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Abstract: Regional tectonics can provide excellent transport channels and precipitation sites for
mineralized hydrothermal fluid. Studying the spatial relationship and distribution trends of regional
tectonics and metal mineralization has theoretical and practical significance for revealing regional
mineralization regularities and guiding mineral exploration. This study considers the Nenjiang-Heihe
metallogenic belt, through the fractal box dimension method and Fry analysis, to explore the spatial
distribution characteristics and patterns of tectonics. The results were as follows. (1) NE and NW
directions are the main tectonic directions in the study area, with high-density areas concentrated
in the central-eastern and central-western regions, demonstrating an overall ring-like distribution
pattern. (2) Fractal dimensions of the linear structures of the NE and NW directions and the entire
study area are 1.543, 1.493, and 1.622, respectively, with a strong coupling relationship between
the lineament fractal high-value area and rhombic-grid spatial distribution of known deposits.
(3) Gold mineralization shows the NEE and NWW directions as two main mineralization trends; the
intersection area is the gold-potential area. The main trend direction of the Cu-Mo metallogenic trend
belt is the NNW direction; the intersection area with the NEE direction gold metallogenic trend belt
is the Au-Cu-Mo potential mineralization area.

Keywords: tectonic extraction; fractal dimension; lineaments; Fry analysis; Nenjiang–Heihe
metallogenic belt

1. Introduction

Fracture structure is a critical mineral control factor for hydrothermal deposits. It is the
dynamic driving and migration channel of mineralizing fluids, providing the occurrence
space for orebody deposition. The spatial coupling of regional fractures and metal mineral-
ization has been a popular research topic, engendering numerous studies [1–8]. To describe
the spatial relationship between metal mineralization and regional tectonics, mathematical
methods have been proposed, such as the weight-of-evidence method, factor analysis, dis-
tance distribution analysis, support vector machines, random forest, fractal theory, and Fry
analysis [9–14]. Among them, fractal theory and Fry analysis have been rapidly developed
in recent years as effective means to quantitatively analyze fracture structure and reveal the
spatial relationship between the distribution of deposits (points) and fractures [10,15,16].
As a quantitative method to describe natural phenomena or objects with irregular shapes or
distributions, fractal theory can extract deterministic and regular covariates from complex
and disordered patterns to retrieve the mechanism of fractal structure formation and infer
the system evolution from stochastic evolutionary processes. The fractal dimension is
the dimensional value of a fractal, which is an essential parameter for the quantitative
characterization of fractals. The study of fracture structure can quantitatively describe the
complexity of the structure, which provides a basis for evaluating mineralization potential.
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Therefore, a fracture structure area with a high fractal dimension value is usually closely
related to metal mineralization [17–19]. Lei et al. [20] analyzed the fracture structures in
the Jiuyi Mountain area in south Hunan Province using the fractal theory box dimension
method, and showed that high and low fractal dimension values are consistent with the
intensity of mineralization in the area. Ni et al. [18] used fractal and multifractal theory to
analyze the spatial distribution and characteristics of lineaments in northeastern Yunnan.
Ahmadfaraj et al. [21] predicted the location of copper mineralization sites using the fractal
dimensional values of structures in the Savi region of central Iran, determining that the
known deposits are located in areas with high fractal dimensional values. Jiang et al. [22]
studied the fractal system of fracture structures using the fractal theory box dimension
method and showed that the fractal dimension value is indicative of the mineralization
potential in the study area.

Fry analysis (i.e., allocentric distance analysis) is an analytical method used to study
the spatial distribution of random points and manually evaluate the autocorrelation of
the rock strain spatial distribution. It has the advantage of simple and rapid analysis and
is widely used to measure the spatial distribution of mineral deposits and infer potential
mineral control structures [2,11,15,22–27]. Previous investigators have used Fry analysis
to study the spatial distribution of various metal deposits [2,15,24,26,28] and even found
that Fry analysis can identify the preferred distribution direction of mineralization in 3D
space, which is difficult to identify from the original map [27,29]. At different scales, the
spatial relationship and distribution between lineaments and ore deposits (points) can be
determined, and the effects of tectonics on mineralization can be explained [2,15].

Fry analysis and fractal theory can be combined for mineral distribution analysis [2],
deposit distribution patterns, and mineralization prediction. For example, Carranza
et al. [11] and Bie et al. [30] used fractal analysis and Fry analysis to study the spatial
patterns of known deposits (points) and the spatial association of various geological fea-
tures, and traced the prospective mineralized area. Few studies have applied Fry analysis
to the distribution pattern of deposits (points) in combination with tectonic fractal methods
for the spatial analysis of tectonics and metal mineralization.

The study area is the Duobaoshan-Daxintun national integrated exploration area, as
the pilot of the deep exploration. In recent years, with the deepening of prospecting and ex-
ploration, large and medium-sized deposits such as Duobaoshan, Tongshan, Sankuanggou,
Zhengguang, Sandaowanzi, Yongxin deposits, and many other mineralization points have
been discovered. However, in past research most have been limited to the study of typical
deposits, geological background, and geological exploration; therefore, it is urgent to carry
out metallogenic regularity and prediction research. At the same time, the Nenjiang-Heihe
metallogenic belt indicates a complex structure and an excellent regional geological and
metallogenic background, which is conducive to the analysis of the fractal dimension and
quantitative coupling relationship between the structures and spatial distribution of the
deposits. Therefore, we chose the Nenjiang-Heihe metallogenic belt as the research object
in this study.

2. Geological Background

Northeast China is located between the North China Craton and the Siberian Craton,
in the easternmost part of the Central Asian Orogenic Belt (Figure 1A) [31–34] and consists
mainly of a series of microcontinents and continental margin accretionary complex belts
of different properties, including the Erguna Block, Xing’an Block, and Songnen–Xilinhot
Block, as well as the Jiamusi Block and Xingkai Block from west to east
(Figure 1B) [32,35–37].
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Figure 1. (A) Schematic diagram of the structure of the Central Asian orogenic belt, (B) tectonic 
zoning of northeastern China, and (C) brief geologic and mineral map of the Nenjiang–Heihe metal-
logenic belt. DBA—Duobaoshan Anticlinoria; NHF—Nenjiang–Heihe Fault; HLF—Huolongmen-
gou Fault. 

In recent years, with the ongoing mineral exploration in the region [36,44–48], a large 
number of large- and medium-sized Au-, Cu-, and Mo-based deposits have been discov-
ered, such as porphyry-type copper–molybdenum deposits in Tongshan [49], Duoba-
oshan [50], and Yezhugou [51]; skarntype ironcopper (molybdenum) deposits in 
Sankuanggou [52] and Yubaoshan [53]; epithermal gold deposits in Zhengguang [45], 
Sandaowanzi [54], Yongxin [55]; and other minor Pb-Zn mineralization sites (Figure 1C). 
The age of mineralization indicates that the porphyry-type Cu-Mo deposits in the study 
area were mainly formed during the Caledonian, such as Duobaoshan and Tongshan in 
the Middle Ordovician [56–60]. The silica-type Fe-Cu (Mo) polymetallic deposits, such as 
Yubaoshan and Sankuanggou were formed in the Early Jurassic [52,53]. The epithermal 

Figure 1. (A) Schematic diagram of the structure of the Central Asian orogenic belt, (B) tectonic zoning
of northeastern China, and (C) brief geologic and mineral map of the Nenjiang–Heihe metallogenic
belt. DBA—Duobaoshan Anticlinoria; NHF—Nenjiang–Heihe Fault; HLF—Huolongmengou Fault.

The exposed stratigraphy in the study area is dominated by the Proterozoic, Paleozoic,
Mesozoic, and Cenozoic deposits (Figure 1C) [38,39]. The Proterozoic Xinkailing Group,
Neoproterozoic–Lower Cambrian Galashan Formation, and Beikuanhe Formation mainly
consist of various types of schist, gneiss, amphibolite, and acid volcanic rocks. The Paleo-
zoic Ordovician Tongshan Formation is a set of sandy slates. The Duobaoshan Formation
consists of altered andesite, dacite, and volcanic sedimentary rocks. The Luohe and Ai-
hui Formations consist of metamorphic siltstone, tuffaceous sandstone, and interbedded
slate. The Silurian–Devonian system consists of a set of sandstone, silted sandstone, and
tuffaceous sandstone with volcanic rocks in between. The Carboniferous–Permian system
is mainly a set of sandstone, tuffaceous sandstone, and pyroclastic rocks. The Mesozoic
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strata are distributed generally in the northeast direction, among which the Cretaceous
Longjiang, Guanghua, Jiufengshan, and Ganhe Formations are a set of intermediate-basic–
intermediate-acidic volcanic rocks, pyroclastic rocks, and volcanic sedimentary rocks. The
Nenjiang Formation consists of silted sandstone, fine sandstones, and silty mudstones. The
Cenozoic is mainly composed of Daxiongshan basalt.

The intrusions are mainly composed of Palaeozoic and Mesozoic igneous rocks. The
Cretaceous intrusions include syenogranite, alkali-feldspar granite, monzonitic granite,
and granodiorite, demonstrating a complete set of rock assemblages of collisional orogeny,
and are linearly distributed in the NE direction in Duobaoshan and Dulishan. Jurassic in-
trusive rocks mainly consist of diorite, granodiorite, monzonitic granite, and syenogranite.
Late Triassic–Early Middle Jurassic intrusions are mainly composed of gabbro, monzonitic
granite, granodiorite, and quartz-diorite. Permian intrusive rocks mainly consist of mon-
zonitic granite, syenogranite, monzonitic granit, and alkali-feldspar granite. Carboniferous
intrusions include early Carboniferous granitic complex and broken syenogranite. The
Early Paleozoic Ordovician intrusions are mainly composed of Middle Ordovician diorite,
granodiorite, granodiorite porphyry, and Late Ordovician ultramafic rocks, exposed near
Huolongmen and the Duobaoshan copper deposit [40]. Devonian intrusive rocks mainly
consist of diorite, whereas Cambrian intrusive rock types mainly include monzonitic granite
and granodiorite.

The regional structure is widely developed, and the multiperiod superposition of
tectonics leads to the exposure of many ductile shear deformation zones and fold structures
in the area. The Nenjiang–Heihe Fault is located between the Xing’an Block and the
Songnen Block, spreading in the NE direction along the line of Nenjiang–Nenbei Farm–
Beishihe–Heihe, and extending approximately 180 km. It is a regional deep major fault
(Figure 1C) [41,42], with Paleozoic and Mesozoic medium-acidic magmatic rocks and
Cenozoic basalts on both sides of the fault. The Huolongmengou Fault is located in
Huolongmen Township, spreading along the Huolongmengou and striking northeast with
an extension length greater than 20 km, forming in the late Early Cretaceous (Figure 1C) [40].
The Duobaoshan Anticlinorium is located along the Duobaoshan, with a northwest fold
axis and a curved extension of approximately 20 km. The core strata of the Tongshan
Formation and the two flanks of the Duobaoshan Formation have different stratigraphic
orientations (Figure 1C) [43,44].

In recent years, with the ongoing mineral exploration in the region [36,44–48], a large
number of large- and medium-sized Au-, Cu-, and Mo-based deposits have been discovered,
such as porphyry-type copper–molybdenum deposits in Tongshan [49], Duobaoshan [50],
and Yezhugou [51]; skarntype ironcopper (molybdenum) deposits in Sankuanggou [52]
and Yubaoshan [53]; epithermal gold deposits in Zhengguang [45], Sandaowanzi [54],
Yongxin [55]; and other minor Pb-Zn mineralization sites (Figure 1C). The age of miner-
alization indicates that the porphyry-type Cu-Mo deposits in the study area were mainly
formed during the Caledonian, such as Duobaoshan and Tongshan in the Middle Or-
dovician [56–60]. The silica-type Fe-Cu (Mo) polymetallic deposits, such as Yubaoshan
and Sankuanggou were formed in the Early Jurassic [52,53]. The epithermal gold de-
posits, such as Sandaowanzi, Yongxin, and Xiaoniqiuhe, were formed in the Early Creta-
ceous [36,46,54,61,62]. The exception is the Zhengguang gold deposit, which formed in the
Middle Ordovician [44,45].

3. Methods
3.1. Preprocessing and Linear Construction Extraction

Image preprocessing was divided into four main steps: radiometric calibration, at-
mospheric correction, image cropping, and image fusion. First, the radiometric correction
was performed on the Landsat-8 OLI image data in the study area, using ENVI to convert
the raw DN values to outer atmospheric surface reflectances (or radiometric brightness
values). Atmospheric correction was then performed using the FLAASH module to reduce
the effect of atmospheric scattering. Finally, the images were cropped to the study area and
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stretched to yield usable images. In this study, the Gram–Schmidt algorithm was used to
fuse the multispectral image and panchromatic band image with a resolution of 15 m to
improve the spatial and spectral resolution and facilitate constructive interpretation.

To highlight the line texture of remote sensing images we obtained four bands—OLI1,
OLI2, OLI3, and OLI4—which were normalized and corrected by image preprocessing and
were selected for principal component analysis (PCA). The second principal component
was used for comparison to be more favorable for extracting line information. The second
principal component was selected for directional filter line enhancement with a Sobel
operator convolutional filter window of 3 × 3, which can highlight the fracture structure
information in the corresponding direction of remote sensing images and is beneficial for
constructive remote sensing interpretation [63].

Automatic extraction of lineaments was performed using PCI Geomatica software
digital analysis and visual interpretation. Using the LINE algorithm of PCI Geomatica to
set appropriate basic input parameters (Table 1) to optimize the number and quality of
extracted lines [64], the algorithm of this module consists of three stages: edge recognition,
threshold processing, and curve extraction. In the first stage, an edge image is generated by
setting the filter radius (RADI) in the Canny edge detection algorithm [65]. In the second
stage, the edge gradient threshold (GTHR) is set to obtain the binary image. In the third
stage, the binary edge image is refined by adjusting the curve length threshold (LTHR)
to fit line segments to the extracted pixel curves, converting them into vector form; then,
polylines are generated by specifying the maximum fitting error using the appropriate
straight-line threshold (FTHR) parameter. Finally, the conditions of the maximum angular
angle difference threshold (ATHR) and maximum distance link distance threshold (DTHR)
between the two vectors specified to be connected are set to perform the polyline connection,
and the output is a vector curve. The flow of the specific linear extraction construction
method is shown in Figure 2.

Table 1. Adopted parameters for the LINE algorithm.

NO. Parameters Code Values

1 Filter Radius RADI 80
2 Edge Gradient Threshold GTHR 10
3 Curve Length Threshold LTHR 80
4 Line Fitting Error Threshold FTHR 3
5 Angular Difference Threshold ATHR 15
6 Linking Distance Threshold DTHR 10
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3.2. Box-Counting Fractal Model

The fractal theory has been widely applied and innovated in the field of geology
since its creation in the 1970s [66], particularly in the quantitative analysis of fracture
structures [18,67,68]. Fracture structures are represented as a series of irregular linear
assemblages in a plane that cannot be described by traditional Euclidean geometry in the
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distribution pattern of faults. The degree of fractal self-similarity for structural fractals is
quantitatively described by fractal theory, and the dimensional fractal value of fracture
structures is used as a quantitative parameter for the spatial scale and complexity of
fractures. Many methods have been used to calculate the fractal dimension value, including
the box dimension, capacity dimension, similarity dimension, information dimension,
association dimension, Hausdorff dimension, Brigham dimension, and the continuous
spectrum of the generalized dimension [69]. The box dimension method has the advantages
of simple principles and easy calculation and is the most widely used method to calculate
fractal dimension [17,18,70,71].

When all extracted linear constructions in the study area are investigated, a square
lattice with side length r equal to L/2n (where n is an integer) is used to cover the in-
formation of lineaments for statistical analysis. The number of grids N(r) covering the
linear structures at the corresponding scale is obtained, and if N(r) and r satisfy the power
exponent rule, that is, Equation (1), then the object of study is a fractal.

N(r) = Cr−D (1)

where C and D are constants. We take the logarithm of each side of Equation (1),

log N(r) = −D log r + log C (2)

According to Equation (2), the log r–log N(r) curve was plotted and fitted using the
least-squares method. The fractal value D is the absolute value of this linear relationship
equation, and the correlation coefficient R2 is obtained. The closer the R2 value is to 1,
the better the fit of the fractal plot, and the greater the agreement is with the proportional
relationship in Equation (1).

This method was used to calculate the fractal dimension value and draw the fractal
dimension contour map. This is done by setting the observation scale r as the side length
L, drawing a square with L = 137.6 km, covering all linear constructions in the study area.
This is performed by varying the side lengths of the square, that is, r = L/2,L/4,L/8,L/16
. . . , dividing the study area into blocks, and counting the number of grids containing linear
constructions at the corresponding scales. The number of grids containing the constructs
was calculated as N(r). The log r–log N(r) curves were plotted and fitted using the least-
squares method to obtain the fractal dimensional value D and correlation coefficient R2.

3.3. Fry Analysis

Fry analysis was originally an analytical method used to study the autocorrelation
of the spatial distribution of rock strain, which can reveal the autocorrelation of spatial
distribution among the target bodies of near-point elements in space. It was gradually
extended to examine the relative position and spatial connection between spatial point
elements [72]. In recent years, the Fry analysis method has also obtained good results in
exploring the spatial distribution patterns of mineral deposits [2,11,15,23–27]. Fry analysis
is implemented by constructing an autocorrelation Fry diagram (Figure 3), which involves
the translation of point objects (also called Fry diagram), in which each point object is used
as a translation origin [27]. The specific steps are as follows:

(1) The original set of points is plotted in the graph, and the location in the center is
plotted and numbered.

(2) The original set of points is copied, the second point is placed at the center of the
graph, and all other points are maintained at the same distance and orientation.

(3) The position of each point in the replicated point set is marked in a new graph (i.e.,
“Fry Points”).
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Figure 3. Fry analysis point diagram (modified after carranza [15]).

The third point of the copied point set is placed at the center of the graph, and the
positions of the remaining points are recorded while maintaining the distance from the
other points. This process is repeated until every point in the original point set is used as
the center of the graph.

If the number of known points is n, then a total of (n2 − n) points are obtained on
the graph after the vertical projection, which is called a Fry diagram. The Fry diagram
increases the overall trend and symmetry of a point object. The results of the Fry analysis
can characterize the distance and orientation relationships among the original data points
concerning other arbitrary points, enhancing the ability to identify the spatial distribution
patterns of the original data points [15]. In particular, Fry analysis can be used to identify
the spatial distribution characteristics of the original data points in cases where there
is a lack of data points or very complex spatial distribution patterns are implied in the
data points.

4. Results and Discussion
4.1. Analysis of Linear Structure Extraction Results

The spread of the water system, micro-geomorphology, lithological boundaries, and
other aspects along specific directions in remote sensing images is often reflected by linear
features, which mainly manifest as linearly extended ridges, gullies, faulted cliffs, or steep
bumps, dark-colored lineaments, light-colored lineaments, and different shades of divisions.
In this study, based on geological data, a detailed interpretation of fracture structures in the
study area was performed by combining a visual interpretation of structures and automatic
extraction of linear structures (Figure 4), and combining mathematical and statistical
methods to describe the length, density, frequency, orientation, and other characteristics of
linear structures.
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From the remote sensing interpretation, the regional structures of the Nenjiang–Heihe
metallogenic belt are segmented in nature. Brittle structures have been significantly devel-
oped since the Mesozoic, and the main fracture structure is in the NE direction, followed
by the NW direction, and near the S–N direction. The NE direction faults are mainly
developed along the river valley with steep dip angles and developed surface cliffs. Many
NW direction faults along the line are staggered and displaced. The Nenjiang–Heihe fault
is composed of several parallel faults, which are generally distributed along the Nenjiang
River basin. The NW direction faults are generally flat and serrated, showing the structural
features of tensile (torsional) faults. The landforms are mostly narrow “U” and “V” valleys
and saddles. The remote sensing image map mainly shows fault cliffs, which cut the
Mesozoic and earlier geological bodies. The main active period of the fractures is in the
Mesozoic, mostly cutting NE direction fractures. NE and NW direction’s fractures are
the main rock-conducting and basin-controlling structures in this area, distributed with
Early Cretaceous fracture basins and medium basal volcanic rocks; many Cenozoic basal-
ultrabasic volcanic rocks are developed at the intersection of the fractures. The junction of
the faults is characterized by many Cenozoic basaltic and ultramafic volcanic rocks, which
suggests that the faults are characterized by multi-phase tectonic activity.

Considering the mathematical characteristics, the essence of linear structure density
analysis is the frequency of linear structures occurring within the grid, which can be used
to study the distribution characteristics of the linear structures in each direction. In this
investigation, we used the density analysis tool in ArcGIS software to draw a linear structure
density analysis map, which visually represents the sparse and dense distribution of linear
structure information in the study area. This remote sensing interpretation obtained 1618
linear structures in the entire region, with an average length of 1813.35 m and a maximum
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density of 1.12 structures per km2 (Figure 5a,b). The lineaments’ high-density areas (density
values between 0.62 and 1.12) roughly show a similar ring shape with low, middle, and high
sides. The local high-density areas (density values greater than 0.87) are mainly distributed
in the central-eastern and central-western parts, which typically extend in the NE and
NW directions. Meanwhile, the northern and southern regions are characterized by more
minor secondary faults (Figure 5a). The lineament orientation rose diagram reflects the
orientation distribution pattern. The structure orientation in Figure 5c is dominated by
the NEE direction, followed by the NWW direction. It is consistent with the orientation
of the major deep-large faults in the region, including the Nenjiang–Heihe, Duobaoshan,
and Huolongmengou faults. The statistical results are consistent with the image features
shown in the above lineaments density map, reflecting the basic distribution pattern of the
fracture direction in the study area.
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4.2. Analysis of Linear Constructs Based on Fractal Dimension

The above map analysis indicates the general correlation between ore deposits con-
centration and main faults location. However, fractal theory can be used to precisely
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describe complex structures and quantitatively reveal the regularity of local structures
hidden [17–19,70,73–75]. The size of the fractal dimension is a comprehensive indicator
of the number, scale, combination, and dynamics, and it is a quantitative parameter of
the complexity of the structures [18,20,22,70]. To comprehensively characterize the spatial
distribution of linear structures, it is necessary to more realistically reflect the control of
linear structures on the transport and accumulation of mineralized hydrothermal fluids. In
this study, the fractal box dimension method is used to calculate the dimensional fractal
values of linear structures in this region. In the fractal calculation, the study area is divided
into lattice scales to match the tectonic scale, so comparing the overall and multi-directional
fracture dimension values can explain the complexity of the global metallogenic structure
in the study area to a certain extent and realize the coupling relationship analysis with the
distribution of the occurrence of ore deposits [18,20,22,70,71,73].

As shown in Figure 6, the fractal values are well linearly correlated with Log N(r).
The overall fractal tectonic fractal dimensional value of the study area is 1.622, with a
high correlation coefficient (R2 = 0.996). Therefore, the linear structures in the study area
exhibit statistical self-similarity and fractal characteristics. To further investigate the fractal
characteristics of the linear structures in different directions, the fractal dimensions of the
linear structures in the NE and NW directions were calculated, because the NE and NW
directions were the dominant directions of the fracture in the area as mentioned in the
previous section. Based on fractal theory and Equation (2), the DNE and DNW values were
calculated to be 1.543 and 1.498 (R2 > 0.9), respectively (Figure 6). The results show that
the fractal dimension value in the NE direction is greater than that in the NW direction,
indicating that the former direction is more active and developed [17,22,73].
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Previous research results show that the size of the fractal dimensions quantitatively
describes the complexity and instability of fracture activity, which is conducive to the forma-
tion of large and super-large ore deposits, reflecting the spatial and temporal heterogeneity
and fractal geometry differences of the fracture system evolution in the study area, thus
directly affecting the distribution of ore deposits (points) in the area [3,18,21,22,73,76–78].
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Fractal characteristics are a means of quantitatively characterizing the intensity and spatial
distribution of fracture activity [58,71,75,79–81].

In comparison with other mineralized areas, the fractal dimensions of the study area
are in the middle-to-upper range and are significantly higher than those of the China
Continental Fault, indicating that the lineaments of the area are more complex and active
(Table 2).

Table 2. Comparison of fractal characteristics with other areas.

NO. Area Fractal Dimension Data Source

1 All lineaments 1.622 This study
2 The NE lineaments 1.543 This study
3 The NW lineaments 1.498 This study
4 Duobaoshan area structure, Heilongjiang 1.754 [82]
5 Northwest Structure of Dayao Mountain in Guangxi 1.689 [22]
6 Central fault zone of Sichuan Basin, China 1.530 [83]
7 Tongling ore concentration area fracture 1.279 [71]
8 East Kunlun Qimantage Hutouya polymetallic ore field fault 1.085 [84]
9 Shanghang–Yunxiao fault zone, China 1.360 [70]
10 Linear structure in the Guangxi area 1.335 [85]
11 Jiuyishan regional fault in southern Hunan 1.116 [20]
12 Chinese mainland fracture 1.237 [86]

To further analyze the spatial distribution characteristics of lineament fractal features,
the study area was divided into squares with sides of length 8.6 km. Each 8.6 km2 unit box
was divided into blocks with dimensions of 4.3, 2.15, 1.075, . . . , and 0.00105 km. Fractal
dimension contours were plotted using kriging interpolation (Figure 7). As shown in
Figure 7, the overall fractal dimension of the study area is high, and the linear structure
follows a spatial distribution regularity, showing distribution mainly near deep faults, such
as the Duobaoshan anticline and Nenjiang–Heihe fault. These are essential ore-controlling,
passable, and host structures. The NE direction lineament fractal high-value areas are
concentrated in the vicinity of the Yongxin, Xiaoniqiuhe, and Sandaowanzi gold deposits,
whereas the NW direction lineaments’ higher fractal dimension values correspond to areas
are mainly distributed in Duobaoshan, Zhengguang, and Huashupaizi.

Trend surface analysis is a regression analysis technique that uses the least squares to
fit a two-dimensional nonlinear function to analyze the spatial distribution and trend of
geological variables. Trend surface analysis of fractal dimension can be used to estimate
the spatial distribution of fault structural features, revealing regional patterns of structural
change [18,85,87–89]. Using the Geostatistical Wizard module of ArcGIS to obtain the 10th
order of lineaments fractal dimension, draw the 10-level trend map (Figure 8) [18,70,85].
As we can see that the four trend lines of tectonic distribution form an evident rhombic
grid-like pattern, in which the NE trend line in the southeast is close to the Nenjiang-Heihe
fault, the NW trend line in the southwest is identical to the Duobaoshan anticlinorium.
The NW trend line in the northeast has no large faults corresponding to it, which may be
mainly affected by small faults. By superimposing the known ore deposits on the map, it is
found that Zhengguang, Wuliya, Sandaowanzi, Shangmachang gold deposits, and other
known ore deposits are mainly distributed in or near the medium-high dimension value
area and are in a rhombic grid-type distribution around the trend line, indicating that the
linear fractal dimension high-value area has a good coupling relationship with the known
ore deposit distribution.



Minerals 2023, 13, 313 12 of 18
Minerals 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 7. Contour map of the fractal dimension of the lineaments in the study area. 

Trend surface analysis is a regression analysis technique that uses the least squares 
to fit a two-dimensional nonlinear function to analyze the spatial distribution and trend 
of geological variables. Trend surface analysis of fractal dimension can be used to estimate 
the spatial distribution of fault structural features, revealing regional patterns of structural 
change [18,85,87–89]. Using the Geostatistical Wizard module of ArcGIS to obtain the 10th 
order of lineaments fractal dimension, draw the 10-level trend map (Figure 8) [18,70,85]. 
As we can see that the four trend lines of tectonic distribution form an evident rhombic 
grid-like pattern, in which the NE trend line in the southeast is close to the Nenjiang-Heihe 
fault, the NW trend line in the southwest is identical to the Duobaoshan anticlinorium. 
The NW trend line in the northeast has no large faults corresponding to it, which may be 
mainly affected by small faults. By superimposing the known ore deposits on the map, it 
is found that Zhengguang, Wuliya, Sandaowanzi, Shangmachang gold deposits, and 
other known ore deposits are mainly distributed in or near the medium-high dimension 
value area and are in a rhombic grid-type distribution around the trend line, indicating 
that the linear fractal dimension high-value area has a good coupling relationship with 
the known ore deposit distribution. 

Figure 7. Contour map of the fractal dimension of the lineaments in the study area.

Minerals 2023, 13, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 8. Ten-step tendency map of the fractal dimensions of the lineaments in the study area. 

4.3. Analysis of Linear Constructs Based on Fractal Dimension 
Fry maps were constructed by selecting 33 gold deposits (points), 12 copper deposits 

(points), and 13 molybdenum deposits (points) in the study area using ArcGIS software. 
The spatial distribution maps (Figure 9a) containing locations of known gold, copper, and 
molybdenum ore deposits were used as the original images, and n instances of ore point 
movement were used to obtain three Fry images containing a total of (n2 − n) moving 
points, as shown in Figure 9b. The Fry points were calculated as 10° shifts in the vector 
direction from the center point to every other point for statistical analysis to produce a 
rose diagram (Figure 9c). The relationship between the tectonic and mineralization trends 
in the area is discussed by comparing the results derived from the Fry and rose charts as 
follows. The metallogenic trend belt is a potential mineralization area, according to the 
analysis of the spatial distribution of deposits (points), structural fractal dimension, and 
trend analysis distribution regularities. 

Figure 8. Ten-step tendency map of the fractal dimensions of the lineaments in the study area.



Minerals 2023, 13, 313 13 of 18

4.3. Analysis of Linear Constructs Based on Fractal Dimension

Fry maps were constructed by selecting 33 gold deposits (points), 12 copper deposits
(points), and 13 molybdenum deposits (points) in the study area using ArcGIS software.
The spatial distribution maps (Figure 9a) containing locations of known gold, copper, and
molybdenum ore deposits were used as the original images, and n instances of ore point
movement were used to obtain three Fry images containing a total of (n2 − n) moving
points, as shown in Figure 9b. The Fry points were calculated as 10◦ shifts in the vector
direction from the center point to every other point for statistical analysis to produce a rose
diagram (Figure 9c). The relationship between the tectonic and mineralization trends in the
area is discussed by comparing the results derived from the Fry and rose charts as follows.
The metallogenic trend belt is a potential mineralization area, according to the analysis of
the spatial distribution of deposits (points), structural fractal dimension, and trend analysis
distribution regularities.
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Gold mineralization has two main mineralization trends, the NEE direction and
NWW direction (Figure 9a), in which the NEE (60◦–70◦) direction is the most dominant
direction and the NNW (280◦–290◦) direction is the prevailing secondary direction. The
NEE direction spreads from Yongxin to Zhangdiyingzi, mainly distributing the primary
deposits of the Wuliya, Yongxin, and Xiaoniqiuhe gold deposits. The NWW direction
spreads from Dulishan to Handaqi, mainly distributing the major deposits of the Dulishan
and Sandaowanzi gold deposits. The part of the study area where the NEE and NWW
directions intersect is a dense area of gold mineralization across the entire region, which is
an area of gold mineralization advantage potential across the entire region.

The overall trend of copper mineralization is NW-NNW mineralization, where the
NNW (340◦–350◦) direction is the most extensive dominant mineralization direction of
copper mineralization. Compared with copper mineralization, the most considerable pre-
vailing mineralization direction of the molybdenum mineralization trend is the NNW
direction (350◦–360◦). Large deposits, such as Duobaoshan, Zhengguang, and Tong-
shan, are related to the NNW direction structure. The Cu–Mo mineralization trend belt
spreads in a northwest direction along the belt from Sankuanggou to Yongxin, and the
intersection with the NEE direction gold mineralization trend belt is a potential area for
Au-Cu-Mo mineralization.

5. Conclusions

In this study, the linear structures of the Nenjiang-Heihe metallogenic belt were
extracted by combining visual interpretation and automatic extraction. The spatial distribu-
tion characteristics of the linear structure and ore deposits were studied and analyzed using
the fractal box dimension method and Fry analysis. The results of this study are as follows.

(1) The structure degree of the study area is complex, with NW and NE directions as
the main structure directions. Its high-density areas are concentrated in the central-eastern
and central-western regions.

(2) The fractal dimensions of NE, NW, and overall linear structures are 1.543, 1.493, and
1.622 respectively. The high-value areas of the fractal dimension are distributed in a rhomboid
distribution space, which is strongly coupled with the known deposit distribution.

(3) The distribution of mineralization in the study area is mainly controlled by fractures.
The gold mineralization shows two main mineralization trends in the NEE and NWW
directions, and the intersection area is characterized by dense gold mineralization. The
main trend direction of the Cu–Mo mineralization trend belt is the NNW direction, and
the intersection area with a NEE direction gold mineralization trend belt is the Au–Cu–Mo
potential mineralization area.
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