to coarse grained galena (c). M03-4 sampled from the walk rock, showing massive structure and carrying quartz veins (D). Medium-fine grained (10–
600 mm) subhedral to euhedral pyrite (d). M03-5 quartz veins in the contact zone with marble (E), containing dolomite with two sets of joints and coarse grained quartz (e).
M03-6 sampled from quartz veins including pyrites (F). Medium-fine grained pyrite surrounded by xenomorphic quartz (f). Spatial distribution of mineralization within wall
rocks in underground exposure of the LAG (G, H and I). Photomicrograph (e) is in reflected light, whereas others (a, b, c, d and f) are in transmitted lights. The longest diameter
of mini-magnifier in the photographs is about 2 cm. Abbreviations of minerals: Sp-sphalerite; Mo-molybdenum; Py-pyrite; Gn-galena; Qtz-quartz; Dol-dolomite; Mb-
marble; Cal-calcite.
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Fig. 6. Paragenetic sequences of minerals of the LAG, showing the mineral assemblage and formation sequence during the different metallogenic stages (Modified after
Guang et al., 2013; Wang et al., 2013).

Table 2
Locations and characteristics of samples from the LAG.

Sample
No.

Location Coordinate Rock type Sample description

M01 III orebody N 33�5003000; E 111�3401800 Wall rock Massive structure, medium-fine grained pyrites sporadically distributed
in the dolomitization marble

M03-1 III orebody N 33�5003000; E 111�3401800 Sphalerite- and galena-bearing ore Massive ore, dark brown medium-fine grained sphalerite, galena and
pyrite

M03-3 III orebody N 33�5003000; E 111�3401800 Sphalerite- and galena-bearing ore Massive structure containing many quartz stringers, medium-fine
grained anhedral galena and sphalerite

M03-4 III orebody N 33�5003000; E 111�3401800 Wall rock Massive structure containing many quartz stringers, medium-fine
grained anhedral galena and euhedral pyrite

M03-5 III orebody N 33�5003000; E 111�3401800 Quartz vein Quartz vein with brown medium-fine grained calcite and dolomite
M03-6 III orebody N 33�5003000; E 111�3401800 Quartz vein Quartz vein, including brown medium-fine grained calcite, with less fine

grained pyrite

F. Yang et al. / Ore Geology Reviews 89 (2017) 228–252 237
within a block in this study, which is linked to theWþ
i when the i-th

exploration criterion exists in the block, otherwise it is linked to the
W�

i . When the exploration criteria are independent, and then
Oposterior can be estimated in Eq. (3) as follows:

Oposterior ¼ Oprior � e
XN

i¼1
Wk

i ði ¼ 1;2 . . . . . .NÞ: ð3Þ
Finally, the posterior probability of each block can be obtained

by processing data based on Eq. (4) which is the natural logarithm
of Eqs. (3) and (5) as follows:

lnOposteriorðDjBk
1B

k
2 � � �Bk

NÞ ¼ lnOprior þ
XN

i¼1

Wk
i ði ¼ 1;2 � � � � � �NÞ ð4Þ

Pposterior ¼ Oprior

1� Oposterior
: ð5Þ

The weighted WofE method takes into account the modified
weights of evidence, which combines the ordinary WofE with
weighted logistic regression. It can achieve unbiased estimates of
the posterior probabilities while keeping the form of WofE, and
cope with missing data on some exploration criteria by setting
the weights of unit cells with missing data equal to zero in WofE
applications. More detailed description of procedures and method
are outlined by Agterberg (2011).

The boosted WofE method is a new form of weights of evidence
model, and can integrate binary exploration criteria in sequence
with updates, within dependent weights for the first exploration
criterion and the conditional weights for the subsequent explo-
ration criteria (Li et al., 2016). The boosted WofE is more generic
and does not rely on other models and later corrections compared
with other techniques of handling conditional dependency (Cheng,
2015). The detailed description of boosted WofE method has been
outlined by Cheng (2012).
4.2. Logistic regression method

The logistic regression method was formulated and applied to
different case studies by Chung and Agterberg (1980). This method
is mainly applied to describe the relationship between a response
variable which must be binary or dichotomous and one or more
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predictor variables (Chung and Agterberg, 1980; Harris and Pan,
1999; Carranza and Hale, 2001; Menard, 2001; Hosmer and
Lemeshow, 2004). The response variable in logistic regression must
be binary or dichotomous unlike in linear regression models
(Chung and Agterberg, 1980; Carranza and Hale, 2001; Dai and
Lee, 2002; Hosmer and Lemeshow, 2004; Ayalew and Yamagishi,
2005). The purpose of the Logistic regression is to determine the
best fitting model to describe the relationship between the depen-
dent variable and set of independent parameters (Kavzoglu et al.,
2014). An additional advantage of Logistic regression is that it need
not satisfy the assumption of conditional independence, and can
provide true conditional probabilities even if the joint distribution
of predictors and the response variable is of log-linear form
(Carranza and Hale, 2001; Akgun, 2012; Schaeben, 2014; Zhang
et al., 2014). The approach is based on the following equations:
Fig. 7. 3D block model of exploration criteria using the Micromine software: (a) s
P ¼ 1=ð1þ ezÞ ð6Þ
In the Eq. (6), P represents the probability of an event, and Z is a

value from �1 to +1 which is defined by the Eq. (7) as follow:

Z ¼ B0 þ B1X1 þ B2X2 þ � � � þ BnXn ð7Þ
In the Eq. (7), B0 represents the intercept of model, n represents

the number of independent variables, and B1, B2,. . ., Bn represent
coefficients which measure the contribution of independent vari-
ables (X1, X2, . . ., Xn) (Ayalew and Yamagishi, 2005; Akgun, 2012).
Moreover, the dependent variable in the Logistic regression
method can be expressed into the equation as follow:

LogitðpÞ ¼ ln p=ð1� pÞð Þ
¼ 1=1þ e�B0þ B1X1þ B2X2þ � � � þ BnXn ð8Þ
trata model, (b) fault model, (c) metagabbro body model, (d) orebody model.
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In the Eq. (8), p represents the probability that the dependent
variable has values of only 0 and 1 and p/(1 � p) represents odds
or likelihood ratio, and the probabilities vary between 0 and 1. If
a probability gets closer to 1, the numerator of the odds becomes
larger relative to the denominator, and the odds become an
increasingly large number. In contrast, when a probability gets clo-
ser to 0, the numerator of the odds becomes smaller relative to the
denominator (Ayalew and Yamagishi, 2005).

4.3. Information entropy method

Information entropy method was firstly defined by Shannon
(1948) for identifying the amount of information required to trans-
mit English text. The underlying concept is that, given the proba-
bilities of letters in the English alphabet, it is possible to derive a
measure describing the missing information to determine the full
text of a partially transmitted message where information is
understood as the information required to identify the message,
not the information of the message itself (Wellmann and
Regenauer-Lieb, 2012). Accordingly, a new equation based on sev-
eral theoretical considerations was proposed to classify a measure
of the missing information which is generally referred to as the
Information entropy method (Shannon, 1948):

H ¼ �
XN

i¼1

PilogPi: ð9Þ

In the Eq. (9), the information entropy H represents the sum of all
products of probabilities p for each possible outcome i of N total
possible outcomes with its logarithm. The minimum value is 0,
Fig. 8. 3D block model of fault exploration criteria computed using the Geocube softwa
buffer fault model, (c) curve plot of buffering fault using the method of WofE.
since log 1 = 0 and limx? 0(x log x) = 0 (Ben-Naim, 2008;
Wellmann and Regenauer-Lieb, 2012).

Recently, the Information entropy method involving statistical
analysis, has been applied to regional mineral prediction field, is
also a statistical analysis method (Vysokoostrovskaya and
Zelenetsky, 1968; Wellmann and Regenauer-Lieb, 2012; Li et al.,
2016). This technique can determine the favorable location for
mineralization by calculating the geological factors and prospect-
ing indicators, and evaluate quantitatively each exploration crite-
rion to further guide prospecting work (Li et al., 2016).
4.4. Fractal method

The concentration-area (C-A) fractal method is mainly used for
defining backgrounds and anomalies (Cheng et al., 1994). Based on
the analyses of C-A fractal method, the background obeys normal dis-
tribution and lognormal distribution, and the anomalies may relate to
a fractal distribution. The fractal model can be defined as follows:

NðrÞ ¼ Cr�D:: ð10Þ
LnNðrÞ ¼ lnc � Dlnr ð11Þ
In Eqs. (10) and (11), r is the characteristic exponent that

involves the posterior probability in one case. NðrÞ is the number
of unit cells for which posterior probability is equal to or less than
r. C is the proportionality coefficient, and D is the fractal dimension,
ln r is linearly associated with lnNðrÞ. The piecewise fitting of
straight lines can be obtained by applying least squares. The points
re. (a) Fault buffering model from 20 m to 200 m, (b) 3D orebody model and 160 m



Fig. 9. Intersection of exploration criteria and the 3D orebody model of the LAG.
Strata abbreviations: PT3M, Meiyaogou formation; PT3B, Baishugou formation;
PT3S, Sanchuan formation.

Table 3
List of parameters for various exploration criteria based on the weights of evidence model. Implication: N(E) – unit cells number of evidence factor; N(D) – unit cells number of
mineral deposits; W+ – positive weights of evidence; W� – negative weights of evidence; s(W+) – standard deviations of W+; s(W�) – standard deviations of W�; C – spatial
contrast; s(C) – standard deviation of C; Studentized(C) – studentized contrast. Strata abbreviations: PT3M, Meiyaogou formation; PT3B, Baishugou formation; PT3S, Sanchuan
formation.

Exploration criteria N (E) N (D) W+ s (W+) W� s (W�) C s (C) Studentized (C)

Magnetic anomaly 42541 171 1.920187 0.076626 �0.44276 0.061792 2.36295 0.098437 24.00474
Electrostatic anomaly 8499 39 2.053176 0.160497 �0.08276 0.050393 2.135937 0.168222 12.69713
Pb anomaly 9855 34 1.766801 0.171795 �0.06827 0.050076 1.835069 0.178945 10.25494
Zn anomaly 16741 30 1.110094 0.182738 �0.04871 0.049828 1.158799 0.18941 6.117957
Fault-buffer-160m 84365 126 0.927587 0.089154 �0.22162 0.057087 1.149208 0.105864 10.85549
PT3M2 129194 163 0.758661 0.078376 �0.27838 0.060872 1.037045 0.099238 10.45013
PT3M3 92317 77 0.344375 0.114008 �0.06111 0.053015 0.405483 0.125731 3.224994
PT3B3 239186 152 0.072238 0.081136 �0.037 0.059672 0.109243 0.100717 1.084651
PT3S 6276 3 �0.21268 0.577488 0.001655 0.048239 �0.21433 0.5795 �0.36986
Metagabbro 95975 33 �0.54227 0.174108 0.06123 0.050016 �0.6035 0.181149 �3.33152
Rock 169390 24 �1.42905 0.204139 0.206152 0.049465 �1.6352 0.210046 �7.78495
PT3M1 80131 4 �2.47236 0.500012 0.10666 0.048296 �2.57902 0.50234 �5.13401
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demarcating adjacent straight lines are considered cutoff values
separating background and prospect areas of different levels of
potentiality (Cheng et al., 1994; Li et al., 2015a).
5. 3D exploration criteria modeling

Exploration criteria selected in this study are based on metallo-
genic theory and deposit-scale model of the hydrothermal-vein
type Pb-Zn-Ag polymetallic ore deposits (Wang et al., 2013; Cao
et al., 2015). The strata, ore-controlling fault and known orebodies
are the most important exploration criteria in the LAG (Fig. 7).
Through combining the results from this study with those from
previous work (Guang et al., 2013; Wang et al., 2013, 2017; Cao
et al., 2015; Yang et al., 2016), the metagabbro bodies exposed in
the deposit and the geophysical anomalies can be regard as explo-
ration criteria for indirectly guiding deep prospecting work.

5.1. Strata modeling for exploration criteria

The procedure of 3D strata model (Fig. 7a) of the LAG was con-
structed as follows (Wang et al., 2015). (1) Application of 1:10,000
scale geological map, two cross-sections and 39 sections of prospect-
ing line; (2) Combining the 3D fault model using Wireframe connec-
tion and Boolean operation function using Micromine software; and
(3) optimization of the model by data from boreholes. According to
the analyses of the known orebodies, 3D spatial analysis can success-
fully extract information on ore-controlling strata to build the block
model (Wang et al., 2015). The strata exposed in the LAG mainly
include the Baishugou formation of Guandaokou group and Dahong-
kou, Meiyaogou, Nannihu and Sanchuan formations of Luanchuan
group (Fig. 3). Among these, the Meiyaogou and Baishugou forma-
tions are associated with Pb-Zn-Ag polymetallic mineralization, and
therefore they can be regarded as the main ore-controlling explo-
ration criteria for modeling of potential exploration targets.

5.2. Fault modeling for exploration criteria

The fault model (Fig. 7b) constructed in the LAG mainly incorpo-
rates the fault lines from 1:10,000 scale geological map. They are con-
trolled by the cross-sections, and used for 3D buffer analysis using the
Geocube software (Li et al., 2016). The method of weights of evidence
(WofE) is used for constructing a curve for determining an optimum
buffer distance (Fig. 8c). Fig. 8a shows the buffer fault model from
20m to 200m, and Fig. 8b shows that at 160 m and 3D orebody
model. Fig. 8c shows the results of the calculation. The C parameter
of the calculation result (Fig. 8c) has a minimum value for the
120 m buffer and maximum value for the 160m buffer for all the
faults. Previous studies on the hydrothermal-vein type Pb-Zn-Ag poly-
metallic ore deposits in the LOD shows that the ore-controlling fault
has influenced the formation of the orebody to 200m (Guang et al.,
2013; Wang et al., 2015), which is a key exploration criterion for
Pb-Zn-Ag. Thus, we choose the value of the 160m buffer around
faults which is1.155 (max) as the exploration criteria (Fig. 8c).



Fig. 10. 3D exploration targets model. a: ordinary WofE model; b: boost WofE model; c: weighted WofE model.
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Fig. 11. 3D exploration targets model. a: logistic regression model; b: information entropy model.
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5.3. Modeling the metagabbro bodies for exploration criteria

The model for metagabbro in the ore deposit (Fig. 7c) was con-
structed in two steps: at first the 3D model for metagabbro body
was constructed based on the distribution of the outcrop, followed
by modeling using Micromine software through application of
Wireframe connection and Boolean operation function. The 3D
spatial analysis was also applied to extract the 3D model of
metagabbro body and to create the block model. Many metagabbro
dykes are exposed on the surface around the LAG (Fig. 3), and
almost all the exploration profiles in the LAG also show the occur-
rence of metagabbro dykes at depth (Fig. 4). The known orebodies
show clear spatial relationship with the metagabbro dykes (Figs. 3
and 4), suggesting a spatial relationship with the orebodies (Fig. 4).
Moreover, previous studies in the LAG have also confirmed a close
relationship with the Pb-Zn-Ag mineralization (Guang et al., 2013;
Yang et al., 2016). Hence, the metagabbro bodies can be regarded
as the indirect indicators of the distribution of orebodies.
5.4. Known orebody modeling for exploration criteria

The known orebody model in the LAG (Fig. 7d) was constructed
through the following steps. (1) Application of 1:1000 scale geolog-
ical map for extracting the outcrop profile of orebodies; (2) using
39 sections of exploration lines for outlining the orebodies; and
(3) delineation the outline of orebodies based on 66 boreholes.
The 3D spatial analysis was also applied to extract the 3D model
of known orebodies and to create the block model. Furthermore,
Wang et al. (2017) proposed that the orebody-scale models of large
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deposit can be employed to validate and assess the uncertainty in
both the deposit- and district-scale models in the LOD.
Fig. 12. Log–log C–V plots and line segments fitted using least-squares fitting
method.
6. Exploration criteria extraction and integration, and potential
target delineation

6.1. Exploration criteria extraction and integration

Based on the models constructed for the LAG, the binary explo-
ration criteria is developed for the LAG taking into consideration
the strata, rock, buffer of fault, Zn anomaly, Pb anomaly, magnetic
anomaly and induced polarization anomaly. The results of calcula-
tion using Geocube software (Li et al., 2016) are listed in Table 2.
The contrast C in Table 3 is a statistical parameter which can be
used for measuring the correlation between exploration criteria
and mineral deposits. If the value of C is above zero, positive corre-
lation between an exploration criterion and the LAG is indicated.
Conversely, if the value of C is below zero, a negative correlation
is suggested. Besides, the studentized C, which is the ratio of C to
its standard deviation, is a useful measure of statistical significance
of the contrast, can determine the cutoff levels to convert multi-
class or continuous data into binary exploration criterion
(Bonham-Carter et al., 1988; Li et al., 2016).

Accordingly, eight exploration criteria listed in Table 3 show
statistically significant positive correlations with the LAG. Through
the contrast and analyses of each exploration criteria, Fig. 9 shows
the intersections of the representative exploration criteria (fault
buffer 160 m, Fig. 9a; strata of Pt3m3, Fig. 9b) with the LAG. As
shown in Table 3 and Fig. 9, the studentized contrast shows posi-
tive correlation with the number of spatial units of intersections
between exploration criteria and mineral deposits (N(D)), and neg-
ative correction with the number of spatial units of exploration cri-
teria (N(E)). Although the results of integration of exploration
criteria do not represent the whole ore district, the intersections
of all these are valid exploration criteria.
6.2. Potential target delineation

Based on the methods of ordinary WofE, boost WofE, weighted
WofE, logistic regression and information entropy, five prediction
results were obtained in this study (Figs. 10 and 11). Through com-
parison and analysis of these results, we conclude that all the three
level targets occur in the Meiyaogou and Baishugou formations and
the fault zones. However, the five prediction results obtained in
this study have significant difference, so that we are not able to
confirm which prediction result is more reliable. Accordingly,
through calculating the average value of the posterior probability
and integrating these results, a new comprehensive prediction
model was obtained, where the posterior probability varies from
0.028 to 0.815 (Table 4). Generally, the C–V fractal method is used
for separating the prospect areas from background and further
classifying the results of WofE (Li et al., 2016; Wang et al., 2015,
2017). In this study, three levels of prospecting targets can be iden-
tified based on this method of the C–V fractal (Fig. 14). Fig. 12
shows the fitted line segments of prospect areas, which is further
Table 4
The classification of posterior probabilities based on integrating different methods.

Class Interval Fractal
dimension

Goodness-
of-Fit

Classification I [0.162014, 0.815174] 0.004025 0.663865
Classification II [0.099033, 0.162014] 0.076691 0.898721
Classification III [0.083863, 0.099033] 0.827512 1.000000
Background [0.028292, 0.083863] 0.001611 0.291784
subdivided into three parts. Fig. 13b, c and d are three classes of
targets in the LAG, Fig. 13e is the background zone depicting
non-potential target, and Fig. 13a is the comprehensive model for
prediction within the three delineated targets and background
zone.

As shown in Fig. 13, three levels of prospecting targets are
clearly delineated. Among these, the first level targets are mainly
distributed in the periphery of known orebody (M2, M3, II-3 and
VI) (Fig. 13b), which are also located in the ore-controlling strata
and fault zones; the second level targets are located in the known
ore district (Fig. 13c), which do not provide further guidelines for
prospecting, although they confirm that the prediction result is
reliable; the third level targets, which are mainly located at the
contact between ore-controlling strata and metagabbro (Fig. 13d),
represent a new target exploration zone in the LAG.
7. Discussion

7.1. Analysis of different methods

The WofE method based on Bayesian conditional probability,
which is widely used for linear model in mineral prospectivity
mapping, determines the optimum binary exploration criteria of
a geological feature showing spatial association with a set of min-
eral deposits (Agterberg, 1989; Bonham-Carter et al., 1989). The
spatial association based on the WofE method is correlated with
the prior probability of occurrence of the targeted mineral deposits
using Bayes’ rule in a (log)-linear form under the assumption of
conditional independence of the input maps to derive posterior
probability of occurrence of the targeted mineral deposits
(Porwal et al., 2010). Although most of the WofE methods are
mainly used for mineral prospectivity mapping in 2D space, a
few recent studies have attempted to use the WofE method in
the 3D space (Li et al., 2016; Wang et al., 2015, 2017). Simultane-
ously, a new approach that combines legacy geological data with
3D spatial analysis and weights of evidence modeling which can
identify the controls on mineralization within known orebodies
and can be employed to more effectively target areas for future
mineral exploration as proposed by Yuan et al. (2014). The C-A
fractal method is mainly used for defining backgrounds and
anomalies in 2D space (Cheng et al., 1994). Afzal et al. (2011)
applied the C–V fractal model in 3D space, and demonstrated the
C–V fractal model in 3D space for distinguishing between super-
gene and hypogene mineralized zones as well as barren host rocks
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in the Chah-Firouzeh and Sungun porphyry Cu deposits. Wang
et al. (2015) also used the C–V fractal model to identify in 3D space
Mo mineralization, orebodies in the LOD. The deposit-scale metal-
logenic model obtained in this study is primarily based on geolog-
ical mapping, cross-section construction and borehole intercepts
which were used for extracting spatial features and to formulate
exploration criteria from geological information in the LAG. The
new method based on integrating ordinary WofE, weighted WofE,
Fig. 14. Schematic model of the Luanchuan Mo-W-Pb-Zn-Ag metallogenic system (Mod
Hongdonggou; LSBG, Lengshuibeigou; LTS, Luotuoshan; NNH, Nannihu; SDZ, Sandaozhu

Fig. 13. 3D comprehensive exploration targets model based on the methods of ordinaryW
(a); first level exploration targets (b); second level exploration targets (c); third level ex
boost WofE, logistic regression and information entropy was
applied to predict the target, whereas the C–V fractal method
was used to integrate these spatial features for exploration target-
ing and classification of probabilities. The C–V log–log plot (Fig. 12)
of the LAG reveals a multifractal model which fits with the real sit-
uation and three level targets can be obtained from the deposit-
scale metallogenic model. Combination of the analysis with appli-
cation of different methods above provides a feasible approach for
ified after Cao et al., 2015; Yang et al., 2016). Abbreviations: DYK, Dongyuku; HDG,
ang; YDG, Yindonggou; YSA, Yangshuao; ZYK, Zhongyuku.

ofE, weightedWofE model, boost WofE, logistic regression and information entropy
ploration targets (d); background zones (e).



Fig. 15. Validation of 3D exploration targets model based on boreholes and strata (a); and validation based on granite rock (b).
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Fig. 16. 3D exploration targets model validation. Validation based on Pb element anomaly geochemical map (a); validation based on Zn element anomaly geochemical map
(b).
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logical 3D metallogenic prediction for guiding future deep
exploration.

Moreover, several previous studies have successfully applied
these methods for conducting metallogenic prediction, leading to
favorable metallogenic zones for further guiding the prospecting
work (Yuan et al., 2014; Li et al., 2015a, 2016; Wang et al., 2015,
2017). Above all, the deposit-scale metallogenic model obtained in
this study not only depends on integrating the prediction results from
five different methods, but also through calculating an average value
of the posterior probability from the five different methods. Hence,
the comprehensive prediction result is obtained in this study, which
is more reliable than those from the individual methods.
7.2. Validation of mineral potential target

The Pb-Zn ore deposits in the LOD can be classified into two
types: (1) distal hydrothermal-vein (HV) Pb-Zn-Ag deposits which
is controlled by regional NW and NS trending faults; (2) intermedi-
ate skarn (SK) type Zn deposits distributed at the contact of the
Jurassic granite porphyry intrusion (Duan et al., 2010; Wang
et al., 2013; Li et al., 2015b; Cao et al., 2015; Yang et al., 2016).
Based on the distance from the Jurassic intrusive granite porphyry
in region, three types of deposits are identified in the LOD, includ-
ing the proximal porphyry-skarn (PS) type Mo-W deposits dis-
tributed in the inner and outer contract zones, followed by the
intermediate skarn (SK) type Zn deposits located in the wall rock
of skarn away from the contact zone of the intrusion and the distal
hydrothermal-vein (HV) type Pb-Zn-Ag deposits formed in the
fault zone of peripheral porphyry (Fig. 14). 3D comprehensive met-
allogenic model of mineral potential targets are validated based on
geological features (strata, rock, geochemical anomaly map and
regional fault pattern) associated with the mineralization in this
study (Figs. 15–17). As is shown in Fig. 15, the three levels of
potential targets are located in the Meiyaogou and Baishugou for-
mations which are the important ore-controlling strata (Fig. 15a).
Furthermore, the three level targets are also distributed in the
outer zone of the granitic intrusion (Fig. 15b), and the fault zones
Fig. 17. 3D exploration targets model validation. Validation based
which away from the granite rock. In summary, the mineral poten-
tial targets obtained in this study conform to the regularity of dis-
tribution of the hydrothermal-vein Pb-Zn-Ag deposit, suggesting
that the prediction results are reliable (Wang et al., 2013; Li
et al., 2015b; Cao et al., 2015; Yang et al., 2016). Moreover, combin-
ing the geochemical exploration anomaly data on Pb and Zn (Li
et al., 2015b), models of validation (Fig. 16a and b) are constructed.
The Pb anomaly where the potential targets are distributed is
between 1.4 and 3.0 (Fig. 16a), and that of Zn are between 1.8
and 3.4 (Fig. 16b). From Fig. 17a and b, these delineated explo-
ration targets are mainly located in the fault zone, especially at
the intersections between NW- and NE-trending faults. Thus, the
mineral potential targets obtained are more robust and can further
guide the deep prospecting work.
7.3. Correlation with previous studies within the LOD

Recently, Wang et al. (2015) carried out the district-scale 3D
metallogenic prediction for subsurface Mo targets in the LOD,
and obtained four classes of exploration targets based on the inte-
gration of 3D exploration criteria as: ore-forming anomalous grav-
ity andmagnetic zones, Jurassic granite porphyry bodies, and faults
and strata through boosted WofE and C–V fractal methods. In
another study, district-scale 3D metallogenic prediction for sub-
surface Pb-Zn-Ag targets in the LOD was performed by Yang
(2016), and identified three classes of exploration targets (A, B
and C). Fig. 18a and b respectively show the three classes of explo-
ration targets and their sub-divisions (A, 3; B, 4; and C, 3) based on
the three classes of exploration targets in the 3D space (Yang,
2016). From the presented 3D exploration targets related to the
Pb-Zn deposits in the LOD (Yang, 2016) (Fig. 18), we identify the
LAG is as an A class of exploration target (Fig. 18), further attesting
to the possibility of Pb-Zn ores. Furthermore, the district-scale 3D
metallogenic prediction also suggests the feasibility of these stud-
ies, and their usefulness in conducting the 3D prediction work in
the LAG.
on regional faults (a and b) (Modified after Wang et al., 2015).



Fig. 18. 3D metallogenic model for Pb-Zn deposits in the LOD. (a) Delineated three classes (A–C) of exploration targets, (b) Subdivided targets (A, 3; B, 4; and C, 3) based on
the three classes of exploration targets. (Modified after Yang, 2016).
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Fig. 19. 3D geological models of the CTD. (a) Superposition of faults and known orebodies, (b) Superposition of faults, known orebodies, strata and granite, and (c) 3D
metallogenic models of exploration targets (Modified after Guo, 2015).
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Li et al. (2016) conducted 3D prediction of Mo mineralization in
the Nannihu ore field of LOD through the application of logistic
regression and information entropy methods, further attesting to
the validity of logistic regression and information entropy methods
for metallogenic prediction in 3D space. They obtained three
classes of exploration targets for guiding prospecting work from
the 3D space. Guo (2015) carried out a deposit-scale 3D metallo-
genic prediction of Chitudian Pb-Zn deposit (CTD) for subsurface
Pb-Zn-Ag targets in the LOD. Their study delineated three explo-
ration targets based on the multiple datasets including geological
data and section line profiles, geophysical data of CSAMT section,
geochemical data of 1:50,000 scale stream sediment analysis, min-
eral analysis and remote sensing. An integration of these into 3D
modeling resulted in the reconstruction of known orebodies based
on the boreholes and section lines profiles (Fig. 19a–c). In Fig. 19,
the CTD is typically controlled by NW-trending faults and hosted
within the Sanchuan and Meiyaogou formations. However, the
LAG is also located within the southeastern part of Chitudian Pb-
Zn-Ag polymetallic metallogenic belt (Guang et al., 2013), and
shows metallogenic setting and ore-controlling factors similar to
those of CTD. Therefore, these exploration criteria used in this
study is reasonable and logical.



Fig. 20. 3D geological model of the lithological units in the LOD showing spatial distribution and location of the LAG (Modified after Wang et al., 2015).
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Although the district-scale strata have been constructed by pre-
vious studies (Zhu, 2013; Wang et al., 2015) (Fig. 20), the results
remain debated. These strata (Fig. 20) based district-scale
1:50,000 scale geological map as well as data from boreholes and
section line profiles do not profile adequate details as compared
with the results (Fig. 7a) obtained in our study based on the
deposit-scale 1:10,000 scale geological map, and 1:1000 scale sec-
tion line profiles and more boreholes. Similarly, the other explo-
ration criteria are also more accurate in our work based on new
data-set and their integration (Fig. 7). From results on CTD (Guo,
2015) (Fig. 19), these delineated exploration targets are mainly
controlled by the NW-trending faults, and are particularly located
within the zones of intersections between NW- and NE-trending
faults, as well as hosted in the strata belonging to the Meiyaogou
formation (Fig. 19a, c). As shown in the Fig. 13, the exploration tar-
gets identified in this study are similar to those from the CTD, and
also consistent with the ore-controlling factors of CTD (Figs, 13 and
19). We therefore conclude that the exploration targets delineated
in this study are reliable and can be used for exploration work in
the 3D space.

8. Conclusions

(1) A comprehensive deposit-scale prediction model was con-
structed for extracting spatial features which represent
exploration criteria from geological information in the LAG.

(2) The methods of ordinary WofE, weighted WofE, boost WofE,
logistic regression and information entropy were used to
integrate and extract these spatial features for exploration
targeting, and the C–V fractal method is used for separating
the prospect areas from background and further classifying
the prediction results.

(3) Three levels of prospecting targets are delineated clearly.
Among these, the first level targets are mainly distributed
in the periphery of known orebodies (M2, M3, II-3 and VI),
which are also located in the ore-controlling strata and fault
zones; the second level targets are located in the known ore
district, which do not provide further guidelines for
prospecting, although they confirm that the prediction result
is reliable; the third level targets, which are mainly located
at the zone of contact between the ore-controlling strata
and metagabbro, represent a new target exploration zone
in the LAG.
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