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Abstract: The Pulang porphyry copper deposit (PCD), one of the main potential areas for copper
resource exploration in China, exhibits typical porphyry alteration zoning. However, further inves-
tigation of the indicative significance of alteration minerals, additional insight into metallogenic
characteristics, and prospecting guidelines continue to be challenging. In this study, ASTER and
WorldView-3 data were used to map hydrothermal alteration minerals by employing band ratios,
principal component analysis, and spectrum-area techniques; and subsequently, the indication signif-
icance of alteration minerals was studied in-depth. The following new insights into the metallogenic
structure and spatial distribution of alteration zoning in Pulang PCD were obtained and verified.
(1) A new NE trending normal fault, passing through the northeast of Pulang PCD, was discovered.
(2) Two mineralization alteration centers, exhibiting alteration zoning characteristics of potassic-
silicified, phyllic, and propylitic zones from the inside to the outside, were observed on both sides
of the fault. (3) At the junction of the redivided potassic-silicification and phyllic zones, favorable
prospecting potential areas were delineated. This study shows that the spectral/multi-sensor satellite
data are valuable and cost-effective tools for the preliminary stages of porphyry copper exploration
in inaccessible and remote areas around the world.

Keywords: alteration minerals; ASTER; WorldView-3; Pulang porphyry copper deposit

1. Introduction

Porphyry copper deposits (PCDs), one of the most significant copper resources world-
wide, produce nearly three-quarters of the world’s copper [1]. PCDs are extensive in scale,
feature entirely uniform mineralization, comprise shallow intrusions, and are suitable
for large-scale mining. Many scholars consider these deposit types to be significant [2].
The Pulang porphyry copper deposit (PCD) is one of the main potential areas for copper
resource exploration in China. Furthermore, they feature typical “porphyry” alteration
zoning that comprises the potassic-silicification, phyllic, and propylitization zones from
the center to the outward sections [2–4]. The potassic-silicification and phyllic alterations
are strongly associated with high grade copper mineralization: the more optimized the
zoning, the higher the mineralization enrichment [5]. Therefore, comprehensible spatial
distribution patterns of the potassic-silicification and phyllic zones are important indicators
for mineral exploration [1]. However, owing to its remoteness, rugged topography, and
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severe climate, the traditional field investigation method for identifying the alteration
zones is very time-consuming and labor intensive. Consequently, taking advantage of
remote sensing technology to map hydrothermal alteration minerals can contribute to the
speedy and cost-effective identification of prospective target ore areas.

The application of multispectral remote sensing data in hydrothermal alteration min-
eral identification is an important method of mineral exploration and is especially useful at
reconnaissance stages in inaccessible and remote areas [6–8]. Numerous studies have suc-
cessfully utilized multispectral remote sensing data for the reconnaissance phase of mineral
exploration around the world [9–17]. The most widely used data for alteration identification
is Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) [18–24].
The visible and near-infrared (VNIR) and short-wave infrared (SWIR) bands of ASTER
can be used to detect hydroxyl-bearing, iron oxides, and carbonate mineral groups due
to their diagnostic spectral features [25–27]. The identification of silicified alteration can
be accomplished using thermal infrared (TIR) bands of ASTER, owing to the different
emissivity spectra characteristics of Si–O–Si stretching vibrations in the TIR region [28–32].
At present, the most accurate multispectral data for alteration minerals identification are
WorldView-3 (WV-3), which exhibit the highest radiation, spectral, and spatial features
in the VNIR (eight bands with a spatial resolution of 1.2 m) and SWIR (eight bands with
a spatial resolution of 3.7 m) portions among the multispectral satellite sensors [33–35].
Recently, certain studies successfully used the WV-3 to map lithologies and hydrothermal
alteration [14,17,36–38]. In Pulang PCD, it was verified that the extraction accuracy of por-
phyry alteration minerals based on WorldView-3 data is significantly improved comparing
with that of ASTER data [39].

Along with the development of remote sensing hydrothermal alteration detection
technology, many scholars have focused on the methods for hydrothermal alteration
detection, such as band ratio (BR), principal component analysis (PCA), mixture tuned
matched filtering (MTMF), and support vector machine (SVM) [2,40–44]. Recently, a
spectrum-area (S-A) method, proposed to characterize the relationship of spectrum and
area [45], illustrated that the mapping accuracy of hydrothermal alteration minerals can
be significantly improved when combined with the conventional PCA method [39,46,47].
However, further investigation of the significance of alteration minerals as indicators,
comprehension of metallogenic characteristics, and prospecting guidance continue to be
challenging.

In this study, ASTER and WV-3 data were adopted for prospecting the Cu miner-
alization in the Pulang PCD, SW China. The main purposes of this research were the
following: (i) detect hydrothermal alteration minerals using BR, PCA, and S-A techniques
to ASTER and WV-3 data; (ii) further explore the significance of alteration minerals as
indicators, comprehend metallogenic characteristics, and provide prospecting guidelines;
and (iii) verify the results via field investigation and petrographic analysis.

2. Materials and Methods
2.1. Geological Setting

The Pulang PCD, located at the southern end of the Yidun island arc in SW China
(Figure 1), is the product of the westward subduction of Garze–Litang oceanic crust [2,48–50].
Pulang, the largest Indosinian porphyry deposit in the Zhongdian district [51], has been
found to comprise 4.31 Mt of Cu with average grades of 0.34%.
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Figure 1. Geological map of the Pulang PCD (modification of the map reported by Wang et al. [52]). (a) Location map of 
the study area; (b) Tectonic map of the Yidun island arc; (c) Simplified geological map of the Pulang PCD. I—Yangtze 
plate; II—Ganzi-Litang plate junction belt; III—Yidun island arc; IV—Zhongza microblock; V—Jinsha River junction zone; 
VI—Janda-Wixi volcanic arc; VII—Changdu-Lanping block; VIII—Sanda mountain-Jinghong volcanic arc; IX—Lancang 
River junction belt; X—Baoshan block. 

Figure 1. Geological map of the Pulang PCD (modification of the map reported by Wang et al. [52]). (a) Location map
of the study area; (b) Tectonic map of the Yidun island arc; (c) Simplified geological map of the Pulang PCD. I—Yangtze
plate; II—Ganzi-Litang plate junction belt; III—Yidun island arc; IV—Zhongza microblock; V—Jinsha River junction zone;
VI—Janda-Wixi volcanic arc; VII—Changdu-Lanping block; VIII—Sanda mountain-Jinghong volcanic arc; IX—Lancang
River junction belt; X—Baoshan block.
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The outcrop rocks are dominated by clastic rocks and andesite of Upper Triassic
Tumugou Formation and Quaternary sediments [53]. According to the petrological rela-
tionship, the Triassic porphyry intrusions mainly include quartz dioritic porphyry, quartz
monzonitic porphyry, and granodioritic porphyry. The quartz dioritic porphyry intruded
the Tumugou Formation at the age of 219.6 ± 3.5 Ma (Zircon U–Pb dating) and was subse-
quently crosscut by the quartz monzonitic porphyry and granodioritic porphyry emplaced
at 212.8 ± 1.9 Ma [54] and 206.3 ± 0.7 Ma (Zircon U–Pb dating) [52], respectively. The
quartz monzonitic porphyry is thought to be related to mineralization, as it is the same age
as the molybdenite Re–Os isochron (213 ± 3.8 Ma) from ore body [51,54,55] and features
relatively high Cu concentrations compared to other porphyries.

The rock is strongly altered and has a typical porphyry alteration zoning [3,4,50].
The porphyry-type alteration zone was delineated via microscopic identification and
core drilling [56]. It has alteration zoning characteristics of potassic-silicified, phyllic,
and propylitic zones from the inside to the outside. Systematic drilling showed that
the main ore body occurs in the potassic-silicification and phyllic zones, whereas weak
mineralization develops in the propylization zone. Potassium feldspar (K[AlSi3O8]) and
quartz (SiO2) are the alteration minerals associated with the potassic-silicification zone;
the sericite (KAl2(Si,Al)4O10 (OH,F)2) and quartz (SiO2) are the alteration minerals closely
related to the phyllic zone; chlorite (Fe, Mg, Al6(Si,Al)4O10OH8) and epidote(Ca2 (Al,
Fe)3(SiO4)3(OH) are the alteration minerals closely related to the propylization zone.

2.2. Remote Sensing Data and Characteristics

In this study, ASTER and WV-3 data were utilized to identify alteration minerals asso-
ciated with cu mineralization in Pulang PCD. Table 1 presents the technical performance of
the ASTER and WV-3 data.

Table 1. Technical performance of the ASTER and WV-3 data.

Sensors Subsystem Band
Number

Spectral
Range (µm)

Spatial Resolution
(m)

Swath Width
(km)

ASTER

VNIR
1 0.520–0.600

15

60

2 0.630–0.690
3 0.760–0.860

SWIR

4 1.600–1.700

30

5 2.145–2.185
6 2.185–2.225
7 2.235–2.285
8 2.295–2.360
9 2.360–2.430

TIR

10 8.125–8.475

90
11 8.475–8.825
12 8.925–9.275
13 10.25–10.95
14 10.95–11.65

WorldView-3

VNIR

1 0.400–0.450

1.24

13.2

2 0.450–0.510
3 0.510–0.580
4 0.585–0.625
5 0.630–0.690
6 0.705–0.745
7 0.770–0.895
8 0.860–1.040

SWIR

9 1.195–1.225

3.70

10 1.550–1.590
11 1.640–1.680
12 1.710–1.750
13 2.145–2.185
14 2.185–2.225
15 2.235–2.285
16 2.295–2.365
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Multispectral ASTER Satellite, launched on 18 December 1999, has 14 spectral bands.
It includes three VNIR bands at a spatial resolution of 15 m, ranging from 0.52 to 0.86 µm;
six SWIR bands at a spatial resolution of 30 m, ranging from 1.6 to 2.43 µm; and five thermal
infrared (TIR) bands at 90 m spatial resolution, ranging from 8.0 to 14.0 µm. Each scene of
ASTER data covers an area of 60 × 60 km2 [57].

Multispectral commercial satellite WV-3 has the highest radiation, spectral, and spatial
levels among the multispectral satellite sensors currently, launched on 13 August 2014
by the Digital Globe Company from Vandenberg Air Force Base. It contains eight VNIR
bands (ranging from 0.42 to 1.04 µm) at a spatial resolution of 1.2 m and eight SWIR bands
(ranging from 1.2 to 2.33 µm) at a spatial resolution of 3.7 m. Each scene WV-3 covers an
area of 13.2 × 13.2 km2 [33–35].

In this study, a level 1T ASTER scene covering the study area was downloaded
from the USGS (United States Geological Survey) Global Visualization Viewer (GloVis)
(https://glovis.usgs.gov/, accessed on 18 June 2021), which was acquired on 22 December
2006. A level 2A WV-3 scene was purchased from the Twenty First Century Aerospace
Technology Co., Ltd. (Beijing, China), which was acquired on 6 December 2015.

2.3. Pre-Processing of Remote Sensing Data

Atmospheric correction of the ASTER data is required to eliminate the influence of
atmospheric attenuation and rescale the radiance to the surface reflectance data. The Fast
Line-of-sight Atmospheric Analysis of Hypercubes (FLAASH) algorithm was applied to
the VNIR and SWIR bands of the ASTER scene with the Mid-Latitude Winter atmospheric
model and the Rural aerosol model [58,59]. To match the VNIR bands, SWIR bands were
resampled to 15 m spatial dimensions by the nearest neighbor resampling method. The
layer stacking of VNIR and SWIR bands was then generated. Similarly, the WV-3 VNIR
and SWIR bands were atmospherically corrected via the FLAASH algorithm, converting
relative radiometrically corrected images into Top-of-Atmosphere spectral reflectance; and
then the layer stack of VNIR and SWIR bands with 1.24 m was generated by the nearest
neighbor resampling method.

2.4. Hydrothermal Alteration Mineral Mapping Methods

The BR and PCA methods are utilized for ASTER data to detect the quartz alteration
mineral; the PCA and S-A methods are utilized to map the sericite, chlorite, and epidote
alteration minerals with WV-3 data.

2.4.1. Combination of the Band Ratio and Principal Component Analysis Methods
Band Ratio

The BR method [60] is the principle of algebraic operation. Different alteration miner-
als have different absorption valleys and reflection peak characteristics in their spectral
curves. The differences between their geological information can be effectively enhanced,
and shadow effects caused by topography can be reduced by calculating the ratio of the
reflectance value of the reflection peak to the absorption valley [61], to extract alteration
minerals information. The BR technique is a valuable method for enhancing the alteration
minerals information [21,62–64].

Principal Component Analysis

Owing to the high correlation between image bands, image data are redundant. PCA
combines the original i characteristic linearly to build the j principal components (PCs).
The PCs are uncorrelated with each other. The transformation is expressed as follows:

Y = AX =
j

∑
m=1

AmXm +
i

∑
m=j+1

AmXm (1)

https://glovis.usgs.gov/
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where X is the remote sensing data before transformation, Y is the remote sensing data
after transformation, and A is the transformation matrix.

PCA has been widely applied in mineralization alteration mapping of multi-spectral
remote sensing data [22,63–67], whose essence is dimensionality reduction. By carrying out
principal component transformation, the redundant original bands can be converted into a
new set of incoherent bands, so that the relevant information is independently distributed
among the new PCs. Thus, PCA plays the role of separating information [22,66]. The
sign and magnitude of eigenvector loadings determine the principal component of the
relevant information.

In this study, the BR method and PCA method were combined to fully utilize their
respective advantages in the extraction of quartz alteration mineral. The procedure is as fol-
lows. (1) The quartz index (QI), carbonate index (CI), and mafic index (MI) are determined
via ratio calculation; (2) QI, CI, and MI are determined to be the three components of the
principal component analysis, and the PC for the extraction of quartz-altered minerals is
selected according to the contribution value of the feature vector.

2.4.2. Principal Component Analysis and Spectrum-Area Methods

The S-A model is a sophisticated method considering the distributions of spatial
and frequency domains [68,69]. The S-A method can be used to identify the anisotropic
generalized self-similarity in the frequency domain and detect the different local singularity
of the energy spectrum, by which the filters of the hydrothermal alteration minerals
separate from the background and can be designed. The formula is as follows:

A(> S) ∝ S−β (2)

where S is the spectral energy density of the principal component of the relevant infor-
mation in frequency space; A is the area of the energy spectral density, which exceeds a
critical value (S0); and β is available in the log A (>S0)-log (S) diagram. In the detection of
remote sensing hydrothermal alteration minerals information, S is the pixel value of remote
sensing data, and A is the pixel number that is larger than the corresponding pixel value. In
the log-log diagram, different fractal relationships can be represented by different straight
segments, and the intersection point of two straight segments is the segmentation thresh-
old value of the background and hydrothermal alteration minerals information. Based
on the threshold value, the segmentation filter can be designed to separate the relevant
information from the background using Fourier Inverse Transformation [45–47].

A combination of the PCA and S-A techniques was successfully applied to the enhanced
detection of weak alteration minerals in contrast with the mere use of the conventional PCA
method in our previous study [45–47]. In this study, owing to Pulang’s remoteness, rugged
topography, and severe climate, we prefer to use a combination of the PCA and S-A methods
to detect the sericite, chlorite, and epidote alteration minerals information.

3. Results
3.1. Quartz Alteration Mineral Extraction Using a Combination of the Band Ration and Principal
Component Analysis Methods along with ASTER Data

The basis for the alteration minerals mapping is the spectral responses on the alteration
minerals. Quartz has a strong reflection peak in thermal infrared bands 10 and 12 of ASTER
data, and a strong absorption peak in band 11 of ASTER data (Figure 2). According to the
response characteristics of quartz in the ASTER thermal infrared bands, Boardman [70]
proposed Quartz Index (QI = B11 × B11/B10 × B12) to identify quartz information. At
the same time, Boardman also proposed the Carbonate Index (CI = B13/B14) and Mafic
Index (MI = B12/B13) using ASTER data thermal infrared bands. Pour [8] used QI, CI,
and MI as input datasets for running the PCA, and mapped quartz, carbonate, and mafic
alteration minerals successfully. Therefore, a combination of the BR and PCA methods was
employed to map quartz alteration mineral with ASTER TIR bands in this study.
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Figure 2. Spectral curves of quartz from thermal infrared spectra in ASTER data (the spectral curves
from the USGS spectral library version 7).

Table 2 shows the eigenvector matrix of the quartz obtained via the PCA method. In
the PC2 component, QI (0.725769) is a positive sign and has a large contribution value, while
CI (−0.178896) and MI (−0.664270) are both negative signs. Therefore, the bright pixel
(pixel value > 0) in the PC2 component can be represented as the quartz alteration mineral.

Table 2. Eigenvector matrix of the sericite obtained via the PCA method.

Eigenvector QI CI MI

PC1 0.620732 0.586557 0.520233
PC2 0.725769 −0.178896 −0.664270
PC3 0.296565 −0.789903 0.536752

3.2. Hydrothermal Alteration Minerals Extraction Using a Combination of the Principal
Component Analysis and Spectrum-Area Methods along with WV-3 Data

Sericite, chlorite, and epidote were extracted using a combination of the PCA and
S-A methods along with WV-3 data, which are closely associated with the phyllic and
propylitization zones.

The band selection of alteration mineral identification was based on the characteristic
spectrum with the largest reflectivity difference in WV-3 data (Figure 3). With respect
to the sericite reflectance spectra, the sericite has reflectance peak at bands 6 and 15 and
absorption valley at bands 1 and 14. Therefore, bands 1, 6, 14, and 15 were used for PCA
transform as input bands. Table 3 is the eigenvector matrix of the sericite obtained via the
PCA method. Given the spectral characteristics of sericite, the coefficient sign at 1 and
14 should be negative and the coefficient sign at 6 and 15 should be positive. Therefore, the
PC3 in Table 3 was determined to be the extraction principal component of sericite.
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Figure 3. Spectral curves of sericite, chlorite, and epidote from visible to shortwave infrared spectra
in WV-3 data (the spectral curves from the USGS spectral library version 7).

Table 3. Eigenvector matrix of the sericite obtained via the PCA method.

Band 1 Band 6 Band 14 Band 15

PC1 0.076493 0.165927 0.716485 0.673250
PC2 −0.490367 −0.845052 0.209057 0.041501
PC3 −0.451157 0.364897 −0.538114 0.611344
PC4 0.741719 −0.353844 −0.391634 0.413849

Similarly, with respect to the chlorite reflectance spectra, chlorite exhibited reflectance
peaks at bands 3 and 13 and absorption valleys at bands 5 and 16. Therefore, bands 3, 5, 13,
and 16 were used for PCA transform as input bands. Table 4 is the eigenvector matrix of
the chlorite by PCA method. Given the spectral characteristics of chlorite, the coefficient
sign at 5 and 16 should be negative and the coefficient sign at 3 and 13 should be positive.
The negative of PC4 in Table 4 satisfies the above conditions. Thus, the PC4 in Table 4 was
determined to be the extraction principal component of chlorite.

Table 4. Eigenvector matrix of the chlorite by PCA method.

Band 3 Band 5 Band 13 Band 16

PC1 0.171027 0.127509 0.839833 0.499170
PC2 −0.816718 −0.535923 0.172496 0.126504
PC3 0.122032 −0.148993 −0.503014 0.842548
PC4 −0.537429 0.821176 −0.109095 0.157921

Similarly, with respect to the epidote reflectance spectra, the epidote has reflectance
peaks at bands 7 and 13 and absorption valleys at bands 4 and 16. Therefore, 4, 7, 13, and
16 were used for PCA transform as input bands. Table 5 is the eigenvector matrix of the
chlorite by PCA method. Given the spectral characteristics of epidote, the coefficient sign
at 4 and 16 should be negative and the coefficient sign at 7 and 13 should be positive. The
negative of PC4 in Table 5 satisfies the above conditions. Thus, the PC4 in Table 5 was
determined to be the extraction principal component of epidote.
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Table 5. Eigenvector matrix of the chlorite by PCA method.

Band 4 Band 7 Band 13 Band 16

PC1 0.047524 0.995742 0.065523 0.044114
PC2 −0.227916 0.085206 −0.637216 −0.731266
PC3 −0.971539 0.029576 0.118582 0.202918
PC4 0.043679 −0.019055 −0.758684 0.649714

The principal component of relevant alteration minerals was determined using the
above treatment and then the S-A method was applied in this principal component to
extract refined alteration minerals. The extraction flow of alteration minerals was as
follows. First, the determined principal component of alteration minerals was transformed
to the frequency domain from the space domain. Second, the log(S)-log(A) diagram was
generated, where the frequency value was represented by S and the number of pixels
by A, respectively. Third, according to the fractal characteristics of the log-log diagram,
the fractal filter threshold of the alteration minerals and the background can be obtained,
which is the inflection point of the curve. In this study, the fractal filter thresholds values
of sericite, chlorite, and epidote were 2.80, 1.90, and 1.60, respectively; and then the filter
was determined with log(S) values exceeding 2.80, 1.90, and 1.60, which represented the
sericite, chlorite, and epidote, respectively. Finally, the Inverse Fourier Transform was
used to extract the sericite, chlorite, and epidote from the background with the above filter
(Figure 4).
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Figure 4. Log(S)-log(A) diagram of the sericite, chlorite, and epidote. (a) The fractal filter threshold of sericite is 2.80; (b) the
fractal filter threshold of chlorite is 1.90; and (c) the fractal filter threshold of epidote is 1.60.

The identification results of the quartz alteration mineral are shown in Figure 5a.
Figure 5b–d is the result of hydrothermal alteration minerals extracted using a combination
of the PCA and S-A techniques along with WV-3 data. The extracted quartz alteration
minerals are mainly concentrated in the inner part and southeastern region of the Pulang’s
main ore body (Figure 5a); the extracted sericite alteration minerals are mainly distributed
in the inner part, northeastern region, and southeastern region of the Pulang’s main
ore body (Figure 5b); whereas the extracted chlorite and epidote alteration minerals are
widely distributed in the outer part and northeastern region of the Pulang’s main ore body
(Figure 5c,d).



Remote Sens. 2021, 13, 2798 10 of 20
Remote Sens. 2021, 13, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 5. Extraction results of alteration minerals with ASTER and WV-3 data. (a) Quartz alteration; (b) sericite alteration; 
(c) chlorite alteration; (d) epidote alteration; the background of a is Band 6(R) 3(G) 2(B) composite image of ASTER data; 
the background of (b–d) is Band 5(R) 3(G) 2(B) composite image of WorldView-3 data. 

4. Discussion 
4.1. Indications of Alteration Minerals to Faults 

The structure comprises ore-guiding channels and favorable locations for ore fluid 
enrichment, which provides an important channel and place for ore formation. The ore-
forming process is often accompanied by mineralization alteration. Therefore, the struc-
ture and mineralization alteration are closely related. The high frequency areas of the in-
tersection of the line and ring structure are well correlated with the areas where the alter-
ation information is most widely distributed [71], and most alteration information is dis-
tributed linearly along the structure [72]. 

In-depth analysis of the sericite, epidote, and chlorite alteration minerals extracted 
by WV-3 data showed that sericite, epidote, and chlorite alteration minerals are exposed 

Figure 5. Extraction results of alteration minerals with ASTER and WV-3 data. (a) Quartz alteration; (b) sericite alteration;
(c) chlorite alteration; (d) epidote alteration; the background of a is Band 6(R) 3(G) 2(B) composite image of ASTER data; the
background of (b–d) is Band 5(R) 3(G) 2(B) composite image of WorldView-3 data.

4. Discussion
4.1. Indications of Alteration Minerals to Faults

The structure comprises ore-guiding channels and favorable locations for ore fluid
enrichment, which provides an important channel and place for ore formation. The
ore-forming process is often accompanied by mineralization alteration. Therefore, the
structure and mineralization alteration are closely related. The high frequency areas of
the intersection of the line and ring structure are well correlated with the areas where the
alteration information is most widely distributed [71], and most alteration information is
distributed linearly along the structure [72].
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In-depth analysis of the sericite, epidote, and chlorite alteration minerals extracted
by WV-3 data showed that sericite, epidote, and chlorite alteration minerals are exposed
in area A on the northeast side of the Pulang’s main ore body, based on a certain linear
distribution law (Figure 6). Therefore, it is speculated that there may be a fault in this
area. The fault distribution trace was interpreted using 3D reconstruction technology of the
remote sensing image, combined with the distribution law of sericite, chlorite, and epidote,
and image characteristics (Figure 7).

To verify the presence of the fault, a special field survey was conducted in October
2018. The fault trace was found at point I and the outcrop of the fault fracture zone at point
II (Figure 7). Field investigation and analysis confirmed the presence of a NE-trending
normal fault passing through this region.
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Figure 7. 3D reconstruction of the remote sensing image and the field validation of the speculated fault. (a) 3D reconstruction
of the remote sensing image and the speculated fault; (b) the field validation of the fault trace; (c) the outcrop of the fault).

4.2. Reconstruction of Alteration Zoning in Pulang Copper Deposit

With respect to alteration minerals mapping, the alteration zoning rule of the Pulang
PCD was previously believed to be basically similar to the common porphyry deposits,
with typical potassic-silicified, phyllic, and propylitic zones from the center to the outward
sections. The purple line in Figure 8 is the boundary of the alteration zone divided by the
ground alteration minerals mapping.
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Comparison of the extracted alteration minerals with the original alteration zoning
boundary shows that the distribution of the extracted quartz, sericite, chlorite, and epidote
alteration minerals in the Pulang’s main ore body are basically consistent with the alteration
zoning divided by the original alteration mapping. However, in the eastern region of
Pulang’s main ore body where the alteration zone is classified as propylitic by the original
alteration mapping, a large amount of quartz and sericite alteration minerals belonging to
the potassic-silicification and phyllic zones were extracted. The phenomenon is inconsistent
with the previous understanding of alteration minerals mapping.

Combined with the predicted fault trace, Pulang’s main ore body comprised the upper
wall of the fault, while the area on the east side of the fault comprised the footwall, and
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Pulang’s main ore body slipped from the eastern side of the fault to the present position. It
is inferred that there are two mineralization alteration centers in the Pulang PCD, which
are located on both sides of the fault, and that both exhibit potassic-silicification, phyllic,
and propylitic alteration zoning characteristics from the inside to the outside sections. The
yellow line in Figure 8 is a newly established alteration zoning boundary.

To verify the redivided alteration zoning of Pulang PCD, 86 field sites were designed
for field investigation in October 2018 according to the distribution characteristics of
extracted alteration minerals. This process included GPS location, lithology identification,
sample collection, and photo shooting, and indoor thin section production and petrographic
analysis were performed on the collected samples (Table 6).

Table 6. Field verification survey for the redivided alteration zone.

Field
Verification
Point No.

Detected
Alteration

Mineral

Alteration Zoning
Divided by the

Original
Alteration
Mapping

Petrographic Analysis Photo
Analysis of the

Redivide Alteration
Zoning

43 Quartz
Potassic-

silicification
zone
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Table 6. Cont.

Field
Verification
Point No.

Detected
Alteration

Mineral

Alteration Zoning
Divided by the

Original
Alteration
Mapping

Petrographic Analysis Photo
Analysis of the

Redivide Alteration
Zoning

59 Sericite Propylitic zone
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Field verification points 43, 47, and 51, located in Pulang’s main ore body, belong to
the redivided potassic-silicification, phyllic, and propylitic zones, respectively, which is
consistent with previous alteration minerals mapping recognition. Field investigation and
petrographic analysis show that field verification points 43, 47, and 51 have the alteration
characteristics of potassic-silicified, phyllic, and propylitic zones, respectively (Table 6).

Among field verification points 59, 82, 83, and 85 located in the eastern region of
Pulang’s main ore body, all of them are inconsistent with the previous alteration minerals
mapping. In the redivided alteration zone, point 59 belongs to the phyllic zone, and points
82, 83, and 85 belong to the potassic-silicification zone, which is inconsistent with the
determination of their classification as being the propylitic zone in previous alteration
mineral mapping. Petrographic analysis shows that the sample collected at point 59 has
the alteration characteristics of the phyllic zone, and the samples collected at points 82, 83,
and 85 exhibit the alteration characteristics of the potassium-silicification zone (Table 6). In
conclusion, compared with the alteration zoning of the original alteration mineral mapping,
the newly redivided alteration zoning of Pulang PCD according to the extracted alteration
minerals was more consistent with the field verification results.

4.3. Delineation of Prospecting Potential Areas

According to previous studies, the potassic-silicification and phyllic zones are impor-
tant indicators for the prospecting of high-grade porphyry copper. This study speculated
that the redivided potassic-silicification and phyllic zones in the eastern region of the
Pulang’s main ore body have great prospecting potential; particularly, the boundary of the
potassic-silicification and phyllic zones has the greatest prospecting potential.

Owing to the complicated terrain and traffic conditions, only a few drillings have been
arranged in the eastern region of the Pulang’s main ore body. Four drilling data have been
collected in this study. According to the previous alteration mineral mapping, this area
is classified under the propylitic zone, and the formation of high grade copper is limited.
However, analysis of the copper mineralization of the four drillings shows the presence of
copper resources at the locations of the four drillings, which are mainly located at depths of
200–430 m. Copper mineralization improves with increasing depth, and the copper grade
increases from 0.1 to approximately 0.4%, which is consistent with the division of this area
into prospecting potential zones.

In addition, analysis of the positions of the four aforementioned drillings in the
redivided alteration zone (Figure 9) shows that from drilling I to drilling IV, the location
of the drilling gradually approached from the phyllic zone to the edge of the potassium-
silicification zone. The phyllic zone is an important ore-forming site, and formation of the
enriched industrial ore body becomes easier as proximity to the potassic-silicification zone
increases. The mineralization enrichment phenomenon should improve increasingly from
drilling I to drilling IV, which is consistent with the collected drilling data: drillings I and II
begin mineralization at a depth of approximately 200 m, drilling III starts mineralization
at a depth of 80 m, and drilling IV starts mineralization from the surface. Therefore, the
above analysis verifies the reliability of the redivided alteration zoning in this study.
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5. Conclusions

Through in-depth analysis of the alteration minerals extracted by ASTER and WV-3
data in Pulang PCD, new insight into the metallogenic structure and spatial distribution of
alteration zoning in Pulang PCD is presented and adequately verified in the field.

(1) A new NE-trending normal fault passing through the northeast of Pulang PCD was
discovered;

(2) The alteration zoning of Pulang PCD was redivided. With two mineralization alter-
ation centers located on both sides of the fault in Pulang PCD, and alteration zoning
characteristics of the potassic-silicified, phyllic, and propylitic zones from the inside
to the outside were identified in the Pulang PCD.
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