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between remote sensing data and geochemical data has been 
validated using the C-A fractal model for Cu anomalies asso-
ciated with alteration zones (Afzal et al., 2015). 

The purpose of this study is to characterize the spatial dis-
tributions of linear structures extracted from remote sensing 
images in vegetated areas, and to examine their possible rela-
tionships with the hydrothermal mineral deposits, using fractal 
and multifractal models in 2-D space. 
 
1  STUDY AREA AND DATA  
1.1  Geological Setting  

Our study region is located in the Pinghe region, southern 
Fujian Province, and measures 1 408 km2 (Fig. 1). The area is 
heavily vegetated and undulating in landform. The area hosts 
the Jurassic Lishan, Zhangpin, and Nanyuan groups, the Creta-
ceous Huangkeng and Zhaixia groups, and the Upper Jurassic 
granites and granite porphyries (Fig. 1). The strong Late   
Jurassic–Early Cretaceous Yanshanian tectonic movement pro-
duced widespread block structures, magmatic intrusions, and 
volcanic eruptions in the region. The Zhongteng volcanic 
structure, a circular structure located in the study area, is a part 
of a volcanic edifice formed during this period. The intrusive 
rocks are present either along the regional tectonic structures or 
along the center of volcano structures (center intrusions or cen-
ter intrusive rock group) and circular radiated structures (circu-
lar intrusions or cyclic combination intrusive rock group). The 
magmatic intrusions, including the Zhongteng, Gushuang, 
Dingcheng, Ouliao, and Neiguoxi intrusions, are mostly com-
plex and composed of mainly acid and intermediate-acidic 
rocks. The Jurassic Nanyuan Group, widely developed in this 
area, is mainly composed of intermediate-acid and acid conti-

nental volcanic eruptive rocks. It is an important ore-hosting 
horizon that contains a number of hydrothermal deposits, such 
as Zhongteng Cu-Mo deposit, Panchi Cu-Mo deposit, Xiao-
fanshan alunite deposit and other polymetallic mineralized 
points showing with green dot in Fig. 1. The study area expe-
rienced Yanshan and Himalayan multistage tectonic movements 
that affected the formed Fu’an-Nanjing and Shanghang-   
Yunxiao deep faults and formed several fault zones and frac-
ture belts of different sizes and properties. The main faults in 
the study area, which provided the pathway for the hydro-
thermal fluids that produced the significant metal depositional 
sites (Shi and Wang, 2014; Zuo et al., 2013), have NW and 
NE orientations. 
 
1.2  ETM+ Data 

The ETM+ instrument carried by Landsat satellite records 
data in seven multispectral bands, including six bands in the 
visible and reflected infrared part of the electromagnetic spec-
trum and one channel in the thermal infrared region (Rajendran 
et al., 2012). The ETM+ data used in this study was obtained 
from the Computer Network Information Center, Chinese 
Academy of Sciences (http://www.cnic.cn/zcfw/sjfw/gjkxsjjx/), 
which was covered the entire study area. It was acquired on 
Feb. 28, 2002 with less than 2% cloud cover. The orbit number 
is p120/r42. It is georeferenced to the UTM projection and for 
the WGS-84 ellipsoid. The image was pretreated for geometric 
and radiometric corrections, band combination, and wavelet 
fusion based on IHS transformation. In order to optimize and 
enhance the visual effect, the 3-D visualization of remote sens-
ing image was carried out based on software platform 
ArcGlobe10.0.

 

 

Figure 1. Simplified 1 : 50 000 geological map of Pinghe District (modified from Geological Survey Institute of Fujian, 2011). 
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1.3  Interpretation of Geological Structures from Remote 
Sensing Image 

Mineral resources may be closely related with lineaments, 
which can be linear or circular structures, produced by geolog-
ical processes (Du et al., 2014; Wei et al., 2010; Zhang et al., 
2010; Chernicoff et al., 2002; Wang and Xu, 2002; Deng et al., 
2000). The lineations in textures, tones, and terrains in the 
Pinghe District are studied based on the ETM+ data combined 
with the geological data. After linear stretching, filtering, and 
enhancement of the ETM+ data, combined with the DEM data, 
the 3-D visualization of the remote sensing image was created. 
The interpretation keys of lineaments in the derived 3-D image 
are various, such as red or magenta colored areas (Fig. 2d), 
which mainly indicate human activities and residential areas; 
blue colored areas (Fig. 2d), which show river systems; and 
landform texture (Fig. 2c), etc. The 3-D remote sensing images 
can provide different visual angles and distances of the region 
of interest, and can highlight the topography. Thus, 3-D remote 
sensing images allow us to observe the terrain characteristics of 
the study area more clearly than 2-D images, and allow us to 
make more accurate interpretations. Linear structures in the 
remote sensing image were interpreted using field data and 
geological maps (Fig. 4). The locations of some samples of 
interpretation for lineaments were showed in Fig. 4. 

Linear structures on rock masses were formed depending 
on the lithospheric strength of the crust during the rock forma-

tion and deformation periods. Residential areas showed as rela-
tively straight, continuous, stable lines, and occasionally extend 
more than a dozen kilometers (Fig. 2a). Human activities and 
several residential areas were found to be distributed around the 
river system located in the valley of the study area (Fig. 2d). As 
shown in Fig. 2d, the formation of the valley is mainly con-
trolled by the presence of a fault, and the right-angle turn that 
forms in the Luxi District is also caused by a fault. The land-
form in the 3-D image shows that the valley is narrow and deep. 
The triangular facets of the fault are arranged in a continuous 
manner on both sides of the valley (Figs. 2b, 2c). 

Circular structures in remote sensing image are ring fea-
tures caused by rounded tectonic movement, magmatism, hy-
drothermal alteration, diffusivity of hydrocarbons, or thermal 
radiation, among others. Some of the circular structures in the 
remote sensing image are oval, pink, or magenta (Figs. 3a, 3b); 
these are tone abnormalities (Ran et al., 2010; Lana et al., 
2008). Other abundant circular structures are small annular and 
oval structures, which are seen as smooth, fine-grained sha-
dows. The typical negative terrain of a crater surrounded by 
mountains is also displayed in the 3-D image (Figs. 3a, 3b, 3c). 
Furthermore, there are abundant circular water systems around 
mountains (Figs. 3d, 3e, 3g, 3h), and the thermal band of 
ETM+ in Fig. 3f shown the distribution of thermal information 
which can help us to identify the geological structures by water 
systems and rock features. 

 

 

Figure 2. Samples of interpretation keys for lineaments in the 3-D image. 
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Figure 3. Samples of interpretation keys for circular structures in the 3-D image. 

 
2  METHODOLOGY  
2.1  Box-Counting Fractal Model  

Fractal models are very useful tools for describing com-
plicated physical processes and their end-production (Cheng, 
2003, 2000). The scale invariance and the self-similarity prop-
erties of many physical processes and their end-production can 
be described by power-law models (Zhao J N et al., 2011). One 
way to obtain the fractal dimension is the box-counting method 
(Zuo and Xia, 2009; Zuo et al., 2009; Jiang, 2005; Pérez-López 
et al., 2005; Borodich, 1997; Walsh and Watterson, 1993; Velde 
et al., 1990) that can show a power-law relationship between 
the cumulative number and the cumulative size of similarly 
shaped objects in a log-log graph. When all the extracted linea-
tions in the study are covered in a raster map with varying cell 
sizes, the box-counting relationship can be expressed as 

                                  (1) 

where r is a measure of unit size, N(r) is the cumulative number 
of cells containing lineations, D is a box-counting fractal di-
mension, represents a proportionality, and k is a constant. 
The D is obtained as the slope coefficient of linear regression 
between values of r and N(r). The value of D varies between 1 
and 2 for a two-dimensional map (Mandelbrot, 1983). 
 
2.2  Spectrum-Area (S-A) Fractal Model  

Cheng et al. (1994) proposed the petrogeochemistry  
“density-area (C-A)” fractal model concerning the relation 

between concentration value (ρ) and the area (A) enclosed by 
contour value ρ. It can be expressed as 

                   (2) 

where A(ρ) denotes the area enclosed by a contour value ρ; v is 
a concentration threshold defining contour ρ; a1 and a2 are 
fractal dimensions greater than zero, which can be estimated 
from slopes of straight lines fitted by least-squares method to a 
log-log plot of A(ρ) versus ρ; represents a proportionality. 
Cheng (1999) extended the C-A model to the S-A model to 
describe the spectral energy density-area relationship in the 
frequency domain, which can be expressed as 

                               (3) 

where S represents the spectral energy density as a function of 
the wave number vector, A[≥S] denotes area in units of the 
wave number with a threshold above S, β is an anisotropic 
scaling exponent, d is a parameter representing the degree of 
overall concentration, and represents proportionality. 

Based on a power-law function derived from 2D linear 
generalized scale invariance (GSI), the S-A model represents 
the relationships between areas of data sets consisting of wave 
numbers with spectral energy density above S[A(>S)] in 2D 
frequency domain. A spatial pattern can be decomposed into 
multiple components based on distinct anisotropic scaling 
properties in the frequency domain using this model (Zuo    
et al., 2013). 

DkrrN −∝)(

∝

21 )(;)( aa AA −− ∝>∝≤ ρνρρνρ

∝

β/2)( dSSA −∝≥

∝



Mapping Spatial Distribution Characteristics of Lineaments  511 

 

 

Figure 4. Mapped lineations (red polylines) in Pinghe District. 

 
3  RESULTS AND DISCUSSION 
3.1  Fractal Dimensions of Lineament Patterns  

The study area was divided into 30×40 square cells. The 
fractal dimension D in every cell is calculated by box-counting 
method. The analysis was carried out separately for the map of 
all lineations and for the maps of NW- and NE-trending linea-
tions. The fractal dimensions in each of the four hydrothermal 
ore fields (i.e., Zhongteng, Panchi, Xiaofanshan and Fanshan) 
were calculated. 

The value of D for all lineaments, NW-trending linea-
ments, and NE-trending lineaments are 1.36, 1.32, and 1.23, 
respectively (Table 1). The NW-trending lineaments are more 
abundant than the NE-trending lineaments. The spatial distribu-
tions of lineaments in the study area are statistically self-similar. 
The zones displaying high indices for fractal dimensions are 
mainly located nearby Zhongteng volcanic edifice, Dingcheng 
intrusive rocks and Ouliao intrusive rocks. The fractal dimen-
sions of spatial distributions of lineaments in the two Cu-Mo 
deposits are 1.43 (Zhongteng) and 1.52 (Panchi) (Table 1). The 
fractal dimensions of spatial distributions of lineaments in the 
two alunite deposits are 1.37 (Xiaofanshan) and 1.37 (Fanshan). 
The four known ore deposits in the study area are located in 
zones with high fractal dimensions. The value of D for the map 
of all lineaments and the value of D for four hydrothermal ore 
deposits are higher than the fractal dimension value of the line-
ations in South China (1.35). The fractal dimension value of the 
lineations in the Dexing porphyry copper ore field and in the 
Gaolong gold deposit are 1.60 and 1.66, respectively (Table 1). 
The fractal dimensions of the study area indicate that the faults 
have a more complex structure and stronger activity in the four 
ore deposits.  

The contour map of the fractal dimensions of the study 
area shows that the fractal dimension of lineaments is closely 
related to the number of lineaments. The analysis of the fractal 
dimensions in each cell suggests that higher numbers and  

Table 1  Fractal characteristics of lineations in the study and other area 

Area Fractal dimension Source of data 

All lineations  1.36 This study 

The NW lineations  1.32 This study 

The NE lineations  1.23 This study 

Zhongteng Cu-Mo field  1.43 This study 

Panchi Cu-Mo field  1.52 This study 

Xiaofanshan alum field  1.37 This study 

Lineations in South China 1.35 Kong and Ding, 1991

Dexing porphyry copper 

ore field  1.60 Jin et al., 1998 

Gaolong gold deposit 1.66 Yu and Yuan, 2005 

 
densities of lineaments correspond to higher fractal dimensions 
(Fig. 5). In addition, the area with high fractal dimensions is 
more conducive to mineralization in the contour map. 
 
3.2  Tendency Characteristics of Fractal Dimensions of 
Lineations. 

Trend analysis shows that the zones with high fractal di-
mensions correlate well with the deep fault and the volcanic 
edifice in the high step tendency maps of the fractal dimensions, 
indicating possibly the boundary of the volcanic edifice and the 
deep fault controlling the development of the rock mass and the 
volcanic edifice. 

The high step tendency maps of the fractal dimensions of 
lineations showed that the zones with high indices generally 
exhibit NW and NE orientations, especially in the 8-step ten-
dency map (Fig. 6). The NE-trending zone with high indices 
shown in the 10-step tendency map is coincident with the deep 
fault located in Jiufeng, and the NW-trending zone with high 
indices in the map is consistent with the fault near the Panchi 
Cu-Mo deposit. 
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Figure 5. The contour map of the fractal dimensions for the lineations in the study area. 

 

 

Figure 6. The 8-step tendency map of the fractal dimensions for the lineations in the study area. 

 
In addition, there is an annular region with high indices in 

the 10-step tendency map that is coincident with the Zhongteng 
circular structure in the ETM+ image (Fig. 7), which corres-
ponds to the largest caldera in the study area. Moreover, the 
area with high indices situated in the Ouliao circular structure 
correlates well with Ouliao intrusive rocks. 
 
3.3  S-A Fractal Model Application. 

The S-A fractal model based on the power-law relation-
ships between areas of data sets, is a useful tool to decompose 
the mixed spatial pattern and non-linear imaging processing 
(Zuo, 2011a, b; Cheng et al., 2010; Zuo and Xia, 2009). Fourier 
Transformation (FT) is used to convert the spatial pattern of 

fractal dimensions contour map into the frequency domain. In 
this study, 500 samples were used to produce R² and two com-
ponents were obtained consisting of power spectrum density 
and phase. The spectrum density (S) and the number cells with 
greater than or equal to S were plotted in a log-log graph. 
Three straight lines with two cutoff values were obtained by 
using the least squares (LS) method, which can be fitted using 
these pairs of data components. The cutoff values ln S=2.80 
and 3.90 were used to define three filters: one consists of 
wave numbers with ln S≤2.80 as the noise filter, wave num-
bers with 2.80<ln S<3.90 as the anomaly filter and ln S≥3.9 as 
the background filter (Cheng et al., 2010). In other word, the 
left-hand line (ln S≤2.80) gives y= –0.65x+3.76 (R²=0.98) and  
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Figure 7. The 10-step tendency map of the fractal dimensions for the lineations in the study area. 

 

 

Figure 8. Threshold segmentation of calculation of S-A fractal model. 

 

represents the noise. The middle line (2.80<ln S<3.90) 
represents the anomaly, which and gives y= –0.68x+3.66 
(R²=0.98). The right-hand line (ln S≥3.90) is for background 
and gives y= –0.37x+2.24 (R²=0.91) (Zuo et al., 2013; Cheng et 
al., 2010). We used inverse Fourier transformed functions (IFT) 
to convert these three frequency components back into the spa-
tial domain. We were interested in the anomaly map, which is 
shown in Fig. 8. 

The anomaly map (Fig. 9) decomposed by S-A fractal 
model shows that most of the known hydrothermal deposits 
occur in the high anomalous area much more clearly than the  

 

Figure 9. The decomposed anomaly map for the contour map of the fractal dimensions. 
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original fractal dimensions contour map. That is to say, the 
anomalous areas are spatially in good agreement with the loca-
tions of known hydrothermal deposits and mineralized points. 
The fact that the hydrothermal deposits are located in the high 
anomalous area suggests that the faults probably provided the 
pathway for hydrothermal fluids that produced the significant 
metal depositional sites. The Nanyuan Group, which is cut by 
abundant faults, was also affected by the hydrothermal poly-
metallic ore mineralization. 
 

4  CONCLUSIONS 
This study established the 3-D image and summarized the 

interpretation keys of linear ring structure, which improved the 
precision and accuracy of linear ring structural interpretation in 
vegetation coverage area. The result shows that fractal proper-
ties of the mapped lineations in the Pinghe vegetated area are 
closely related with the spatial distribution of linear structures 
and hydrothermal ore deposits. Considering that the contour 
map of the fractal dimensions of the linear structures extracted 
in the ETM+ image (3-D image) exhibited fractal characteris-
tics and statistical self-similarity, the spatial distribution of 
mapped lineations could be described by the fractal modelling. 

The following fractal properties, which can be used to find 
ore deposits and interpret deep structures in other intensely vege-
tated areas, have been observed in this study: 1) the hydrothermal 
ore deposits are mostly located in zones with high fractal dimen-
sions shown in the fractal dimensions contour map; 2) the high 
step tendency maps of the fractal dimensions show the boundary 
of the volcanic edifice and the deep fault that controls the devel-
opment of the rock mass and the volcanic edifice; 3) most of the 
hydrothermal ore deposits are located around high anomalous 
areas on the map decomposed by the spectrum-area (S-A) multi-
fractal model, which is more clearly than the original fractal 
dimensions contour map; 4) the faults probably provided the 
pathway for hydrothermal fluids and determined the sites for 
hydrothermal ore mineralization in this study area. 
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