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Abstract: Structures exert significant controls on hydrothermal mineralization, although such controls
commonly have cryptic expression in geological datasets dominated by 2D maps. Analysis of spatial
patterns of mineral deposits and quantification of their correlation with detailed structural features
are beneficial to understand the plausible structural controls on mineralization. In this paper, a series
of GIS-based spatial methods, including fractal, Fry, distance distribution and weights-of-evidence
analyses, were employed to reveal structural controls on copper mineralization in the Tongling ore
district, eastern China. The results indicate that Yanshanian intrusions exert the most significant
control on copper mineralization, followed by EW-trending faults, intersections of basement faults
and folds. The scale-variable distribution patterns of copper occurrences are attributed to the
different structural controls operating in the basement and sedimentary cover. In the basement,
EW-trending faults serve as pathways for channeling Yanshanian magma from a deep magma
chamber to structurally controlled trap zones in the caprocks, imposing an important regional
control on the spatial distribution of Cretaceous magmatic-hydrothermal system genetically related
to copper mineralization. In the sedimentary cover, bedding-parallel shear zones, formed during
the progressive folding and shearing in Indosinian and overprinted by tensional deformation in
Yanshanian, act as favorable sites for hosting, focusing and depositing the ore-bearing fluids, playing
a vital role in the localization of stratabound deposits at fine scale.

Keywords: structural control; spatial analysis; fractal; buffer-based analysis; data-driven
model; Tongling

1. Introduction

Structural controls on hydrothermal mineralization at various scales have been widely
recognized [1–5]. At a global scale, hydrothermal systems usually form in specific tectonic settings,
e.g., porphyry systems mostly occur in magmatic arc settings [1–3]. At a regional scale, hydrothermal
deposits show close proximity to regional faults system or shear zones, which sever as pathways
for transporting ore-forming fluids from deep-seated sources to shallow depositing spots [6,7]. At a
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deposit scale, hydrothermal replacement disseminations, breccias and veins, which are related to
subsidiary fracture zones of regional structures, serve as favorable sites for focusing and depositing
the ore-bearing fluids and are interpreted to be responsible for localization of orebodies [7]. However,
such controls may usually have cryptic expression in various sources of geological records, because
(i) structures, especially large-scale structures, may have variable expressions from depth to surface
(e.g., mylonite zone at depth and fault zone near the surface) [7]; (ii) spatial associations between
map-generalized structures and surface-projected deposits in 2D maps may lead to an inaccurate
view or even misunderstanding with respect to controls of mineralization; and (iii) structural features
together with structurally controlled mineralization may be formed through successive deformation
and polyphase tectonics [8]. Thus, it is a challenge to identify ore-related structural features and
elucidate structural controls, as well as measure their contributions to the formation of mineral deposits.

GIS-based spatial analysis has been well-established and developed in the last three decades,
assisting in identification of inherent patterns of ore-related geological features and delineation of
interplay of the processes that constrain the formation of mineral deposits [9–12]. More specifically,
with the help of quantitative methods and easy-to-use GIS software, delineating the spatial patterns
of known occurrences of mineral deposits and their associations with geological features (e.g.,
structural, lithological and geochemical features) can, in addition to field observations, geochemical
and mineralogical laboratory methods, provide insights into the controlling mechanisms operating at
different scales [10,13–15], especially in the brownfield areas where a relatively large number of mineral
deposits have been well-explored [15]. Furthermore, recognition of geological features controlling the
mineralization is critical for defining exploration criteria in future prospecting [16].

Since mineral occurrences are simplified to be represented as points on large-scale maps in
various applications of spatial analyses, methods of spatial analysis for point patterns have been
increasingly employed in studying spatial distribution and geological controls of mineral deposits,
mostly involving fractal geometry [17,18] and Fry analysis [19,20]. Through statistical calculation,
fractal and Fry analyses are able to highlight the distribution pattern of mineral deposits that may
be difficult to be recognized by exclusively relying on visual interpretation [5]. Moreover, distance
distribution [14,21] and weights-of-evidence (WofE) analyses [22,23] can further quantify the strength
of the spatial association between mineral deposits and geological features believed to be favorable
in predicting the location of the mineralization. A joint application of these methods is necessary
as individual methods only characterizes a particular aspect, such as non-random clustering of
deposits or preferential direction of deposits distribution, of complex spatial features of mineralization
systems [10,24].

The Tongling ore district (TOD) is one of the most important Cu producers in China, with totally
estimated reserves of over 5 Mt copper [25]. Large stratabound copper deposits constitute the
majority of the copper reserves in this area, e.g., the Donggushan deposit with 1 Mt Cu @ 1.01% [26]
and the Xinqiao deposit with 0.5 Mt Cu @ 0.71% [27], which have attracted many studies
focusing on their genesis [28–36]. These stratabound deposits were firstly considered to be of
SEDEX origin by many researchers because of their stratiform orebodies and massive sulfide
ores, and the major orebodies occurring in the Carboniferous strata were thought to be products
of Late Paleozoic (Hercynian) sedimentary exhalative system [28–30]. Some researchers further
proposed an exhalative origin overprinted by Yanshanian magmatic-hydrothermal processes, based on
the restricted occurrences of the stratabound orebodies in areas where Yanshanian intrusions are
particularly extensive [31–33]. In contrast, some authors advocated that the stratabound mineralization
is of epigenetic origin and genetically associated with the Jurassic-Cretaceous tectono-thermal
events [34–36]. The precise geochronological data derived from recent studies confirmed that the
massive sulfide and skarn orebodies were coeval with the Yanshanian intrusions [25,27,37], supporting
the magmatic-hydrothermal origin of these stratabound deposits.

Although the genesis of stratabound deposits is still disputable, most of the researchers
tend to agree with the epigenetic origin or at least the dominant contribution of Yanshanian
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magmatic-hydrothermal activities in the superimposed ore-forming processes [38,39]. In the
magmatic-related genetic model, the stratiform orebodies were formed as a result of progressive
fluid-rock interaction along the bedding-parallel structurally controlled conduits and were integral but
distal parts of a large hydrothermal system that produced the proximal skarn orebodies at the contact
zones and porphyry orebodies in the Yanshanian intrusions [35]. Such hydrothermal system and
stratabound deposits are similar to their counterparts elsewhere [35], among which the porphyry-skarn
polymetallic deposits in the Ertsberg district of Indonesia and manto-type copper deposits in Chile are
two representative examples. In the Ertsberg district, the Ertsberg East skarn orebody, one of the largest
orebodies, is hosted by a bedding-parallel fault-bounded zone between the limestone of the Faumai
Formation and dolomitic carbonate of the Waripi Formation [40]. In the Punta del Cobre district in
Chile, the stratabound tabular orebodies occur in the andesite breccia horizons between underlying
massive andesite and overlying shale, while the sites of economic copper concentration appear to be
controlled by faults [41]. Since structure is an important controlling factor of these stratabound deposits,
some relevant studies have been conducted in the TOD, including the spatial patterns [34], deformation
model [42] and formative process [43] of ore-controlling structures. However, these studies mostly
focus on theoretical deduction and qualitative analysis, and lack quantitative analysis concerning
detailed structural features. Hence, this paper attempts to delineate the structural controls by both
qualitative and quantitative analytical methods, focusing on the structural controlling mechanisms
operating at different scales, which can facilitate the understanding of the formation of copper deposits
and provide criteria for future exploration in the TOD.

2. Materials and Methods

2.1. Study Area

The TOD is situated in the central part of the Middle-Lower Yangtze Cu-Au-Fe metallogenic
belt (MLYMB) along the Northern margin of the Yangtze craton, bordered by the Qingling-Dabieshan
orogenic belt and the North China craton to the North (Figure 1a).

The Northern Yangtze craton is underlain by tonalitic-trondjhemitic-granitic (TTG) gneisses aged
from 3.45 to 2.87 Ga [44]. The TTG gneisses and unconformably overlying Archean to Paleoproterozoic
metamorphic rocks constituted the basement of the TOD [44]. From Cambrian to Middle Triassic,
the TOD represented a stable trough filled with carbonate and clastic rocks of shallow marine facies [36].
Two sedimentary sequences developed in this period, including the Lower Silurian to Upper Devonian
regressive bathyal to littoral clastic rocks and overlying Upper Carboniferous to Middle Triassic littoral
to neritic carbonates interbedded with bathyal and alternative marine-continental clastic rocks [45].
The sedimentary strata were folded during the Indosinian movement which is initiated at the end
of Middle Triassic due to the collision between the Yangtze craton and North China craton [35].
From Jurassic to Cretaceous, this region experienced an event that has long been interpreted as
an intracontinental deformation stage with abundant magmatism [35,38,45], and developed thick
terrestrial sedimentary and volcanic sequences which unconformably overlie the Silurian to Triassic
strata. The detailed lithological description and contact relationship of sedimentary strata in the TOD
are listed in Table 1.

The regional structures in the TOD are dominated by several folds with NE-striking axial surfaces
and sigmoidal-shaped axes (Figure 1b). Secondary structures include NE-trending thrust faults,
NW- and NNW-trending strike-slip faults [46]. The regional gravity anomalies [47] and deep seismic
reflection profiles [48] indicate the presence of EW- and NS-trending basement faults. The Yanshanian
magmatism resulted in more than 70 intrusions that are mainly composed of granodiorite, quartz
monzonite, gabbro monzonite and their hypabyssal equivalents [26,49]. High-precision zircon U-Pb
dating results have shown that the intrusions of this region were formed in the Early Cretaceous
(mainly 145–129 Ma) [50,51]. The copper-polymetallic deposits discovered in the TOD are dominated
by skarn-type, with minor porphyry-type copper deposits occurring in the deeper parts of some



Minerals 2018, 8, 254 4 of 26

skarn deposits [45,50,51]. More than 60 copper-polymetallic skarn deposits and prospects have been
discovered in the TOD, mainly clustering in four ore fields designated as Tongguanshan, Shizishan,
Fenghuangshan and Shatanjiao ore field from west to east (Figure 1b).

Table 1. Stratigraphy and tectonic events in the Tongling ore district

Epoch Lithostratigraphic Unit Code Lithological Description Tectonic Activity

Upper Cretaceous Xuannan Formation K2x Conglomerate and sandstone Yanshanian
movement

(ca. 135 Ma)Middle Jurassic Luoling Formation J2l Feldspar sandstone, siltstone and shale

Lower Jurassic Moshan Formation J1m Feldspar sandstone with interlays of silty
shale and coal, conglomerate at bottom

Indosinian
movement

(ca. 195 Ma)
Middle Triassic

Tongtoujian Formation T2t Siltstone with interlays of sandy shale

Yueshan Formation T2y Limestone, dolomite in upper and siltstone
in lower

Lower Triassic
Nanlinghu Formation T1n Limestone

Helongshan Formation T1h Limestone
Yingkeng Formation T1y Limestone with interlays of silt shale

Upper Permian Dalong Formation P2d Siliceous shale with interlays of limestone

Longtan Formation P2l Fine sandstone and silt shale with interlays
of coal

Lower Permian
Gufeng Formation P1g Siliceous slate and siliceous shale

Qixia Formation P1q Bioclastic limestone in upper and
carbonaceous shale in lower

Upper Carboniferous Chuanshan Formation C2c Orbicular limestone and bioclastic limestone
Huanglong Formation C2h Bioclastic limestone and dolomite

Upper Devonian Wutong Formation D3w Quartz sandstone and silty shale
Middle Silurian Fentou Formation S2f Sandstone, siltstone and sandy shale
Lower Silurian Gaojiabian Formation S1g Black shale

Upper Ordovician Wufeng Formation O3w Black siliceous shale

Tangtou Formation O3t Calcareous shale with interlayers of
limestone

Middle Ordovician Tangshan Formation O2t Limestone with interlayers of thin slate
Lower Ordovician Lunshan Formation O1l Limestone in upper and dolomite in lower

Cambrian Huangjiabang Formation
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Precambrian Dongling Group Pt3d Biotite quartz schist and gneiss
Jinning
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(ca. 850–800 Ma)

Modified from [26]; dashed line represents disconformity; and double line represents angular unconformity.

The copper occurrences (including known deposits and prospects) and structural features
employed in this study were derived from Geological Database of Bureau of Geological and Mineral
Resources of Anhui Province based on 1:50,000 geological survey and complemented by the literature
available for the study area concerning regional geological settings [26,42,45,49,51]. The raw data were
examined before being inputted into a spatial database. Only those copper and copper-dominated
polymetallic deposits were included in the analysis, since the other types of copper-related polymetallic
deposits may be products of different structurally controlled processes when compared with copper
mineralization. The structural features were reclassified into three categories including the basement
faults, cover faults and folds. All the examined data were compiled to vector formats and imported
into the ArcGIS 10 platform (Environmental Systems Research Institute, Redlands, CA, USA) for the
subsequent spatial analyses.
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Figure 1. Geological map of the study area: (a) simplified tectonic map showing the location of the
TOD; and (b) geological map of the TOD showing the locations of copper occurrences, modified from a
1:50,000 scale geological map [52] and [37,42,43,53].

2.2. Fractal Analysis

Fractals are entities that have similar geometrical patterns when observed in ranges of scales [17].
This scale-invariance can be depicted by a power-law proportional relationship between a measurement
of the target pattern and its scale [17]. Various methods have been proposed for estimating the fractal
dimension of a given pattern, each of which reveals an aspect of geometrical complexity of the
target pattern [10,54]. The box-counting and radial-density methods, which are the most commonly
used methods in analyzing geological point patterns, were employed to estimate corresponding
fractal dimensions in this study. The fractal analysis can reveal the statistical scale-related laws of the
distribution of copper occurrences, which may be products of structurally controlled processes.

In the box-counting method, the study area involving geological features of interest (e.g., mineral
deposits) is overlain by a grid that comprises square cells or boxes with side length δ, and then the
number N(δ) of those boxes containing parts of target features is counted (Figure 2a). The above
process is repeated using different box size δ to obtain corresponding box number N(δ) (Figure 2b,c).
If the pattern under analysis pertains to fractal pattern, the relationship between N(δ) and δ should
follow a power-law function as below [17]:

N(δ) ∝ Aδ−DB (1)

where DB is the box-counting fractal dimension, and A is a constant. Practically, a graph of log(N(δ))
versus log(δ) is plotted and then a best-fit regression line is drawn by the least square method, while
the slope of the regression line represents the box-counting fractal dimension (Figure 2d).
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Figure 2. Schematic diagram of box-counting analysis: (a) 7 boxes containing target points with box size
δ = 8; (b) 9 boxes counted with box size δ = 6; (c) 14 boxes counted with box size δ = 3; and (d) log-log
plot revealing the power-law relationship of counted box number N(δ) and box size δ, obtaining
box-counting fractal dimension DB = 0.7071.

In the radial-density method, fractal points, also called fractal dusts, have been demonstrated to
satisfy a radial-density relationship, which can be described as [55]:

d ∝ BrDR−2 (2)

where, d is the average point density of the circles with a radius r that center in every point, and B
is a constant, while DR is the radial-density fractal dimension. Likewise, DR is usually obtained by
calculating the slope of a regression line that presents the linear relationship of d and r in a log-log plot.

2.3. Fry Analysis

Fry analysis is a geometrical method of spatial autocorrelation for analyzing point patterns [22],
which is implemented by the construction of an autocorrelation diagram called Fry plot. Figure 3
shows a basic procedure for creating Fry plot [10,24]: (i) two analogue sheets including an original
sheet recording raw points (Figure 3a) and a blank tracing sheet are prepared; (ii) the origin of the
original sheet O is placed on one of the raw points, thus preserving the orientations and distances of all
the other points (Figure 3b); (iii) the points in the original sheet are then translated to the tracing sheet
with O coinciding with the origin of the tracing sheet O’ (Figure 3c); (iv) the origin O moves to another
raw point (Figure 3d), and the new distribution pattern of raw points is copied to the tracing sheet
following step (iii) (Figure 3f). This procedure is repeated until every point in the original sheet is used
as the origin O (Figure 3e,f), resulting in (n2-n) points in the tracing sheet for n raw points (Figure 3g).
The final tracing sheet is termed as Fry plot, and the points in this sheet are called Fry points.

Fry plot records the distances and orientations of each raw point relative to every other point,
thus enhancing subtle patterns of target point features [24], based on which rose diagrams are usually
constructed to analyze preferential orientations of point pairs within specific distances that reveal the
directional controls on mineralization at different map scales.
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(b) the origin O is placed on one of the raw points; (c) distribution pattern of raw points according to
the origin O is transferred to the tracing sheet; (d,e) the origin O is re-placed on every raw point; (f) the
tracing sheet records all distribution patterns of raw points with respect to different origins; and (g) Fry
plot is constructed.

2.4. Distance Distribution Analysis

Distance distribution analysis is a spatially buffer-based method for quantifying spatial association
between a set of points (i.e., mineral occurrences) and another set of spatial features [24,56].
This analysis involves calculating and comparing the cumulative relative frequency according to
given distances from a certain set of geological features to (i) mineral occurrence locations (denoted as
DM) and (ii) non-occurrence locations (denoted as DN). DN indicates naturally random probability
density distribution of regular patterns within a given buffer distance, while DM presents a non-random
probability density distribution of mineralized patterns that is characterized by unevenly clustering
of mineral occurrences within the corresponding buffer. The difference D, which is calculated by
(DM − DN), represents how much the cumulative frequency of mineral occurrences (i.e., DM) is higher
or lower than that expected due to chance (i.e., DN), measuring the intensity of spatial association
between the analyzed geological feature and mineralization.

In order to manifest statistically if DM is significantly greater than DN, an upper confidence band
for the curve of DN (denoted as uc) can be given by [57]:

uc = DN +
√

9.21(M + N)/4MN (3)

where M is the number of mineral occurrences that used to estimate DM, while N is the number
of non-occurrence locations using for calculating DN, and 9.21 is a constant for significance level
α = 0.01 [24].

2.5. Weights of Evidence (WofE) Analysis

The WofE analysis is a data-driven Bayesian statistical method that offers a quantitative
measurement of spatial association between a set of given geological features and the target occurrences
(e.g., mineral deposits, prospects or geological anomalies) [58,59].

A detailed mathematical explanation of the WofE method is available in Bonham-Carter (1994) [9].
In the GIS-based application of a mineral occurrence-related analysis, the WofE analysis is implemented
on the basis of several binary predictor maps of geological features [9]. Firstly, the study area is
subdivided into T square cells with an equal size, among which D cells are occupied by mineral
occurrences. The prior probability can be defined as:
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Pprior = P(D) =
D
T

(4)

and the relative importance of spatial association between the geological feature Bi and mineralization
is estimated by a pair of weights, namely positive weight W+ and negative weight W−, which can be
given by:

W+ = ln

{
P(B|D)

P(B
∣∣D)

}
, W− = ln

{
P(B

∣∣D)

P(B
∣∣D)

}
(5)

where P denotes the corresponding probability; B and B are the presence and absence of geological
features; D and D are the presence and absence of mineral occurrences. P(B|D), for example, represents
the probability of B occurring given the presence of D. The contrast C is defined as an overall
measurement of spatial correlation, which is given by:

C = W+ −W− (6)

In order to evaluate the significance of the contrast C, the confidence of the contrast (denoted
as CS), obtained from a Student t-test, is employed here and defined as:

CS =
C

S(C)
=

C√
S2(W+) + S2(W−)

(7)

where S denotes the standard deviation of the corresponding parameter.

3. Results and Discussion

3.1. Spatial Patterns of Copper Occurrences

The box-counting log-log graph shows that the distribution of copper occurrences in the study
area exhibits a bifractal pattern, i.e., the log-log plot of box number N(δ) versus box size δ can be fitted
with two regression lines (Figure 4a), resulting in two fractal dimensions of 0.2468 (δ ≤ 1.6 km) and
0.75 (δ > 1.6 km). In contrast, the radial-density analysis yields a trifractal pattern, as indicated by three
regression lines that represent three fractal dimensions varying from 0.796 (r≤ 1.4 km), 1.1722 (between
1.5 and 4.5 km) to 0.8092 (r > 4.5 km) (Figure 4b). A single regression line represents a power-law
(fractal) relationship between the measurements and their scales, implying a scale-invariance pattern
resulted from a nonlinear process. In this study, the different fractal patterns of copper occurrences
indicated by the multi-line fractal model could be ascribed to the different ore-controlling processes
operating at different scales. It is noteworthy that the log-log graph, especially for radial-density
analysis, seems to be alternatively fitted with one single regression line. However, the two-lines
and three-lines fractal models shown in Figure 4 are assumed to be optimum because they reach the
maximum regression coefficients (R2) of the fitted lines, meaning that the reduction of any regression
line would lower the regression coefficients.

Although apparent differences in the fractal dimensions are noted in the above analyses, there is
a general agreement between the result of box-counting method and that of radial-density analysis,
such that variations in fractal dimensions, indicated by intersection of the neighbor regressing lines,
both occur at around 1.5 km, suggesting that the different fractal structures exist within identical
ranges (within 1.5 km and beyond 1.5 km) in both box-counting and radial-density fractal relationship.
It is also noted that there is an intersection at 4.5 km in the radial-density fractal plot; however,
it is not clear whether there also exists another fractal dimension in the box-counting analysis when
taking box size greater than 4.5 km, since box number under such situation is not large enough to be
statistically counted.
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The results of fractal analyses in this study, including the multi-fractal dimension model and
fractal structures occurring within identical ranges, are consistent with those of some previous
studies [10,15,16,24]. It is considered that discrepancies in fractal dimensions are plausibly linked to
different geological controls operating at diverse scales, e.g., regional-, local- and prospect-scale [10].
Nevertheless, such scale-variable geological controls are still cryptic and need to be delineated by
further analysis.

Fry analysis has been performed to investigate the orientations of plausible controls on copper
mineralization. 3906 Fry points were delivered from 63 copper occurrences in the TOD (Figure 5a),
based on which rose diagrams were constructed. The rose diagram for all Fry points illustrates a
simply dominant EW trend (Figure 5b), suggesting a fundamental EW-trending control on copper
mineralization at regional scale. Since fractal analyses indicate variations in fractal dimensions around
1.5 and 4.5 km, we also analyzed the characteristics of Fry points within these ranges. The rose diagram
for Fry points within 4.5 km of each other indicates a preferential NNE trend, with subordinate NE
and EW trends (Figure 5c). The rose diagram for Fry points within 1.5 km of each other exhibits a main
NE-NEE trend, with subsidiary trends in EW and NS directions (Figure 5d).

The results of Fry analysis infer different directional controls at regional- (>4.5 km) and fine-
(<4.5 km) scales, which could be correlated to detailed structural features in the TOD. However, such
correlation is not specific. For example, the NE-trending control at fine scale may be related to the
NE-trending faults or be linked to the folds with NE-striking axes. Further analysis is necessary
so as to delineate the one-to-one correspondence between the scale-variable controls and detailed
structural features.
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3.2. Spatial Correlation of Structural Features with Copper Mineralization

Structural features are the outcomes of diverse geological processes, only a few of which are
associated with ore-forming processes and sever as structural controls on mineralization [10,24].
In order to reveal the subtle structural controls in the TOD, the structural features were grouped in
terms of their orientations, and the spatial associations of these features with copper mineralization
were quantitatively assessed by distance distribution analysis. The study area was subdivided into
20,250 square cells with side length of 200 m, among which 63 cells containing copper occurrences
represent occurrence samples and the other cells are taken as non-occurrence samples.

The EW-trending basement faults exhibit a positive correlation with copper occurrences according
to the curve of D (Figure 6). Within an optimal buffer distance of 1.5 km, there is at most 21% higher
frequency of copper occurrences than what would be expected due to chance. Such correlation is
verified to be statistically significant (at α = 0.01) since the curve of DM is plotted above the upper
confidence band of DN within a 1.5 km buffer (Figure 6b).

The NS-trending basement faults have a positive but weak association with copper occurrences
beyond the buffer distance of 1 km, reaching only 2% higher frequency than what would be expected
(Figure 7). However, the curve of DM is plotted below the upper confidence band of DN in the whole
range of buffer analysis (Figure 7b), indicating that the weak association between NS-trending faults
and copper mineralization is not of statistical significance.

The intersections of the basements faults have a statistically significantly positive correlation
with copper occurrences between the buffer distances of 2 and 3 km (Figure 8). At an optimal buffer
distance of 2.5 km, there is 23% higher frequency of copper occurrences than what would be expected
(Figure 8b).
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The folds exhibit a statistically significantly positive correlation with copper occurrences in the
buffers ranging from 1.5 to 3 km (Figure 9). There is 22% higher frequency of copper occurrences than
what would be expected at a 2.5 km buffer (Figure 9b).
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The cover faults consisting of NE- and NW-trending faults as well as the intersections of these
faults show positive spatial association with copper occurrences. There are at most 11%, 10% and 9%
higher frequencies of occurrences than what would be expected within the optimal buffers of NE-,
NW-trending faults and their intersections, respectively (Figures 10–12). Nevertheless, none of these
structural features have a statistically significantly associated with copper occurrence at any buffer
distance (Figures 10b, 11b and 12b).

WofE analysis was also implemented to investigate the association of structural features with
copper occurrences. At corresponding optimal buffer distances, the contrast values and confidences of
contrast were calculated. As depicted in Figure 13 and Table 2, the EW-trending faults, intersections of
basement faults and folds have top three highest values of both contrast and confidence of contrast,
which are remarkably greater than those of the other structural features. The contrasts and confidences
of contrast, which can assist in evaluating the intensity of spatial association, show exactly the same
variations as the results derived from distance distribution analysis, implying that the EW-trending
faults, intersections of basement faults and folds are plausibly major structural controls on copper
mineralization in the TOD.Minerals 2018, 8, x FOR PEER REVIEW  13 of 25 
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Table 2. Results of distance distribution and WofE analyses.

Structural Features
Optimal Buffer

Distance (m)

Distance Distribution Analysis WofE Analysis

DM DN D uc C Cs

EW-trending faults 1500 76% 55% 21% 75% 1.36 4.6
NS-trending faults 1000 55% 53% 2% 72% 0.2 0.8

intersections of basement faults 2500 83% 60% 23% 79% 1.54 4.64
folds 2500 89% 67% 22% 86% 1.59 3.95

NE-trending faults 1500 68% 57% 11% 76% 0.63 2.33
NW-trending faults 1500 59% 49% 10% 68% 0.44 1.74

intersections of cover faults 2500 74% 65% 9% 84% 0.71 2.46
contact of Yanshanian intrusion 350 87% 21% 55% 52% 3.04 8.03

DM: cumulative relative frequency of copper occurrence; DN: cumulative relative frequency of non-occurrence;
D: DN − DN; uc: upper confidence band for the curve DN; C: contrast value; and Cs: confidence of contrast.

3.3. Spatial Correlation of Faults with Intrusions

Considering that copper deposits in the TOD are dominated by skarn-type, Yanshanian intrusion
is a key ore-controlling factor and its contact with wall rock can be considered as a special structure.
The result of distance distribution analysis shows the strongest association of the contact with copper
occurrences. Within a 1.7 km buffer of the contact, there is at most 55% higher frequency of copper
occurrences than what would be expected, and such strong association is manifested to be statistically
significant (Figure 14). The WofE analysis yields a contrast value of 3.04 and a confidence value of
8.03 which are markedly higher than the corresponding values of the other structural features (Table 2),
supporting the most significant association of the contact with copper mineralization.

Since regional faults are considered to control the emplacement of intrusions according to
many previous studies [45,48,50], we also performed distance distribution analysis to investigate
the correlation of intrusion with the faults of various orientations. The results show that the EW-,
NS-trending faults and their intersections have statistically significantly positive correlations with
intrusion regions at most of the buffer distances (Figure 15a–c). There are 26% and 17% higher
frequencies of intrusion regions than what would be expected at the optimal buffers of the intersections
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of basement faults and EW-trending faults, respectively (Figure 15a,c), suggesting strong associations of
these structural features with intrusions. The NS-trending basement faults have a moderate correlation
with intrusion, delineated by 11% higher frequency of intrusion regions than what would be expected
(Figure 15b). In contrast, cover faults and their intersections show negative correlations with intrusion
regions within a 1.5 km buffer (Figure 15d–f). Beyond the buffer distance of 1.5 km, they show positive
but weak associations with intrusions. There are 6%, 9% and 5% higher frequencies of intrusion regions
than what would be expected at the optimal buffers of NE-, NW-trending faults and their intersections,
respectively (Figure 15d–f).

It is noteworthy that the EW-trending faults and intersections of basement faults, which show the
strongest correlations with intrusions, also exhibit significant associations with copper occurrences
in the previous distance distribution analysis. It is necessary to evaluate what extent of these
structural controls on intrusion determine their strong correlations with copper mineralization.
The EW-trending faults and Yanshanian intrusions were buffered with their optimal distances, and the
copper occurrences located within the corresponding buffered zones were counted. It appears that
98% (47 out of 48) of the copper occurrences distributed within the buffers of EW-trending faults are
located in the overlapping zones of the buffered EW-trending faults and intrusions which account for
33.58% of total area. Only one occurrence is included in the buffered zones where intrusions are absent
(occupying 66.42% of total area) (Figure 16). Likewise, 96% (49 out of 51) of copper occurrences located
within the buffers of intersections of basement faults are included in the overlapping zones of buffered
intersections of faults and intrusions that occupy 37.11% of total area (Figure 17). It is inferred that
the significantly strong associations of EW-trending faults and intersections of basement faults with
copper mineralization are attributed to the controls of these structural features on intrusions.Minerals 2018, 8, x FOR PEER REVIEW  16 of 25 
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3.4. Interpretation of Structural Controls on Copper Mineralization

The tectonic evolution of the TOD can be divided into four stages. The first stage is the formation
and development of the basement of the Lower Yangtze Terrain (LYT) before Jinning movement
(ca. 850–800 Ma) when the TOD was still an integral part of the LYT [38]. Secondly, after Jinning
movement and before Indosinian movement (ca. 195 Ma), the LYT gradually developed into an
archipelagic ocean stage, and the major sedimentary cover in this region formed. Contemporarily,
the Cathaysian block and LYT drifted gradually to the North China Craton, leading to several soft
collisions [60]. The vertical movement induced by the opening-closing effect related to soft collision
was dominated in this stage, resulting in some disconformities (Table 1). Thirdly, the convergence of
the Yangtze craton and North China craton (referred to as the Indosinian orogeny) commenced at the
end of Triassic, which induced the formation of a series of significant structural features including
angular unconformity between the Triassic and Jurassic strata (Table 1), folds and faults [35,60].
It is considered that the Indosinian movement has produced the present structural framework
in the TOD, and even in the South China [39]. Eventually, the TOD experienced Yanshanian
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movement (ca. 135 Ma) characterized by transformation from contraction to extension since early
Cretaceous [35], which induced the formation of widespread intermediate-felsic intrusions and
associated mineralization. The multi-stage tectonic evolution is responsible for the structural features
in both basement and sedimentary cover that are related to epigenetic copper mineralization.

The basement structures are dominated by EW- and NS-trending faults. These faults, totally
overlain by Mesozoic strata, are considered to be formed before Indosinian period and reactivated in
the Mesozoic [45], although the detailed geometrical and kinematical characteristics of these faults are
still not clear. In previous studies, faults have been proven to act as favorable pathways for transporting
ore-related magma and ore-forming fluids from deep sources to shallow trap zones, resulting in a
strong association of these faults with hydrothermal mineral deposits [10,16,19]. In the study area,
the petrological data and geophysical profiles evidence that a magma chamber was developed in the
Mesozoic at about −10 km from the surface [42]. The EW-trending basement faults are interpreted to
play a vital role of channeling the magma from the magma chamber to the shallow trap zones during
the Yanshanian period. This significant control of the EW-trending faults on Yanshanian intrusions
is supported by distance distribution and WofE analyses, which is fully responsible for the strong
correlation between the EW-trending faults and copper mineralization. This interpretation can explain
the result of Fry analysis that exhibits a predominant EW trend at regional scale.

The known copper deposits are situated in the sedimentary cover where the folds with
sigmoidal-shaped axes are the dominant structures, thus delineating the formative process of the
folds is crucial for understanding the structural framework and copper mineralization in the cover
level. Since the youngest stratum involved in the folds is Middle Triassic, it is deduced that the folds
were formed during the Indosinian movement which resulted in the angular unconformity between
Middle Triassic and Lower Jurassic (Table 1). A classic model of dextral simple-shear deformation
in a strike-slip fault zone is introduced to illustrate the formation of folds and faults under the
deformation regime of Indosinian movement dominated by NW-SE compression and dextral shear
(Figures 18 and 19). As the fault zone initiates, a structural system forms consisting of (i) conjugate
strike-slip faults, (ii) folds, (iii) reverse faults, and (iv) normal faults (Figure 19a) [61,62]. The initially
formed folds and reverse faults trend perpendicular to the direction of the greatest shortening,
while the normal faults trend parallel to the direction of the greatest shortening. Subsequently,
the continued strike-slip shearing can lead to a rotation of the elements in this system [62]. The axes
of previously formed folds turn to sigmoidal shape. The earlier formed normal faults accommodate
sinistral strike-slip motion, and the reverse faults accommodate dextral strike-slip motion (Figure 19b).
The NE-trending thrust faults observed in the field [63] and sinistral strike-slip motion of NW-trending
faults identified in the geological map (Figure 1) support the rationality of this model.

In the Mesozoic strata, there existed several interfaces between two adjacent strata which have
distinct mechanical properties, some of which also represented the interfaces of disconformity, e.g.,
the interface between the quartz sandstone of Upper Devonian and limestone of Upper Carboniferous.
During the formative process of the folds in Indosinian period, the abovementioned interfaces were
subjected to the progressive deformation of folding and shearing, leading to extensive bedding-parallel
shear zones [43] (Figures 20 and 21). In particular, the bedding detachments occur in the cores of
the folds due to the layer-parallel slippage in the formative process of folds. These shear zones
were overprinted by tensional deformation in the Cretaceous when the tectonic regime in this
region changed from compression to extension, thus being favorable for trapping and localizing
mineralized fluids. This inference is supported by (i) the clearly discordant boundaries between
stratiform orebodies and wall rocks which suggest that the ores were deposited in mechanical dilation
spaces (Figure 22) [27,35,64], and (ii) the result of a numerical modeling on the Dongguashan deposit
which demonstrates that the stratiform high dilation zones induced by extensional stress are favorable
for fluids focusing and consistent with those positions where orebodies actually occur [64]. In addition,
the bedding-parallel trap zones are located near the contacts of intrusions where sufficient sources of
heat and fluid are available, and hosted in a set of carbonate strata suitable for forming skarn (Figure 20).
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Therefore, the bedding-parallel structures in the folded strata are favorable for hosting, focusing and
depositing ore-bearing fluids, assisting in the formation of the stratabound orebodies in this area.
The thickening of orebodies in the cores of folds is attributed to the detachments occurring there (e.g.,
major orebody within C2 in Figure 20). This interpretation is supported by distance distribution and
WofE analyses, which both exhibit strong spatial association of the folds with copper mineralization.
It is also inferred that the dominance of NE, NNE and NEE trends in the rose diagrams of Fry points at
fine scales (<4.5 km) is attributed to the control of the folds with NE-striking axes, rather than those
of the NE-trending faults which show poor correlation with copper mineralization through spatial
analyses. Moreover, neither cover faults of various orientations nor the intersections of these faults
show statistically significant correlation with copper mineralization, suggesting that they may only
play a role in migrating the ore-bearing fluids towards the favorable host structures (i.e., multi-layered
bedding-parallel shear zones) where fluid concentration and mineral deposition actually occurred,
therefore leading to a lesser significant association of these cover faults with copper occurrences.
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4. Conclusions

(i) Fractal dimensions obtained from box-counting and radial-density analyses suggest that different
structural controls operate at diverse scales of <1.5 km, 1.5–4.5 km and >4.5 km. This scale-variable
controlling behavior is supported and explored by the results of Fry analysis, which illustrates
a dominant EW trend at regional scale (>4.5 km) and preferential NE-NNE-NEE trends at fine
scale (<4.5 km).

(ii) The spatial associations of detailed structural features with copper mineralization are
further investigated by quantitative spatial analyses. The Yanshanian intrusions, EW-trending
faults, intersections of basement faults, and folds have significant associations with copper
mineralization, indicated by their high values of quantitative parameters in both distance
distribution and WofE analyses.

(iii) The interpretation of structural controls on copper mineralization is made in combination of
foregoing analytical results. The scale-variable patterns of mineral occurrences are attributed
to the different structural controls operating in the basement and sedimentary cover. In the
basement, the EW-trending faults serve as pathways for channeling magma from a magma
chamber into trap zones in the caprocks during Yanshanian period. The significant control of the
EW-trending faults on Yanshanian intrusion is fully responsible for the strong correlation between
the EW-trending faults and copper mineralization. This inference is supported by the result of Fry
analysis which shows a dominant EW trend at regional scale (>4.5 km). In the sedimentary cover,
the bedding-parallel shear zones formed during Indosinian folding and shearing and overprinted
by tensional deformation in Yanshanian period act as favorable sites for hosting, focusing and
depositing the ore-bearing fluids, which is responsible for the dominance of NE-NNE-NEE trends
at fine scale (<4.5 m) in the results of Fry analysis. Such bedding-parallel structures, together
with the contact zones of intrusion, exert an important control on the formation of characteristic
stratabound skarn deposits in the TOD.
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