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Abstract: The eastern Guizhou Pb—Zn metallogenic belt (EGMB) is an important source of Pb—Zn
resources and other critical minerals (including dispersed metals, such as Ge, Cd and Ga) in China.
In order to ensure the continuous resource supply of Pb—Zn and associated dispersed metals, it is
urgent to explore the direction of further prospecting for them. Fractal theory can realize the fractal
structure characterization of fault structures and the spatial distribution of mineral deposits, which is
helpful for mineral exploration. However, the fault fractal research and prospecting application are
still seldom covered in the EGMB. We used fractal theory to determine fine-scale fractal structure
characteristics of fault structures and ore deposits in the EGMB, and Fry analysis to delineate favorable
metallogenic areas. The results show that within a scale range of 3.670-58.716 km, the integrated faults
capacity dimension (CPD) is 1.5095, the information dimension (IND) is 1.5391, and the correlation
dimension (CRD) is 1.5436, indicating fault structures with high maturity, which are conducive to the
migration and accumulation of ore-forming fluids. The multi-fractal spectrum width and height are
0.3203 and 1.5355, respectively, implying a significant metallogenic potential. The spatial distribution
fractal dimensions (SDD) of Pb—Zn specifically and metal deposits in general are 1.0193 and 1.0709,
respectively; the quantity distribution fractal dimensions (QDD) are 1.4225 and 1.4716, respectively,
and the density distribution fractal dimensions (DDD) are 1.422 and 1.472, respectively, indicating
strong clustering. Hence, the favorable metallogenic regions can be divided into four grades, among
which grade I region is continuously distributed in space and has the greatest prospecting potential.

Keywords: fault structure; Pb—Zn deposits; dispersed metals; fractal structure characteristic; Fry
analysis; prospecting direction; eastern Guizhou metallogenic belt; SW China

1. Introduction

The western Hubei-western Hunan-eastern Guizhou metallogenic belt is an important
source of Pb—Zn metals in China [1,2]. Within this belt, the eastern Guizhou Pb—Zn metal-
logenic belt (EGMB) hosts a large number of Pb—Zn and other metal deposits/ore fields,
including the Niujiaotang Cd-rich Pb—Zn ore field [2,3]. In recent years, many researchers
have systematically studied the geological characteristics of the Pb—Zn deposits [4-8], a
source of metallogenic materials [9-13] and ore-forming fluids [12,14-17], the ore genesis
of deposits [2—4,6,12,17], and the metallogenic model [3,18-21]. These Pb—Zn deposits are
obviously controlled by faults [2,12,22,23], and they belong to the Mississippi Valley-type
(MVT) Pb-Zn deposits [2—4,12,14,24].

A previously developed fracture-lithology—fluid coupling metallogenic model has
guided Pb—Zn exploration in this area and identified significant supernormal enrichment
of Ge (more than 1000 times enrichment compared with the crustal abundance of Ge),
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including large (e.g., Zhulingou) to super-large (e.g., Banbianjie) Ge-Zn deposits [21,25-30].
Dispersed elements are those that have very low abundance in the crust (mostly grades
10~7) and are dispersed in rocks [31]. They are critical minerals that have great practical sig-
nificance to national security and the development of emerging industries [32], especially in
the development of “high-tech” technology and future energy [21,33]. Statistics show that:
Ge, Cd, Ga, T1, and other dispersed elements are enriched in Pb—Zn deposits and Pb-Zn
poly-metallic deposits [34], and mainly exist in the form of symbiotic associations [34-39];
and MVT Pb—Zn deposits are enriched with one or more dispersed elements compared
with other types of Pb—Zn deposits or Pb—Zn poly-metallic deposits [2,31,38,40—46]. In
summary, the huge metallogenic potential of the EGMB offers a potential production base
for scarce resource minerals (e.g., Pb—Zn) and critical minerals (dispersed metals) in China.
To ensure the continuous resource supply, it is of great theoretical and practical significance
to strengthen research on the metallogenic law of dispersed metals, and to explore potential
directions for future prospecting.

Although there have been many research achievements in the EGMB, so far, the fault
fractal research and prospecting application are seldom covered. Fractal theory, which was
proposed by the famous mathematician, Mandelbrot [47], can reveal the inner connection
between the part and the whole of things; it can describe complex structures in detail
and quantitatively reveal the hidden laws [48]. Fractal theory has been applied in the
quantitative characterization of faults [49-54], the spatial distribution of deposits [48,55-59],
metallogenic laws, and prospecting prediction [51,60-70]. Currently, three basic conclusions
are generally recognized in the study of fault fractal [55]: (1) the fault system has fractal
characteristics; (2) the fractal dimension of the fault structure is related to the connectivity
of the fault (geological body); and (3) the fractal dimension of the fault structure is closely
related to geological mineralization, which can be used as an indicator of metallogenic
prediction. However, in the coupling study of fault fractal and deposit distribution, there
are few reports on the research results of deposit spatial location prediction, which needs
further exploration.

In this study, we applied fractal theory to quantitatively describe the coupling rela-
tionship between the fractal structure of faults of the EGMB and the spatial distribution
of ore deposits. In addition, we performed Fry analysis of the ore deposits. Based on the
results, we identified favorable prospecting directions for the exploration of Pb—Zn and
associated critical minerals (dispersed metals).

2. Geological Background

The EGMB is located on the southeastern margin of the Yangtze block, and extends
from the Bamianshan intra-continental deformation belt to the northwest to the Xuefeng-
shan structural belt to the southeast (Figure 1a) [3]. Magmatic activity in the EGMB is not ob-
vious [12,23], and magmatic rocks (e.g., potassium—magnesium lamprophyre) are sporadic
(Figure 1b). The EGMB may have experienced varies periods of orogeny, including those
during the Caledonian, Hercynian, Indosinian—Yanshanian, and other periods [23,71-73],
and folds and fault structures are widely developed. Fault structures are mainly NE-
trending (including NNE-trending), but are NW-trending and near-NS-trending in part.
The basement is Neoproterozoic shallow metamorphic rocks. In the sedimentary cover,
except for the Upper Paleozoic Carboniferous and the Mesozoic-Cenozoic Jurassic, Paleo-
gene, and Neogene missing, the others are exposed. Among them, Cambrian carbonate
strata are widely exposed and are the most important ore-bearing horizon [3,12,23]. Ore
deposits in the EGMB are obviously controlled by faults (especially NE-trending fault
structures) [3,12,22,23]. Of the 61 metal deposits, all are medium-low temperature hy-
drothermal deposits, including 53 Pb—Zn deposits, 5 Sb deposits, and 3 Hg deposits. From
the perspectives of ore-bearing horizon, main ore-controlling factors, and genesis types
of deposits, the deposits in the area are highly similar. As such, the study area has the
prerequisites for quantitatively exploring the coupling relationship between fault structures
and deposit distribution.
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Figure 1. Geotectonic position of the study area: (a) according to Ref. [3] and fault structures, deposits
distribution map (b): according to Ref. [26].

3. Single Fractal Characteristics of Fault Structures
3.1. Calculation Method
3.1.1. Capacity Dimension, Dy Calculation

At present, there are many calculation methods for the capacity dimension of linear
structures, including the box-counting dimension method, the circle covering method, and
the length-frequency statistics method [74-76]. Among them, the box-counting dimension
method is intuitive and easy to understand, and offers accurate statistics and strong
operability. Therefore, we adopted the box-counting dimension method for the calculation
of the capacity dimension (CPD) based on the fault structures and ore-deposit distribution
map (Figure 1b). The algorithm was as follows: square grids with different side lengths
r(r=L,L/2,L/4,and L/8 ..., which are proportional sequences with a common ratio
equal to 0.5) were used to cover the study area and the number of grids N(r) covering
the faults was calculated. If N(r) and r satisfied the following power-law relationship
(Equation (1)), the research object was fractal:

N(r) = Cr~Do 1)
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where C is a constant and D is the CPD value that attempted to acquire. Taking the
logarithm of Equation (1) yields Equation (2), from which the CPD value Dy was obtained
by taking the absolute value of the slope of the straight line:

InN(r) = —Dglnr +1Inc )

The specific steps of the calculation process were as follows: (1) two-dimensional
orthogonal grids with side lengths of 58.716, 29.358, 14.679, 7.340, and 3.670 km were used
to cover the study area. Then, the numbers of grids N(r) covered by integrated faults,
NE-trending faults, NW-trending faults, near-SN-trending faults, near-EW-trending faults,
major faults, and the plate contact transition zone were counted. In Excel, we took Inr as the
horizontal axis and InN(r) as the vertical axis, and drew a straight regression line to obtain
CPD values of different types of faults; (2) numbering the two-dimensional orthogonal grid
with a side length of 58.716 km, the study area was divided into 12 divisions (Figure 2).
For each division, the number N(r) of different two-dimensional orthogonal grids covering
faults with side lengths of 29.358, 14.679, 7.340, and 3.670 km were counted. Use Excel,
we drew a straight regression line to obtain the CPD value of the overall faults of the
division; and (3) numbering the two-dimensional orthogonal grid with a side length of
29.358 km, the study area was divided into 48 subdivisions (Figure 2). For each subdivision,
the numbers N(r) of different two-dimensional orthogonal grids covering faults with side
lengths of 14.679, 7.340, and 3.670 km were counted. Using Excel, we drew a regression
fitting line to obtain the overall CPD value of faults within the subdivision.

3.1.2. Information Dimension, D; Calculation

The fault information dimension (IND) not only considers whether a two-dimensional
grid is crossed by faults, but also considers the number (or probability) of crossing faults.
The study area was covered by a two-dimensional orthogonal grid with side length 7,
and it was assumed that faults were divided into N(r) parts. If faults appeared in the i-th
orthogonal grid, the probability was P;(r) (Equation (3)) and the total amount of information
at this time was I(r) (Equation (4)).

Pi(r) = 5o @)
Y
i=1
N(r)
I(r) = =) _ Pi(r)InPi(r) 4)
i=1

After transforming the side length r of the two-dimensional orthogonal grid, if there is
the following linear relationship between I(r) and Inr (Equation (5)), the IND value, Dy, can
be obtained from the slope of the straight line:

I(r) = =Dy Inr + I ()

The specific steps of the calculation process were as follows: (1) two-dimensional
orthogonal grids with side lengths of 58.716, 29.358, 14.679, 7.340, and 3.670 km were used
to cover the study area. Then, the information contents I(r) of integrated faults, NE-trending
faults, NW-trending faults, near-SN-trending faults, near-EW-trending faults, and major
faults were calculated. In Excel, we took Inr as the horizontal axis and I(r) as the vertical axis,
and drew a straight regression line to obtain the IND values of different types of faults; (2) for
each division (Figure 2), the overall information content I(#) of the faults was calculated
when the two-dimensional orthogonal grids with side lengths of 29.358, 14.679, 7.340, and
3.670 km were covered. We used Excel to draw a straight regression line to obtain the overall
IND value of the faults in the division; and (3) for each subdivision (Figure 2), the overall
information content I(r) of the faults was calculated when covered by two-dimensional
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orthogonal grids with side lengths of 14.679, 7.340, and 3.670 km. We used Excel to draw a
regression fitting line to obtain the overall IND value of faults in the subdivision.
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Figure 2. Computation partition map of fractal dimension (modified from Ref. [26]).

3.1.3. Correlation Dimension, D, Calculation

The calculation process for the correlation dimension (CRD) values was similar to that
of the IND, and followed Equation (6):

N(r)

—In)_ P?(r)
i=1

3.2. Single Fractal Characteristics of Faults across the Whole Area

(6)

Statistical parameters of fault fractal dimension values are listed in Table 1; Inr versus
InN(r) plots for integrated faults, NW-trending faults, NE-trending faults, near-SN-trending
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faults, near-EW-trending faults, major faults, and the plate contact transition zone with
their linear regression parameters are shown in Figures 3-5.

Table 1. Statistical table of calculation parameters of fractal dimensions for fault structures in the
eastern Guizhou Pb-Zn metallogenic belt (EGMB).

Cat CPD, D, IND, D, CRD, D,
atego
8oty r (km) N(@) Inr InN(r) 7 (km) Inr I(r) 7 (km) Inr I(r)
58.716 12 4.073 2.485 58.716 4.073 2.366 58.716 4.073 2.291
29.358 45 3.380 3.807 29.358 3.380 3.692 29.358 3.380 3.606

Integrated faults

NE-trending faults

NW-trending faults

Near-SN-trending faults

Near-EW-trending faults

Major faults

Plate contact transition
zone

14.679 146 2.686 4.984 14.679 2.686 4.874 14.679 2.686 4.767
7.340 368 1.993 5.908 7.340 1.993 5.836 7.340 1.993 5.743
3.670 785 1.300 6.666 3.670 1.300 6.628 3.670 1.300 6.572
58.716 11 4.073 2.398 58.716 4.073 2.257 58.716 4.073 2.165
29.358 37 3.380 3.611 29.358 3.380 3.475 29.358 3.380 3.369
14.679 114 2.686 4.736 14.679 2.686 4.628 14.679 2.686 4.518
7.340 281 1.993 5.638 7.340 1.993 5.582 7.340 1.993 5.509
3.670 570 1.300 6.346 3.670 1.300 6.316 3.670 1.300 6.275

58.716 6 4.073 1.792 58.716 4.073 1.676 58.716 4.073 1.569
29.358 11 3.380 2.398 29.358 3.380 2.307 29.358 3.380 2213
14.679 25 2.686 3.219 14.679 2.686 3.170 14.679 2.686 3.114
7.340 53 1.993 3.970 7.340 1.993 3.957 7.340 1.993 3.937
3.670 95 1.300 4.554 3.670 1.300 4.550 3.670 1.300 4.544
58.716 4 4.073 1.386 58.716 4.073 1.273 58.716 4.073 1.176
29.358 6 3.380 1.792 29.358 3.380 1.676 29.358 3.380 1.569
14.679 13 2.686 2.565 14.679 2.686 2.479 14.679 2.686 2.392
7.340 30 1.993 3.401 7.340 1.993 3.370 7.340 1.993 3.329
3.670 64 1.300 4.159 3.670 1.300 4.122 3.670 1.300 4.040
58.716 4 4.073 1.386 58.716 4.073 1.311 58.716 4.073 1.259
29.358 10 3.380 2.303 29.358 3.380 2211 29.358 3.380 2.120
14.679 18 2.686 2.890 14.679 2.686 2.834 14.679 2.686 2.774
7.340 34 1.993 3.526 7.340 1.993 3.469 7.340 1.993 3.409
3.670 71 1.300 4.263 3.670 1.300 4.248 3.670 1.300 4226
58.716 6 4.073 1.792 58.716 4.073 1.792 58.716 4.073 1.792
29.358 13 3.380 2.565 29.358 3.380 2.565 29.358 3.380 2.565
14.679 25 2.686 3.219 14.679 2.686 3.219 14.679 2.686 3.219
7.340 51 1.993 3.932 7.340 1.993 3.932 7.340 1.993 3.932
3.670 100 1.300 4.605 3.670 1.300 4.605 3.670 1.300 4.605
58.716 8 4.073 2.079
29.358 17 3.380 2.833
14.679 43 2.686 3.761 -

7.340 112 1.993 4718
3.670 328 1.300 5.793

From Figures 3-5: (1) the coefficient of determination (degree of fitting) R? of the 19
regression lines range from 0.9854 to 0.9994, with most >0.99. The overall fitting degree of
the straight lines is relatively high, showing that the fault structures have good statistical
self-similarity on scales 3.670-58.716 km; (2) the integrated faults, NE-trending faults, NW-
trending faults, near-SN-trending faults, near-EW-trending faults, and major fault CPD values
are 1.5095, 1.4316, 1.0239, 1.0322, 1.0065, and 1.0090, respectively; the IND values are 1.5391,
1.4752, 1.0673, 1.0665, 1.0290, and 1.0090, respectively; and the CRD values are 1.5436, 1.4947,
1.1072, 1.0803, 1.0421, and 1.0090, respectively. The CPD value of the plate contact transition
zone is 1.3435; (3) CPD values decrease as follows: integrated faults > NE-trending faults >
plate contact transition zone > near-SN-trending faults > NW-trending faults > major faults
> near-EW-trending faults. IND and CRD values decrease as follows: integrated faults >
NE-trending faults > NW-trending faults > near-SN-trending faults > near-EW-trending
faults > major faults; (4) based on the CPD, IND, and CRD, the fractal dimension value of
integrated faults is the largest, closely followed by that of NE-trending faults; this reflects
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the dominance of NE-trending faults in the EGMB and is consistent with regional tectonic
characteristics; and (5) only one major fault was involved in the calculation of the fractal
dimension, and so the values of the CPD, IND, and CRD were equal; however, we believe

that major faults are still of great significance to the mineralization of the study area.
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Figure 3. Linear fitting diagrams of the capacity dimension (CPD) calculation for faults in the eastern
Guizhou Pb-Zn metallogenic belt (EGMB). The Inr versus InN(r) plots of CPD data for (a) Integrated
faults; (b) NE-trending faults; (c) NW-trending faults; (d) Near-SN-trending faults; (e) Near-EW-trending
faults; (f) Major faults; and (g) Plate contact transition zone, showing their linear regression parameters.
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Figure 4. Linear fitting diagrams of the information dimension (IND) calculation for faults in
the eastern Guizhou Pb-Zn metallogenic belt (EGMB). The Inr versus I(r) plots of IND data for
(a) Integrated faults; (b) NE-trending faults; (c) NW-trending faults; (d) Near-SN-trending faults;
(e) Near-EW-trending faults; and (f) Major faults, showing their linear regression parameters.

The fractal dimension value of a fault structure is related to the connectivity of the
fault (geological body). That is to say, with an increasing fractal dimension value of the
fault structure, the spatial distribution of the fault structure becomes increasingly complex,
the permeability of the fault (geological body) becomes stronger, and the connectivity
improves. Therefore, an increasing fractal dimension value is more conducive to the
activation of ore-forming elements and the migration and accumulation of ore-forming
fluids. Based on the critical fractal dimension of faults (1.22-1.38) [77], the CPD values
of integrated faults, NE-trending faults, and the plate contact transition zone are 1.5095,
1.4316, and 1.3435, respectively; the values for NW-trending faults, near-SN-trending faults,
and near-EW-trending faults are all <1.22. Based on these results, we concluded that the
overall metallogenic geological conditions of the EGMB are good. In particular, the plate
contact transition zone is conducive to ore formation, which is consistent with the belt-like
distribution of ore deposits along this zone.

The fault CPD of the EGMB is larger than those of most areas in China (Table 2),
including ore fields, metallogenic belts, and ore concentration areas, and is close to the
upper limit of the active area (Diwa area) CPD in mainland China. Among regions with
smaller fractal scales (upper limit) than the EGMB, the fault CPD of the EGMB is larger
than that of the Zhaoyuan gold ore concentration area, but smaller than those of the
southeastern Guangxi gold and silver mineralization area, the Qitianling ore concentration
area of southern Hunan, and the Yadu-Mangdong metallogenic belt of northwest Guizhou
Province. Among regions with the same fractal scales (upper limit) as the EGMB, the fault
CPD of the EGMB is larger than that of the Kangguertage gold belt in east Tianshan, but
smaller than those of Xikuangshan-Longshan, Dashenshan, and Simingshan Sb belts in
central Hunan Province. Among regions with larger fractal scales (upper limit) than the
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EGMB, the fault CPD of the EGMB is larger than those of Southern China and Sichuan
Province, but is close to those of Pb—Zn ore concentration regions bordering the three
provinces of Sichuan, Yunnan, and Guizhou.

707 (a) 7.0 (b) 5.0 (¢
6.0} 6.0}
4.0
5.0F 5.0
a0t 40t A
= Integrated faults = NE-trending faults = NW-trending faults
3.0%  I(r)=-1.5436Inr + 8.7426 301 I(r)=-1.4947Inr + 8.3826 50l T(r=-1.10721nr + 6.0497
R*=0.9917 R*=0.9927 R*=0.9958
201 2.0
1.0
1.0+ 1.0+
0.0+ttt 0.0 "4ttt ! 0.0 e
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
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Figure 5. Linear fitting diagrams for the correlation dimension (CRD) calculation of faults in the east-
ern Guizhou Pb-Zn metallogenic belt (EGMB). The Inr versus I(r) plots of CRD data for (a) Integrated
faults; (b) NE-trending faults; (c) NW-trending faults; (d) Near-SN-trending faults; (e¢) Near-EW-
trending faults; and (f) Major faults, showing their linear regression parameters.
Table 2. Statistical table of fractal dimension for fault structures in some areas of China.
Region s“al‘zl:;‘lt)eml CPD, D, IND,D; CRD,D,  Reference
Activity Area of Continent in China (Diwa 8256 1.236-1.624 ) _
Area)
Stable Area of Continent in China 8256 0.827-1.074 ) ) [49]
(platform area)
Yungui Activity Area 8-256 1.332 - -
China Continent 8-256 1.493 - -
Shell Binding Site 8-256 >1.5 - -
Slchuan—Yunnan-'Gulzh(')u Pb-Zn 9.336-149.373 1.5395 . ) [54]
Metallogenic Province
Zhaxikang Ore Concentration Area 0.073-4.7 1.249 - - [75]
Gudui-Longzi Region, Tibet 1.875-30 1.678 - - [78]
Tongling Ore Concentration Area 0.1-3 1.29 - - [52]
Jiaojia District, Jiaodong 0.50-16.00 1.3507 - -
Sanshandao-.Ca'ngs'hang Gf)ld Mine Field 0.25-4.00 1.0103 . )
in Jiaojia District [79]
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Table 2. Cont.

Scale Interval

Region (km) CPD, Dy IND, D, CRD, D, Reference
Jiaojia Gold Mine Field in Jiaojia District 0.25-4.00 1.3198 - -
Canzhuang-lfmg.shfi.ngo.u Gpld Mine Field 0.25-4.00 1.3656 ) )
in Jiaojia District
leou—Zhuq}ao Area in Jiaojia District 0.25-4.00 11315 } )
(Mineral-free Area)
Kangguertage Gold Belt in East Tianshan 1.69412-54.2118 0.716 - - [48]
South China 25-400 1.4142 - - [80]
Jiangnan Diwa Region in South China 10-160 1.5939 - - 81]
Southeast Diwa Region in South China 10-160 1.6800 - -
Xikuangshan-Longshan Sb Ore Belt in 560 1.8183 1.8102 )
Central Hunan [82]
Simingshan Sb Ore Belt in Central Hunan 5-60 1.7346 1.7067 -
Damshenshan Sb Ore Belt in Central 560 1.5975 1.5933 )
Hunan
Zhaoyuan Gold Ore Concentration Area 1-5 1.4806 - - [51]
Gold and Silver Metallogen}c Area in 1.25-40 161 ) ) 83]
Southeast Guangxi
Qitianling Ore Concentration Area in 0.625-10 1.656 . ) [84]
Southern Hunan
Hutouya Polymetall}c Ore' Collection Area, 0.15-0.7 1.085 ) ) [85]
Qinghai Province
Gejiu Mining Area in Southeast Yunnan 0.5-5 1.432 - -
Malage Ore Field 0.5-5 1.093 - - [86]
Laochang Ore Field 0.5-5 1.263 - -
Kafang Ore Field 0.5-5 1.121 - -
Southern Jiangxi Province 0.5-10 1.2797 - - [87]
Faults of Maokou Formatlon in Southeast 2540 1.423 1467 1.468 50]
Sichuan
Xiciwa Area in Bozhong Sag 0.5-8 1.2137 1.2903 1.3582 [88]
Sichuan Area 3.75-120 1.4524 1.5136 1.5455 [89]
Shuiyanba Ore Flelq, Hezhou, Guangxi 0.171875-5.5 1.3475 ) ) [90]
Province
Yadu-Mangdong Metallogenic
Belt in NW Guizhot Province 3.371-26.965 1.6052 1.6051 - [91]
EGMB 3.670-58.716 1.5095 1.5391 1.5436 this article

The IND and CRD of faults in China are less well studied than the CPD. From the
limited data available, IND and CRD of fault structures in the EGMB are larger than
those in areas with smaller fractal scales (upper limit), including the Maokou Formation in
southeastern Sichuan and Xiciwa in the Bozhong sag. Among regions with larger fractal
scales (upper limit) than the EGMB, the fractal dimension values are similar (e.g., the Sichuan
area). Finally, among regions with similar fractal scales (upper limit) compared to the EGMB,
the IND of fault structures in the EGMB is smaller than those of the Xikuangshan—Longshan,
Dashenshan, and Simingshan Sb belts of Central Hunan.

3.3. Single Fractal Characteristics of Fault Divisions

The coefficient of determination of the straight line fitted by the division’s fractal
dimension values is 0.9648-0.9983 (Tables 3-5), and the straight line has a high degree of fit,
indicating that fault structures within the divisions have good statistical self-similarity. The
CPD values of the divisions range from 0.9230 to 1.5095 (Table 3), and the median is 1.4003.
The IND values of the divisions range from 0.9746 to 1.5262 (Table 4), and the median is
1.4164. The CRD values of the divisions range from 1.0222 to 1.5410 (Table 5), and the
median is 1.4195. Pb—Zn deposits are developed in 10 of the 12 divisions, and the fractal
dimension value (CPD, IND, CRD) interval of the developed Pb—Zn deposit area covers the
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fractal dimension values (CPD, IND, CRD) of all divisions. Therefore, in order to explore
the coupling relationship between fractal dimension values and ore deposit distribution,
subdivisions were divided on the basis of divisions (Figure 2), and the fractal dimension
values of subdivisions were calculated.

Table 3. Statistical table of division for the capacity dimension (CPD) calculation parameters.

Division Fractal Scale, r (km) CPD.D Coefficient of
Number 29.358 14.679 7.340  3.670 0 Determination (R?)
1 4 12 34 68 1.3765 0.9901
2 4 14 36 92 1.4934 0.9946
3 4 15 4 91 1.5009 0.9863
4 4 15 35 76 1.3967 0.9827
5 4 14 43 90 1.5095 0.9875
N 6 4 14 33 77 1.4038 0.9899
7 4 9 18 30 0.9721 0.9901
8 4 11 25 50 1.2116 0.9928
9 4 16 41 93 1.4976 0.9843
10 4 8 14 28 0.9230 0.9983
11 4 14 36 71 1.3812 0.9823
12 1 4 11 19 1.4204 0.9648

Table 4. Statistical table of division for the information dimension (IND) calculation parameters.

Division Fractal Scale, r (km) Coefficient of
IND Values, D . L. 2
Number 29.358 14.679 7.340  3.670 Determination (R)
1 1309 2415 3481 4.188 1.4001 0.9905
2 1339 2563 3496 4472 1.4907 0.9961
3 1362  2.622  3.685  4.480 1.5028 0.9901
4 1.334 2636 3498 4299 1.4077 0.9855
5 1382 2575 3.694 4461 1.4943 0.9909
i) 6 1.305 2487 3403 4279 1.4192 0.9947
7 1277 2164 2871 3379 1.0119 0.9856
8 1288 2322 3166 3.892 1.2486 0.9936
9 1310 2651 3.650 4503 1.5262 0.9891
10 1242 2043 2599 3309 0.9746 0.9956
11 1295 2582 3545 4240 1.4135 0.9820
12 0.000 1332 2398 2944 1.4282 0.9689

Table 5. Statistical table of division for the correlation dimension (CRD) calculation parameters.

Division Fractal Scale, r (km) CRD Values, D, Coefficie.nt of ,
Number 29.358 14.679 7.340  3.670 Determination (R)
1 1232 2354 3427 4146 14161 0.9907
2 1294 2498 3406 4.408 1.4791 0.9966
3 1339 2546 3.626  4.440 1.4980 0.9927
4 1289 2572 3420 4.249 1.4035 0.9875
5 1378 2526 3.620 4.406 1.4686 0.9931
- 6 1241 2358 3301 4192 1.4131 0.9972
7 1184 2120 2844 3348 1.0412 0.9823
8 1185 2254 3107 3.863 1.2822 0.9936
9 1242 2537 3573 4457 1.5410 0.9925
10 1099 1997 2549 3276 1.0222 0.9918
11 1240 2534 3495 4207 1.4228 0.9828

12 0.000 1273 2398 2944 1.4367 0.9723
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3.4. Single Fractal Characteristics of Fault Subdivisions

The subdivisions were squares with sides of 29.358 km, and so a reasonable upper
limit of the study scale was 29.358 km. To ensure that fault structures can be regarded
as an ideal straight line or curve shape to the greatest extent, theoretically speaking, the
lower limit of the research scale should be as large as possible. Taking into account the
control scale of the fault structure on the deposit space, the research scale interval used
in the calculation of the fractal dimension value of the subdivisions was 3.670-29.358 km.
However, considering the calculation characteristics of the CPD, IND, and CRD, a scale
interval of 3.670-29.358 km was used for the calculation of the subdivision CPD, and a scale
interval of 3.670-14.679 km was used for the calculation of IND and CPD. The statistics of
the calculation parameters of the fractal dimension value of the subdivisions are shown in
Tables 6 and 7. The subdivision CPD values are 0 to 1.6834, with a median of 1.3712. The
subdivision IND values are 0 to 1.6091, with a median of 1.1797. The subdivision CRD
values are 0 to 1.6179, with a median of 1.2010.

Table 6. Statistical table of subdivision for the capacity dimension (CPD) calculation parameters.

Sub-Division Fractal Scale, r (km) CPD Values, Coefficient of
Number/Serial Number 29.358 14.679 7.340 3.670 Dy Determination (R?)

1-1/1 1 4 10 19 1.4066 0.9713
1-2/2 1 4 11 23 1.5031 0.9809
1-3/11 1 2 5 10 1.1288 0.9968
1-4/12 1 2 8 16 1.4001 0.9800
2-1/3 1 3 9 22 1.4964 0.9977
2-2/4 1 4 9 20 1.4136 0.9792
2-3/9 1 3 9 27 1.5850 1.0000
2-4/10 1 4 9 23 1.4741 0.9859
3-1/5 1 3 11 20 1.4841 0.9808
3-2/6 1 4 9 20 1.4136 0.9792
3-3/7 1 4 9 18 1.3680 0.9718
3-4/8 1 4 13 33 1.6834 0.9925
4-1/17 1 4 9 18 1.3680 0.9718
4-2/18 1 4 8 15 1.2721 0.9597
4-3/19 1 4 11 26 1.5561 0.9878
4-4/20 1 3 7 17 1.3485 0.9965
N@) 5-1/15 1 4 12 27 1.5850 0.9865
5-2/16 1 4 15 31 1.6770 0.9821
5-3/21 1 3 8 14 1.2838 0.9809
5-4/22 1 3 8 18 1.3925 0.9955
6-1/13 1 3 8 21 1.4593 0.9990
6-2/14 1 4 10 23 1.4893 0.9845
6-3/23 1 3 10 21 1.4914 0.9911
6-4/24 1 4 5 12 1.1077 0.9276
7-1/25 1 3 5 8 0.9737 0.9524
7-2/26 1 3 7 11 1.1601 0.9684
7-3/35 1 1 1 2 0.3000 0.6000
7-4/36 1 2 5 9 1.0832 0.9937
8-1/27 1 4 12 29 1.6160 0.9899
8-2/28 1 2 2 2 0.3000 0.6000
8-3/33 1 2 3 4 0.6585 0.9608
8-4/34 1 3 8 15 1.3136 0.9862
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Sub-Division Fractal Scale, r (km) CPD Values, Coefficient of
Number/Serial Number 29.358 14.679 7.340 3.670 Dy Determination (R?)
9-1/29 1 4 13 33 1.6834 0.9925
9-2/30 1 4 8 19 1.3744 0.9773
9-3/31 1 4 12 27 1.5850 0.9865
9-4/32 1 4 8 14 1.2423 0.9521
10-1/41 1 2 4 9 1.0510 0.9984
10-2/42 1 3 6 9 1.0510 0.9565
10-3/43 1 1 1 3 0.4755 0.6000
10-4/44 1 2 3 7 0.9007 0.9836
11-1/39 1 4 11 23 1.5031 0.9809
11-2/40 1 4 12 22 1.4964 0.9721
11-3/45 1 3 5 10 1.0703 0.9749
11-4/46 1 3 8 16 1.3416 0.9903
12-1/37 0 0 0 0 0.0000 -
12-2/38 1 4 11 19 1.4204 0.9648
12-3/47 0 0 0 0 0.0000 -
12-4/48 0 0 0 0 0.0000 -
Table 7. Statistical table of calculation parameters for the information dimension (IND) and correlation
dimension (CRD) of subdivision.
Subdivision I(r) for 2 I(r) for 2
Number/Serial Number  (kam) Inr IND IND, D R CRD CRD, D, R
14.679 2.686 1.332 1.273
1-1/1 7.340 1.993 2272 1.1501 0.9894 2.231 1.1740 0.9896
3.670 1.300 2.926 2.900
14.679 2.686 1.321 1.269
1-2/2 7.340 1.993 2.338 1.2723 0.9922 2.281 1.2684 0.9924
3.670 1.300 3.085 3.027
14.679 2.686 0.637 0.588
1-3/11 7.340 1.993 1.561 1.1797 0.9944 1.504 1.1853 0.9956
3.670 1.300 2272 2.231
14.679 2.686 0.693 0.693
1-4/12 7.340 1.993 2.079 1.5001 0.9643 2.079 1.5001 0.9643
3.670 1.300 2.773 2.773
14.679 2.686 1.079 1.059
2-1/3 7.340 1.993 2.133 1.4111 0.9980 2.079 1.3828 0.9986
3.670 1.300 3.035 2.976
14.679 2.686 1.277 1.184
2-2/4 7.340 1.993 2.254 1.2274 0.9927 2.197 1.2767 0.9930
3.670 1.300 2.979 2.954
14.679 2.686 0.995 0.898
2-3/9 7.340 1.993 2.079 1.6091 0.9997 1.962 1.6179 0.9991
3.670 1.300 3.226 3.141
14.679 2.686 1.352 1.327
2-4/10 7.340 1.993 2.023 1.2669 0.9818 1.974 1.2578 0.9784
3.670 1.300 3.108 3.070
14.679 2.686 1.055 1.022
3-1/5 7.340 1.993 2272 1.3876 0.9771 2.231 1.3936 0.9793
3.670 1.300 2.979 2.954
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Table 7. Cont.

Subdivision I(r) for 2 I(r) for 2
Number/Serial Number 7 (k) Inr IND IND, D, R CRD CRD, D, R

14.679 2.686 1.330 1.281

3-2/6 7.340 1.993 2272 1.1797 0.9923 2.231 1.1853 0.9919
3.670 1.300 2.965 2.924
14.679 2.686 1.332 1.273

3-3/7 7.340 1.993 2.146 1.1001 0.9985 2.088 1.1112 0.9989
3.670 1.300 2.857 2.813
14.679 2.686 1.311 1.259

3-4/8 7.340 1.993 2.505 1.5512 0.9959 2.449 1.5555 0.9964
3.670 1.300 3.461 3.415
14.679 2.686 1.330 1.281

4-1/17 7.340 1.993 2.164 1.1259 0.9984 2.120 1.1610 0.9994
3.670 1.300 2.890 2.890
14.679 2.686 1.330 1.281

4-2/18 7.340 1.993 2.043 0.9784 0.9991 1.997 0.9911 0.9994
3.670 1.300 2.686 2.655
14.679 2.686 1.369 1.350

4-3/19 7.340 1.993 2.303 1.3162 0.9998 2.197 1.2674 0.9996
3.670 1.300 3.194 3.107
14.679 2.686 1.099 1.099

4-4/20 7.340 1.993 1.946 1.2513 0.9998 1.946 1.2513 0.9998
3.670 1.300 2.833 2.833
14.679 2.686 1.321 1.269

5-1/15 7.340 1.993 2.393 1.3881 0.9956 2.287 1.3680 0.9982
3.670 1.300 3.245 3.165
14.679 2.686 1.373 1.362

5-2/16 7.340 1.993 2.649 1.4651 0.9785 2.590 1.4442 0.9831
3.670 1.300 3.404 3.364
14.679 2.686 1.040 0.981

5-3/21 7.340 1.993 2.043 1.1537 0.9788 1.997 1.1962 0.9834
3.670 1.300 2.639 2.639
14.679 2.686 1.079 1.059

5-4/22 7.340 1.993 1.850 1.2696 0.9950 2.297 1.2424 0.9400
3.670 1.300 2.839 2.781
14.679 2.686 0.974 0.901

6-1/13 7.340 1.993 1.951 1.4385 0.9999 1.834 1.4264 0.9990
3.670 1.300 2.968 2.878
14.679 2.686 1.215 1.099

6-2/14 7.340 1.993 2.098 1.3353 0.9993 1.994 1.3540 0.9993
3.670 1.300 3.066 2.976
14.679 2.686 1.099 1.099

6-3/23 7.340 1.993 2.243 1.3695 0.9861 2.187 1.3292 0.9891
3.670 1.300 2.997 2.941
14.679 2.686 1.386 1.386

6-4/24 7.340 1.993 1.792 0.7925 0.9777 1.792 0.7925 0.9777
3.670 1.300 2.485 2.485
14.679 2.686 1.099 1.099

7-1/25 7.340 1.993 1.609 0.7076 0.9994 1.609 0.7076 0.9994

3.670 1.300 2.079 2.079
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Table 7. Cont.

Subdivision I(r) for 2 I(r) for 2
Number/Serial Number 7 (k) Inr IND IND, D, R CRD CRD, D, R

14.679 2.686 1.040 0.981

7-2/26 7.340 1.993 1.906 0.9592 0.9703 1.856 0.9738 0.9714
3.670 1.300 2.369 2.331
14.679 2.686 0.000 0.000

7-3/35 7.340 1.993 0.000 0.5000 0.7500 0.000 0.5000 0.7500
3.670 1.300 0.693 0.693
14.679 2.686 0.693 0.693

7-4/36 7.340 1.993 1.609 1.0850 0.9843 1.609 1.0850 0.9843
3.670 1.300 2.197 2.197
14.679 2.686 1.369 1.350

8-1/27 7.340 1.993 2.428 1.4188 0.9980 2.380 1.4023 0.9988
3.670 1.300 3.336 3.294
14.679 2.686 0.693 0.693

8-2/28 7.340 1.993 0.693 <0.5 - 0.693 <05 -
3.670 1.300 0.693 0.693
14.679 2.686 0.693 0.693

8-3/33 7.340 1.993 1.099 0.5000 0.9905 1.099 0.5000 0.9905
3.670 1.300 1.386 1.386
14.679 2.686 1.055 1.022

8-4/34 7.340 1.993 2.079 1.1925 0.9812 2.079 1.2165 0.9789
3.670 1.300 2.708 2.708
14.679 2.686 1.358 1.332

9-1/29 7.340 1.993 2.479 1.4154 0.9932 2.392 1.5472 1.0000
3.670 1.300 3.320 3.477
14.679 2.686 1.330 1.281

9-2/30 7.340 1.993 2.025 1.1418 0.9951 1.966 1.1464 0.9937
3.670 1.300 2912 2.870
14.679 2.686 1.352 1.327

9-3/31 7.340 1.993 2.441 1.3929 0.9945 2.388 1.3968 0.9970
3.670 1.300 3.283 3.263
14.679 2.686 1.386 1.386

9-4/32 7.340 1.993 2.079 0.9037 0.9962 2.079 0.9037 0.9962
3.670 1.300 2.639 2.639
14.679 2.686 0.693 0.693

10-1/41 7.340 1.993 1.386 1.0850 0.9980 1.386 1.0850 0.9980
3.670 1.300 2.197 2.197
14.679 2.686 1.099 1.099

10-2/42 7.340 1.993 1.792 0.7925 0.9776 1.792 0.7925 0.9776
3.670 1.300 2.197 2.197
14.679 2.686 0.000 0.000

10-3/43 7.340 1.993 0.000 0.7925 0.7500 0.000 0.7925 0.7500
3.670 1.300 1.099 1.099
14.679 2.686 0.637 0.588

10-4/44 7.340 1.993 1.055 0.9036 0.9646 1.022 0.8958 0.9707
3.670 1.300 1.889 1.829
14.679 2.686 1.352 1.327

11-1/39 7.340 1.993 2.352 1.2669 0.9936 2.297 1.2578 0.9958

3.670 1.300 3.108 3.070
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Table 7. Cont.
Subdivision I(r) for 2 I(r) for 2
Number/Serial Number 7 (k) Inr IND IND, D, R CRD CRD, D, R

14.679 2.686 1.352 1.327

11-2/40 7.340 1.993 2.441 1.2341 0.9757 2.388 1.2242 0.9795
3.670 1.300 3.063 3.024
14.679 2.686 1.099 1.099

11-3/45 7.340 1.993 1.609 0.8685 0.9924 1.609 0.8685 0.9924
3.670 1.300 2.303 2.303
14.679 2.686 1.040 0.981

11-4/46 7.340 1.993 2.043 1.2350 0.9902 1.997 1.2560 0.9908
3.670 1.300 2.752 2.722
14.679 2.686 0.000 0.000

12-1/37 7.340 1.993 0.000 0.0000 - 0.000 0.0000 -
3.670 1.300 0.000 0.000
14.679 2.686 1.332 1.273

12-2/38 7.340 1.993 2.398 1.1631 0.9666 2.398 1.2058 0.9616
3.670 1.300 2.944 2.944
14.679 2.686 0.000 0.000

12-3/47 7.340 1.993 0.000 0.0000 - 0.000 0.0000 -
3.670 1.300 0.000 0.000
14.679 2.686 0.000 0.000

12-4/48 7.340 1.993 0.000 0.0000 - 0.000 0.0000 -
3.670 1.300 0.000 0.000

The determination coefficient R? value of the fitting straight line in the calculation of
fractal dimension value was small for a small number of subdivisions (e.g., subdivision
10-3). In addition, the slope of the fitted straight line in the calculation of fractal dimension
value for a small number of partitions was zero, and only the value range could be judged
(e.g., the IND and CRD of subdivision 8-2). However, these phenomena had little effect on
the coupling relationship between the fractal dimensions of subdivisions and the spatial
distribution of deposit.

The main reasons are as follows: (1) among the 48 capacity-dimensional data in the
subdivisions, only three have determination coefficients R? of <0.9; (2) compared with other
data, the size relationship of such data is still very reliable. For example, the calculated
value of the CPD of subdivision 10-3 is 0.4755, which is larger than the calculated values
of subdivisions 7-3, 8-2, 12-1, 12-3, and 12-4, but is smaller than the calculated values of
other subdivisions. This result is consistent with the original meaning of the capacity-
dimensional representation. The CPD, also known as the box dimension, was originally
used to characterize the ability of a fractal to occupy a box under the corresponding
research scale. The larger the fractal dimension value, the stronger the ability to occupy
the box. The relationship between the calculated CPD value of subdivision 10-3 and those
of other subdivisions is consistent with the original meaning of the representation of the
capacity dimension; and (3) the value of such data is relatively low in the overall data, and
has no effect on the judgment of the favorable fractal dimension interval of the coupling
relationship between fractal dimension value and the spatial distribution of ore deposit.

4. Multi-Fractal Characteristics of Fault Structure Spatial Distribution
4.1. Calculation Method

Multi-fractal is the mutual entanglement and mosaic of multiple single fractals in space. It
is a generalization of single fractals [92,93] that can reflect more complex spatial structures [94].
The calculation of a multi-fractal function spectrum is the core of multi-fractal research, and is
usually expressed as the functional relationship between the holder singularity exponent and
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fractal dimension. It is generally described by the curve between a—f(«). Methods of calcu-
lating the multi-fractal function spectrum include the quadratic moment method, moment
method, multiplier method, histogram method, and wavelet method, among others [63,95-99].
The most mature and widely used method is the moment method.

The steps for calculating the multi-fractal spectral function f(«) by the moment method
are as follows:

(1) Define the fractal measure P;(r):

Pi(r) = — )

where 7 is the side length of the square grid covering the study area, 7 is the serial number
of the grid at the r scale, 1; is the number of faults in the i-th grid, and N(r) is the number of
grids at the r scale.

(2) Build the multi-fractal partition function X,(r):

Xq(r) =} Fl(r) ®)

where g is an arbitrary number defined as the g-order moment of the fractal measure P;(r).
(3) Calculate the quality index t(g):

I Nir)Pq()

n T(y

s IHXq(T’) s i=1 !

(q) _15% Inr —}1&1) Inr ©)

In actual calculation, for an arbitrarily determined g value, the quality index 7(g) is
obtained by calculating the slope of the best straight line fitted by the projected points (Inr,
InX,(r)) at different scales .

(4) Calculate the singularity index «a(g):

Y q( ) ( )
X Pi(r InP;(r
Dé(q) dT(’]) =l i=1 (10)
dq r—0 N(r)

Inr 3 P/(r)
i=1
In the actual calculation, for an arbitrarily determined q value, the singularity index
«(q) is obtained by calculating the slope of the best straight line fitted by the projected
¥ PR

points (In 7= ) at different scales .

X P(r)
i=1
(5) Calculate the multi-fractal spectral function f(«):
dt
(6) = aul) = (o) =475 2~ 7(g) an

The singularity index «(g) and the multi-fractal spectral function f(«) reflect the local
characteristics of the multi-fractal. The singularity index a(q) represents the fractal dimen-
sion of the small area of the fractal body, and its increment Ax (multi-fractal spectral width)
describes the degree of inhomogeneity of the distribution of the subsets formed by the
relevant physical quantities on the multi-fractal set. That is to say, it reflects the unevenness
of the probability measure distribution on the entire fractal structure, and is used to describe
the fluctuation range of the data set. The multi-fractal spectral function f(«) is a spectrum
composed of infinite sequences composed of different singularity exponents a(g), which
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can describe the changing trend of the number of elements in the subset formed by the
multi-fractal and related physical quantities. Its increment Af(«) (multi-fractal spectrum
height) describes the magnitude of variation in the number of elements in the subset formed
by the relevant physical quantity.

4.2. Multi-Fractal Characteristics of Fault Structures

When carrying out the multi-fractal spectrum calculation for the fault structures in
the study area, the fractal scale interval used was 3.670-58.716 km, the g-order moment
was —10 to 10, and the step size was 0.5. The calculation results are shown in Table 8.
According to the fault multi-fractal spectrum data in the study area (Table 8), we drew the
multi-fractal spectrum in the study area (Figure 6).

Table 8. Fault multifractal spectrum data table for the study area.

Nsu";:ljler q « (g) f@ Nii;‘;ir q & (g) f@
1 —10.0 1.0141 2.4020 22 0.5 1.5130 1.5203
2 95 10150  2.3935 23 10 15390 15390
3 —-9.0 1.0161 2.3831 24 1.5 1.5463 1.5475
4 —85 1.0175 2.3713 25 2.0 1.5383 1.5328
5 —8.0 1.0191 2.3572 26 25 1.5184 1.4876
6 -75 1.0212 2.3410 27 3.0 1.4900 1.4092
7 —-7.0 1.0237 2.3233 28 35 1.4564 1.2999
8 —6.5 1.0267 2.3031 29 4.0 1.4211 1.1675
9 —6.0 1.0306 2.2787 30 4.5 1.3867 1.0214
10 55 10355 22506 31 50 13553 0.8724
11 —5.0 1.0418 2.2176 32 55 1.3279 0.7288
12 —4.5 1.0503 2.1773 33 6.0 1.3048 0.5961
13 —4.0 1.0618 2.1286 34 6.5 1.2858 0.4775
14 -35 1.0782 2.0673 35 7.0 1.2703 0.3730
15 —-3.0 1.1018 1.9910 36 7.5 1.2580 0.2840
16 -25 1.1360 1.8974 37 8.0 1.2481 0.2073
17 -2.0 1.1843 1.7894 38 8.5 1.2404 0.1434
18 —1.5 1.2480 1.6786 39 9.0 1.2343 0.0907
19 —-1.0 1.3235 1.5845 40 9.5 1.2296 0.0472
20 —-0.5 1.4003 1.5268 41 10.0 1.2260 0.0120
21 0.0 1.4662 1.5095

The graph connecting points (g, a(g), f(#)) in the three-dimensional coordinate system
is a spiral curve (Figure 6a), and the nonlinear relationship is obvious. When the g-order
moment is —10 to 10, the singularity index a(q) ranges from 1.0141 to 1.5463; it first increases
and then decreases with the increase of the order moment g (Figure 6e). At the same time,
f(a) ranges from 0.0120 to 2.4020, and decreases as a whole and increases locally with the
increase of the order moment g (Figure 6d). The curve connected by points (c(g), f(«)) is
not a common parabolic (or hook) shape with downward opening, but a combination of
two semi-parabolic shapes with opposite opening directions (i.e., a bifurcation; Figure 6b).
When the g-order moment ranges from 1 to 10, the curve connecting the points (cx(g), f(«))
is a typical semi-parabolic shape (Figure 6c).

When the g-order moment is between —10 and 10, the shape of the multi-fractal
spectrum is quite different from that reported in most previous literatures. Most multi-
fractal spectrum parameter calculations in the literature adopted the fitting method, such
as the singularity index a(g), etc., and did not strictly use the limit method for calculation
(which cannot be realized); this increases the multi-fractal spectrum shape diversity to a
certain extent. Various shapes of multi-fractal spectra have been reported. In addition
to the typical downward-opening parabola or hook, there can also be zigzag [100] and
bifurcated [101-103]. The main reasons for the diverse shapes of multi-fractal spectra are as
follows: (1) the characteristics and differences of the calculation method itself; (2) differences
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in tectonic distribution characteristics (or element enrichment methods) in different regions;
(3) differences in the value range of the g-order moment; and (4) buried fault structures
were not discovered. When using the same calculation method to calculate the multi-fractal
spectrum, in addition to the characteristics of the fractal itself, the value of the g-order
moment is also an important factor.
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Figure 6. Multi-fractal spectrum of faults in the study area. (a) 3-D plot of g, a(g), f(«), showing points
(9, «(9), f(x)) in the three-dimensional coordinate system is a spiral; (b) 2-D plot of x(g), f(«), showing
the curve connected by points (x(g), f(«)) is not a common parabolic (or hook) shape with downward
opening, but a combination of two semi-parabolic shapes with opposite opening directions; (¢) When
the gq-order moment ranges from 1 to 10, the curve connecting the points (x(g), f(«)) is a typical
semi-parabolic shape; (d) f(x) ranges from 0.0120 to 2.4020, and decreases as a whole and increases
locally with the increase of the order moment g; and (e) the singularity index a(g) first increases and
then decreases with the increase of the order moment 4.

Theoretically, the value of the g-order moment can be any real number, but there is no
uniform standard when carrying out multi-fractal spectrum calculations, and the numerical
ranges used in different studies vary greatly. The multi-fractal spectrum uses different
g-order moment values to describe the characteristics of different levels of the fractal body.
When g is greater than 0, the multi-fractal spectrum can describe the basic characteristics of
the fractal body. When g is less than 0, the multi-fractal spectrum focuses on the properties
of low-probability regions, reflecting small structural changes in the fractal structure. The
smaller q is, the more easily affected it is by measurement errors or interference factors.
As most previous studies carried out parameter calculation on parabolic or hooked fractal
spectrum, in order to ensure the reliability of this calculation, we only calculated Af(«)
and Awx of the multi-fractal spectrum when the g-order moment was between 1 and 10.
Where Ax = &max — ®min, A (&) = f(@)max — f(@)min. When amax = 1.5463, apmin = 1.2260,
F(@)max = 1.5475, and f(&)min = 0.0120, then Ax = &max — &min = 0.3203, Af(a) = f(@)max —
f(@)min = 1.5355, implying that the study area has great metallogenic potential.

5. Fractal Clustering Characteristics of Ore Deposits
5.1. Fractal Characteristics of Spatial Distribution of Ore Deposits

The 48 subdivisions of the EGMB contain 61 metal deposits, including 53 Pb-Zn
deposits. Metal deposits are distributed in 27 subdivisions, including 1-2, 2-4, 3-3, 3-4, 6-1,
6-2, 6-3, and 6-4, etc., accounting for 56.3% of the total subdivisions. Among them, there are
30 metal ore deposits in seven subdivisions including 1-2, 5-4, 7-2, 8-1, 8-4, 12-2, and 11-3,
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accounting for ~49.2% of the total number of metal deposits. Pb—Zn deposits are distributed
in 24 subdivisions, including 1-2, 2-4, 3-3, 3-4, 6-1, 6-2, 6-3, and 6-4, accounting for 50% of
the total number of subdivisions. Among them, seven subdivisions including 1-2, 5-4, 7-2,
8-1, 8-4, 12-2, and 11-3 have developed 27 Pb—Zn deposits, accounting for 50.9% of all Pb—Zn
deposits. In summary, deposits are mainly distributed in a small number of subdivisions,
and from a qualitative perspective, deposit distribution has significant clustering.

Taking ore deposits as a point set, the spatial distribution fractal dimension (SDD) of
ore deposits can be calculated by the counting-box method, similar to that applied to the
treatment of CPD values for fault systems described in the previous sections. The statistics
of the calculation parameters of the SDD values are shown in Table 9. According to Table 9,
Figure 7 shows the Inr-InN(r) regression fitting line graph. From the statistical table of
the SDD value of mineral deposits in some areas of China (Table 10) and the linear fitting
diagram of the SDD value calculation of mineral deposits (Figure 7), it can be seen that:
(1) the fitting degrees of the linear fitting lines of Sb deposits, Pb—Zn deposits, and metal
deposits in the study area are all greater than 0.97, indicating that their spatial distributions
have fractal cluster structures; (2) the SDD value of metal deposits is greater than that of
Pb—Zn deposits, while the SDD value of Pb—Zn deposits is greater than that of Sb deposits;
(3) the metal deposits and Pb—Zn deposits in the study area have a smaller SDD than most
other regions in China with larger fractal scales (upper limit). Compared with the same
fractal scale (upper limit) of Pb—Zn deposits in the Yadu-Mangdong metallogenic belt, the
SDD is also smaller, indicating that the metal deposits and Pb—Zn deposits in the study
area are more clustered; and (4) the clustering of the ore deposits results in decreasing SDD,
while the SDD of the ore deposits is much smaller than those of the integrated faults and
NE-trending faults in the study area.

Table 9. Statistical table of calculation parameters for the spatial distribution fractal dimensions
(SDD) of deposits.

Deposit Category Fractal Scale, r (km) N(r) Inr InN(r)
58.716 10 4073 2303

‘ 29.358 30 3.380 3.401

Metal deposits 14.679 55 2.686 4007
7.340 97 1.993 4575

58.716 10 4.073 2.303

. 29.358 27 3.380 3.296

Pb-Zn deposits 14.679 48 2.686 3.871
7.340 87 1.993 4.466

58.716 3 4073 1.099

. 29.358 5 3.380 1.609

Sb deposits 14.679 7 2.686 1.946
7.340 9 1.993 2197

5.2. Fractal Characteristics of Deposit Quantity and Density

An important step in the exploration of ore deposits is to investigate the distribution
characteristics of known ore deposits within an area delineated by a finite distance [58,104].

To quantitatively determine the distribution character of ore deposits within a circular
area of radius #, we normally adopted a probability density function defined as:

d(r) =KrPP~2 (2> Dp > 0) (12)

where d(r) is the probability density function, denoting the number of ore deposits per unit
area within radius 7, taking a known ore deposit as the center of the circle; K is a constant;
and Dp is the density distribution fractal dimension (DDD). In a non-scale section, the
higher the Dp, value, the greater the number of ore deposits [58,106].
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Figure 7. Linear fitting graph for spatial distribution fractal dimensions (SDD) calculation of ore deposits.

Table 10. Statistical table of spatial distribution fractal dimensions (SDD) values of deposits in some

areas of China.

Location Kinds of Minerals Scale Interval (km) SDD References
Anhui Province Coal, Copper, Iron, etc 17. 8125-285 1.3371 [59]
South China Uranium 20400 1.0468 [80]
Western and Northern Yunkai Gold 1.25-10 0.3552 58]
Uplift © 10-160 1.2418
. 20-150 0.2293
China Gold 150-5000 1.3073 [104]
1-20 0.1923
Gold 20-750 0.7168
. . . 1-20 0.3778
Zhejiang Province Fluorite 20-750 11851 [105]
1-20 0.1459
Pb and Zn 20-750 11723
. . ... 1.25-16.32 0.2305
Altai Region of Xinjiang Gold, Copper, Pb, Zn, etc. 16.32-150 1512 [56]
Yadu-Mangdong metallogenic belt Pb and Zn 6.741-53.930 1.3262 this article
Pb and Zn 7.34-58.716 1.0193 this article
EGMB Sb 7.34-58.716 0.5240 this article
Pb, Zn, Sb, etc. 7.34-58.716 1.0709 this article

The quantity fractal distribution function is proposed to represent quantitatively the
number of possible ore deposits N(r) that is likely to be explored within a definite radius

from the center:
N(r) = LrPs (13)

where N(r) is the quantity distribution function, denoting the number of ore deposits within
radius r, taking a known ore deposit as the center of the circle; L is a constant; and Ds is the
quantity distribution fractal dimension (QDD).

In practical calculation, we took 10 ore deposits with a relatively uniform distribution
as the center of the circle. The number and density of the ore deposits covered by areas of
various radius, r, were calculated and we took the averaged values of 10 deposit centers
(Table 11). Finally, the data were fitted (Figure 8).

Within a research scale of 20 to 80 km, Pb—Zn and all metals deposits versus the average
number of deposits show power-law relationships, and the coefficients of determination
are 0.9906 and 0.9966, respectively, indicating a high degree of fit. The number distributions
of Pb—Zn and all metals deposits have fractal structures, and the QDD values are 1.4225
and 1.4716, respectively (Figure 8a). The Pb—Zn and all metals deposits versus the deposit
density also have power-law relationships, and the determination coefficients are 0.9454



Minerals 2022, 12, 1567

22 of 33

and 0.9742, respectively, indicating a high degree of fit. The density distributions of the
Pb—Zn and all metals deposits have fractal structures, and the DDD values are 1.422 and
1.472, respectively (Figure 8b). For the fractal distribution of both number of deposits and
density of deposits, the fractal dimension values of Pb-Zn and all metals deposits are high
(>1.42), indicating high clustering.

Table 11. Statistics of fractal distribution data of deposit number and density.

Pb—Zn Deposits Metal Deposits
Fractal Scale, : -
(km) Average Density Average Density
Number (No./km?) Number (No./km?)
20 3.1 0.00248 33 0.00264
30 4.5 0.00160 5.4 0.00192
40 7.1 0.00142 8.5 0.00170
50 10.3 0.00132 12 0.00153
60 14.2 0.00126 16.9 0.00150
70 17 0.00111 20.1 0.00131
80 20.4 0.00102 23.8 0.00119
30 - (a) 0.0030 (b)
—_ L
a5 b ‘2 0.0025x
@ o=
=] e S
2 0L & Z 0.0020 - = p=0.0123¢-05
iy y=0.0384x4716 /.//. z \ = R=0.9742
5 15k R=0.9966 - S 0.0015 - " _— S ®
5 AT - 0.0397x14225 = = ® "
g R*=0.9906 = L y=0.0127x70578
E1or . £ 00010 R=0.9454 -
gu all L /‘ ® Pb-Zn dep()%its g 0.6005 |- ® Pb-Zn depoéits
;ﬂg T/I ® Metal deposits ® Metal deposits
020 30 40 50 60 70 80 0'000020 30 40 50 6I0 7I0 8IO
Research scale(km) Research scale(km)

Figure 8. Fitting diagram of fractal distribution for deposit number (a) and density (b).

6. Coupling Law of Fault Fractal Characteristics and Spatial Distribution of Ore Deposits

According to the theory of self-organized criticality, a fracture system with fractal
characteristics is formed by the connection, evolution, and spontaneous organization of
small fractures to a point during the dissipation process of the fracture, so that the strain
is concentrated on the main fault zone with fractal geometry. The fault fractal dimension
value is related to its connectivity. When the fractal dimension value of the fault is lower
than the critical value, the deformation and permeability are low, the fault is isolated, and
the fault connectivity is poor. When the fractal dimension of the fault reaches or exceeds
the critical value, deformation is strong, permeability increases, and the connectivity of the
fault is good, which is conducive to the migration and accumulation of ore-forming fluids
and the formation of hydrothermal deposits. Numerical simulations of biaxial compression
tests of rock blocks show that the critical value of the fractal dimension is 1.22 to 1.38 [77].
The fault fractal dimension value has some locality (relative to the study scale). However,
since the scale of the study roughly matches the scale of the study area, and the scale of
the study area basically matches the scale of the structure, the critical value of the fractal
dimension of the fault still has certain reference significance for this study; that is, areas
with the fault CPD values of >1.22 are conducive to mineralization.

The distribution of hydrothermal deposits is not only controlled by fault factors, but
also by favorable lithology (or lithologic combination) and others. In this study, the fault
CPD of the subdivisions with developed ore deposits is mostly greater than 1.22, but for
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2.0

(a)

some subdivisions with ore deposits it is less than and very close to 1.22. This confirms that
the distribution of metal deposits is mainly controlled by faults, and confirms the reliability
of distribution analysis using fractal dimension value. From a qualitative perspective, the
neighborhood fractal dimension values of the subdivisions of various metal deposits are
generally relatively low, which may be because neighborhood areas with relatively low
fractal dimension values are conducive to blocking and sealing ore-forming fluids. In
fact, owing to the clustered distribution of ore deposits, ore deposits are often developed
in two or more consecutive subdivisions. Such subdivisions should to be regarded as a
whole so as to understand the role of adjacent regions in blocking and sealing ore-forming
fluids. Taking the CPD values as an example, we drew a horizontal and vertical fluctuation
diagram of subdivision CPD values (Figure 9). The subdivision or subdivision complex
of developed deposits are adjacent to at least one subdivision with a relatively low fractal
dimension value in a two-dimensional perspective.
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Figure 9. Vertical and horizontal wave graphs of fractal dimensions. (a) Horizontal wave graphs of
fractal dimensions; and (b) Vertical wave graphs of fractal dimensions.
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CPD value

IND value

CRD value

To systematically explore the relationship between the distribution of deposits and the
fractal dimension value, a projection map of the fractal dimension value of the subdivision
and number of deposits was drawn (Figure 10), along with a projection map of different
types of fractal dimension values of the subdivision (Figure 11). The favorable fractal
dimension distribution intervals of Pb—Zn and all metals deposits are basically the same;
both are mainly distributed in ore-bearing subdivisions that simultaneously satisfy three
conditions: CPD > 1.16, IND > 0.95, and CRD > 0.97.
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Figure 10. Subdivision projection maps of deposit quantity versus fractal dimension. (a) Subdivision
projection maps of Pb—Zn deposit quantity versus CPD; (b) Subdivision projection maps of all metals
deposits quantity versus CPD; (c) Subdivision projection maps of Pb—Zn deposit quantity versus
IND; (d) Subdivision projection maps of all metals deposits quantity versus IND; (e) Subdivision
projection maps of Pb—Zn deposit quantity versus CRD; and (f) Subdivision projection maps of all
metals deposits quantity versus CRD.
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Figure 11. Different types of fractal dimension projection maps of subdivisions. (a) 3-D plot of CPD,
IND, CRD of ore-bearing subdivision; (b) CPD versus IND plot of ore-bearing subdivision; (¢) CPD
versus CRD plot of ore-bearing subdivision; and (d) IND versus CRD plot of ore-bearing subdivision.

7. Prediction of Favorable Areas for Prospecting
7.1. Fractal Dimension Value Analysis

From the perspective of fractal dimension value, areas favorable for the distribution of
ore deposits should satisfy two conditions: (1) CPD > 1.16, IND > 0.95, and CRD > 0.97; and
(2) on a two-dimensional plane, there are adjacent regions that relatively block fluid flow.
Favorable prospecting areas based on CPD, IND, and CRD were delineated (Figure 12a—c),
and their overlapping area was taken as the comprehensive favorable metallogenic area
(Figure 12d).

7.2. Fry Analysis

Fry analysis was first developed for mineral rock stress analysis [107-110], and was
subsequently extended to measure the spatial distribution of ore deposits and infer potential
ore-controlling structures [111-113]. The basic principles of the Fry analysis method are as
follows. Assuming that there are n points in a known plane A, copying the plane n times
can obtain n identical planes Ay, Ay, ... Ay. Select a point in plane A; as a reference point
to establish a rectangular coordinate system, and arbitrarily select a point other than the
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reference point in plane Aj, and place it at the coordinate origin of plane A;. Similarly, a
point is arbitrarily selected from the remaining n-2 points in plane Az and placed at the
coordinate origin of plane A;. The above process is repeated until each point coincides
with the coordinate origin of plane Aj, and finally n(n-1) points are generated in the plane.
Fry analysis is a spatial autocorrelation method used to study the distribution trend of
spatial points. In practical application, the areas with more deposit distribution tend to
have dense Fry points, so favorable metallogenic areas can be divided according to the
relative number of Fry points’ distribution at the macro scale. In this study, we applied Fry
analysis to the 61 known metal deposits, including 53 Pb—Zn deposits, 5 Sb deposits, and
3 Hg deposits. The Fry projection was obtained by 61 shots (Figure 13a,b). According to
the number of projected ore deposit points in the subdivision, the favorable metallogenic
areas of Pb—Zn ores and Sb—Hg ores were identified (Figure 13c,d). From Figure 14, the
metallogenic potential of Pb—Zn deposits decreases in the following order: subdivisions 5-4
and 8-1 > 9 subdivisions, including 6-3, 6-2; and 5-1 > 8 subdivisions, including 1-2, 1-3, and
7-2. For Sb-Hg deposits, nine subdivisions, including 5-2, 5-3, and 8-2, have relatively great
metallogenic potential. Most favorable metallogenic subdivisions of Sb—-Hg deposits are
also favorable metallogenic areas of Pb—Zn deposits, indicating strong spatial consistency.

7.3. Prediction of Comprehensive Favorable Metallogenic Areas

Dispersed metals in the study area are mainly enriched in Pb—Zn deposits or Pb-Zn
poly-metallic deposits, and so favorable metallogenic areas of Pb—Zn are also favorable
metallogenic area of dispersed metals. According to importance, the comprehensive
favorable metallogenic areas of Pb—Zn were divided into four grades (Figure 14a), while
those of Sb—-Hg were divided into two grades (Figure 14b). Grade I denote common overlap
of fractal dimension value comprehensive favorable metallogenic areas and subdivisions
with > 70 Pb—Zn deposits after Fry’s projection. Most known deposits are distributed in this
area, which has the greatest prospecting potential. Grade II areas are those comprehensive
favorable metallogenic area with >100 Pb—Zn deposits after Fry’s projection; these include
seven known ore deposits. Grade III deposits are those subdivisions with 70-99 Pb—Zn
deposits after Fry’s projection. In space, these are mainly adjacent to grade I and grade II
areas. The remaining subdivisions (50-69 Pb—Zn deposits after Fry’s projection) are grade
IV and have low prospecting potential.

The common overlap of the fractal dimension value analysis comprehensive favorable
metallogenic area and subdivisions of the favorable distribution of Sb (or Hg) deposits
after Fry’s projection form the grade I favorable metallogenic areas of Sb (or Hg). This
includes three areas with the greatest prospecting potential. The remaining comprehensive
favorable metallogenic areas and subdivisions of the favorable distribution of Sb (or Hg)
deposits after Fry’s projection are grade II.
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8. Conclusions

(1) In the scale range of 3.670-58.716 km, fault structures in the EGMB have good statisti-
cal self-similarity. The integrated faults CPD is 1.5095, the IND is 1.5391, and the CRD
is 1.5436, indicating fault structures with high maturity, which are conducive to the
migration and accumulation of ore-forming fluids.

(2) When the g-order moment ranges from 1 to 10, Ax is 0.3203 and Af(«) is 1.5355,
implying that the study area has great metallogenic potential.

(38) Within the scale range of 7.340-58.716 km, the SDD values of Sb, Pb—Zn, and other
metal deposits are 0.5240, 1.0193, and 1.0709, respectively. Within the scale of
20-80 km, the number and density distributions of Pb—Zn and metal deposits are all
fractal structures; the QDD values are 1.4225 and 1.4716, respectively, and the DDD
values are 1.422 and 1.472, respectively, indicating high clustering of both Pb—Zn and
other metal deposits.

(4) From the perspective of fractal dimension value, areas favorable for the distribution of
ore deposits should satisfy two conditions: (1) CPD > 1.16, IND > 0.95, and CRD > 0.97;
and (2) on the two-dimensional plane, the fractal dimension value of the adjacent area
is lower (i.e., adjacent regions relatively block fluid flow).

(5) The comprehensive favorable metallogenic areas of Pb—Zn and associated dispersed
metals are divided into four grades. Among them, favorable metallogenic region of
grade I is continuously distributed in space. Most known deposits are distributed in
this area, and the prospecting potential is the greatest.
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