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ABSTRACT

The Chagai porphyry Cu belt in Pakistan is an important metallogenic terrain for porphyry Cu-Au deposits
extending approximately 300km in east-west direction. Most of the known porphyry Cu deposits, such as the
Saindak deposit and the world-class Reko Diq deposit, are located in the western Chagai belt. In this study the
ZY1-02D hyperspectral data, acquired by recently launched space borne imaging spectrometer with 166 bands
within 0.4-2.5um spectral region, was used to map mineral information over an area of ~8,000 km2 for exploring
potential targets of porphyry Cu mineralization in the western Chagai belt. False color composite, spectral angle
mapper and wavelength position mapping methods were used in this research leading to the identification of a
series of alteration minerals (including sericite, kaolinite, alunite, epidote, chlorite and calcite) from ZY1-02D
data. The alteration mineral maps derived from ZY1-02D data match well with the known deposits and field
inspections. 23 new targets were identified as potential porphyry Cu mineralization targets for further exploration
in the study area. Three targets, north of Saindak, Koh-i-Sultan and Durban Chah, were inspected in the field and
Cu-Au mineralization was confirmed in all the three areas. As the ZY1-02D hyperspectral data covers most of the
land area of the earth, this study provides new insights for mineral exploration and lithologic mapping in remote

regions.
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INTRODUCTION

Porphyry Copper (Cu) systems, one of the
most important type of copper deposits,
usually occur in linear pattern extending
from tens to hundreds of kilometers, such as
the porphyry system in the Andes of western
South America (Sillitoe and Perelld, 2005;
Sillitoe, 2010). Porphyry Cu deposits
generally have a consistent and extensive
hydrothermal alteration zoning that includes,
from inward to outward, potassic, phyllic,
advanced argillic, and propylitic alteration
zones (Lowell and Guilbert, 1970;
Alimohammadi et al., 2015). The potassic
zone is dominated by minerals such as biotite
and K-feldspar; the phyllic zone consists of
quartz, sericite and pyrite-rich rocks; the
argillic zone is characterized by minerals
including quartz, alunite and kaolinite, and
the outermost propylitic zone contains
minerals of chlorite, epidote and calcite
(Lowell and Guilbert, 1970; Mars and
Rowan, 2006). The sulfide mineralization in
porphyry Cu deposits is mainly confined to
potassic and phyllic alteration zones (Perello
et al., 2008; Alimohammadi et al., 2015).
Moreover, phyllic alteration normally covers
a larger area than potassic alteration, and
sericite has spectral features near 2200nm
that can be quickly detected by remote
sensing techniques (Mars and Rowan, 2006;
Carrino et al., 2014; Alimohammadi et al.,
2015). Therefore, phyllic alteration is
generally used as an indicator in preliminary
reconnaissance for porphyry Cu deposits
(Mars and Rowan, 2006; Tommaso and
Rubinstein, 2007; Tangestani et al., 2008;
Alimohammadi et al., 2015).

The Chagai belt, also known as the North
Chagai arc and Makran magmatic arc, is part
of the Tethyan metallogenic belt (Doebrich et
al., 2007; Perello et al., 2008). Tethyan
metallogenic belt is a copper, gold and other
base metals related mineralized volcano-
magmatic terrain extending from Central
Europe, Turkey, Iran, Pakistan, China, East
Asia, Malaysia, Indonesia to New Guinea,
that was formed by the subduction of the
Africo-Arabian and Indo-Australian plates
beneath the Eurasian supercontinent. The
Chagai belt extends as a linear (about 400 km
long) and relatively narrow (< 150 km wide)
belt dominated by calc-alkaline plutonic,
volcanic, and sedimentary rocks hosting at
least 48 porphyry CuzAuxMo deposits and
prospects (Fig. 1A; Perello et al., 2008;
Razique et al., 2016). The volcano-magmatic
rocks and the associated porphyry Cu- (Au,
Mo) mineralization in the belt were formed
in multiple stages (Perello et al., 2008). Some
medium-sized porphyry Cu deposits such as
Saindak and Tanjeel are early Miocene
(Saindak: 22.18+0.2 Ma, Zircon U-Pb
SHRIMP; Tanjeel: 23.29+£0.24 Ma, Zircon
U-Pb SHRIMP), whereas the world-class
porphyry Cu cluster at Reko Diq is middle
Miocene (13.8 to 10.1 Ma) and the major
porphyry Cu deposits at Sar Chesmeh and
Meiduk in Iran is 13 to 11 Ma (Mclnnes et
al., 2003; Perello et al., 2008). Most of the
known porphyry Cu deposits are in the
western part of the Chagai belt (Fig. 1A).
Extensive exploration is ongoing in the
Chagai belt, Pakistan to extend the mining
potentials.
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Spaceborne remote sensing data including
Landsat Thematic Mapper (TM), Enhanced
Thematic Mapper+ (ETM+), and Advanced
Spaceborne  Thermal  Emission  and
Reflection Radiometer (ASTER) have been
extensively used in regional exploration for
porphyry Cu deposits due to their large
spatial coverage (Tangestani and Moore,
2002; Ranjbar et al., 2004; Mars and Rowan,
2006; Tangestani et al., 2008; Pour et al.,
2011). Several remote sensing researches
have been implemented on the porphyry Cu
deposits at Sar Chesmeh and Meiduk (Mars
and Rowan, 2006; Mars, 2014; Pour et al.,
2011; Ranjbar et al., 2004; Tangestani et al.,
2008). Only a limited number of remote
sensing surveys were carried out in the
Chagai belt for mineral exploration (Rowan
etal., 2006; Mars, 2014). Rowan et al. (2006)
used multispectral ASTER data for the
identification of alteration in the Reko Diq
deposit, whereas Mars (2014) applied
ASTER data for mapping the hydrothermally
altered igneous rocks in the Urumieh-
Dokhtar, Chagai, and Alborz Belts of
Western Asia.

Comparing to multispectral remote sensing
data, spaceborne hyperspectral systems
allow for remote mapping of alteration zones
as well as basic surface mineralogy and rock
types in large area. However, the application

Table. 1. ZY1-02D hyperspectral sensor characteristics.

was limited by the lack of spaceborne
hyperspectral systems and poor availability
of quality data (Pour et al., 2013; Liu et al.,
2017, 2018). A series of hyperspectral
imagers including Tiangong-1 hyperspectral
imager, GF-5, PRISMA, ZY1-02D and
EnMAP, have been launched in recent years
(van der Meer et al., 2012; Liu et al., 2018;
Yin et al, 2021). The 2ZY1-02D
Hyperspectral Imager (HSI), launched on
September 12th, 2019, is equipped with two
imaging sensors in the visible to near-
infrared (VNIR) and shortwave infrared
(SWIR) range (Table 1). The 60km swath is
ideal to cover large working area with
minimal scenes.

This study aims to map hydrothermal
alteration zones and delineate potential
targets for porphyry Cu mineralization to
assist further exploration in the western
Chagai belt using ZY1-02D HSI data. The
objectives of this research are: (1) to test the
potential of ZY1-02D HSI data for mapping
key alteration minerals in the western Chagai
belt; (2) to evaluate its capability for
detecting wavelength position shift caused
by mineralogical variability at 30m pixel
scale; and (3) to discriminate areas of
potential porphyry Cu mineralization to
support field survey in the study area.
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Satellite Payloads ZY1-02D
Launch date 2019-09-12
Orbit altitude (km) 778

Number of bands
Spectral range (um)

Spectral resolution (nm)

Spatial resolution (m) 30
Reuvisit period (days) 55
Swath width (km) 60

Signal to Noise Ratio (SNR)

76 (VNIR), 90 (SWIR)
0.4-1.0 (VNIR), 1.0-2.5 (SWIR)
10 (VNIR), 20 (SWIR)

>240 (0.4-0.9um)

>180 (0.9-1.75um)

>120 (1.75-2.50pm)

GEOLOGICAL BACKGROUND

The Chagai volcano-magmatic arc is an east-
west oriented igneous belt with calc-alkaline
suite of volcanic, plutonic rocks and
associated sedimentary rocks (Fig. 1; Perell6
et al., 2008; Razique et al., 2013, 2016). It
was developed in response to the northward
subduction of the Arabian oceanic plate
beneath the southern edge of the Eurasian
plate. Volcanoclastic and sedimentary rocks
are exposed in the Chagai belt. The oldest
rock unit is the Late Cretaceous Sinjrani
Group composed of massive lava flow, tuff
and fragmental volcanic rocks (Ahmed et al.
1972; Siddiqui, 2004). The Sinjrani Group is
overlain by a sequence (2000m-thick) of
calcareous rocks of the Latest Cretaceous
Humai formation and clastic sedimentary
rocks of the Paleocene Juzzak, Eocene

Saindak, Oligocene Amalaf and Miocene to
Pleistocene Dalbandin formations widely
exposed in the western Chagai region
(Perell6 et al., 2008). The Chagai intrusions
represent older diorite to granodiorite
intrusions, younger granodiorite and quartz-
monzonite with lesser monzogranite and
granite intrusions, extensively exposed in the
eastern Chagai belt (Fig. 1A; Dykstra, 1978).
The western Chagai belt is dominated by
isolated stocks, domes, lopoliths, dikes and
sills  of mainly dacitic composition
collectively known as the Sor Koh intrusions
(Arthurton et al., 1982; Perell6 et al., 2008).
48 known porphyry systems with Cu-Au-
(Mo) mineralization associated with calc-
alkaline, biotite- and amphibole-bearing
porphyry stocks, such as Saindak and Reko
Diq, were found in the Chagai belt.
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Hydrothermal alteration is dominated by the
concentrically distributed potassic, phyllic
and propylitic alteration zones, while the ore
is mainly related to potassic and phyllic
zones (Perell6 et al., 2008).

The Saindak porphyry Cu-Au deposit cluster
includes three deposits (south, east, and
north) in the western Chagai magmatic arc
(Fig. 1). The combined reserve of the three
deposits at Saindak is 290 million metric tons
(Perell6 et al.,, 2008). The porphyry
mineralization at Saindak deposits is closely
associated with quartz diorite porphyry along
with other less common intrusive rocks
including diorite porphyry, tonalite porphyry
and granodiorite. The major lithological unit
of quartz diorite intrusive is an assembly of
hornblende, biotite, magnetite, quartz and
plagioclase that are intensely altered hosting
stockwork veins and disseminated sulfide
mineralization rich in copper, gold and
molybdenum.  Porphyry  copper style
alteration is intensive and widespread around
the intrusive rocks of Saindak deposit that is
characterized by the presence of potassic,
phyllic and propylitic alteration zones
(Siddiqui et al., 2007).

The Reko Diqg igneous complex (Fig. 1)
hosting many porphyry mineralization is the
basal part of a large, eroded paleo

stratovolcano with extensive hydrothermal
alteration (Schmidt, 1980). Reko Dig is a
cluster of about 25 porphyry copper
prospects including a world-class H14-H15
deposit (Fig. 1B, total resource of 4100
million metric tons), associated with quartz
diorite to granodiorite and mineralized dacite
that is superimposed by multiple intense
hydrothermal processes (Perello et al., 2008;
Razique, 2013). At H14-H15 deposit, the
main ore-stage potassic alteration is broad
and is largely overprinted and rimmed by
transitional sericite-chlorite (clay) alteration;
surrounded outward by extensive sericitic
(phyllic) alteration. Propylitic rocks form a
marginal outer zone (Razique, 2013).

Koh-i-Sultan complex (Fig. 1B) is a
composite stratovolcano dominated by
andesitic to dacitic volcanic plugs, lavas, ash
flows and tuff, hosting the Washaab high-
sulfidation epithermal system along with
other porphyry copper occurrences at Miri,
Nawah and Batil (Muslim, 1971; Perell6 et
al.,, 2008; Lake Resources N.L., 2012).
Porphyry alteration occurring at Koh-i-
Sultan includes intensely altered breccia and
volcanics, along with a potassic altered
porphyry documented by drill core data from
west Miri alteration system (Lake Resources
N.L., 2012).
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Fig. 1. (A) Regional geology and structures of the Chagai belt, Baluchistan province, Pakistan (modified after
Perelld et al., 2008); (B) Geologic map of the western Chagai belt (adapted from the reconnaissance geology maps

at scale of 1:250000).

Three ZY1-02D HSI scenes (Level 2
radiance) of the western Chagai belt were

MATERIALS AND METHODS

Hyperspectral images
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acquired on 1st of December 2020, 10th of
August 2020, and 22nd of June, 2021. The
ZY1-02D data have 166 bands with 30m
spatial resolution and cover the spectral
range of 395.8-2501.1 nm (Table 1; Tan et
al., 2021; Yuetal., 2021; Zhong et al., 2021).
The three scenes cover an area of over
8,000km2 with about 20% overlap.

Field sampling and
measurements

spectral

Twenty-six (26) rock samples at fifteen (15)
locations were collected near the open pit
mines of the Saindak deposit, and the
intrusions with known alteration showings
around the Saindak, Koh-i-Sultan and
Durban Chah porphyry copper targets. The
exact coordinates of field sampling sites were
recorded by GPS at 5m accuracy.

Reflectance spectra of the collected samples
were measured in the laboratory using a SR-
3500TM spectroradiometer (350-2500 nm)
at 2 cm field of view with a contact probe
containing an internal halogen lamp. The
radiance spectrum was converted to
reflectance using a SpectralonTM white
panel. 15 random spots were measured for
each sample (the weathered surface) with an
average of 20 co-adds for each spot, and
spectra from all spots were averaged to create
a representative spectrum for each sample.

Hyperspectral data preprocessing

The radiance of ZY1-02D data was
atmospherically  corrected to surface
reflectance using the FLAASH model (Berk
et al., 1998) with the following parameters:
778km sensor altitude, water absorption

feature centered at 1135 nm, rural aerosol
model, and 40km initial visibility without
spectral polishing. The ground elevation was
set to ASTER GDEM data at 30 m grids. The
parameter of the atmospheric model was
determined based on the average water vapor
values derived from the Moderate Resolution
Imaging Spectrometer (MODIS)
MODO05_L2 precipitable water vapor data
acquired about 25 minutes after the ZY1-02D
data acquisition (Mars, 2018). Spectra from
the same target within the overlapping areas
between adjacent scenes were compared to
make sure the radiometric correction results
are consistent across all three scenes. The
spectral features (absorption position and
depths) from the same target are comparable
for adjacent datasets due to the extremely
arid meteorological conditions (less than 102
mm annual rainfall).

The overlapping bands of the VNIR and
SWIR sensors and the bands of water vapor
absorptions (Fig. 2) were excluded and 129
bands were retained including band 3~66
(413.0~954.2 nm), 78~97 (1022.2~1341.2
nm), 107~124 (1509.5~1795.4 nm) and
139~166 (2048.1~2481.3 nm). All the three
scenes were georeferenced to the same map
projection using local datum, and a mosaic of
ZY1-02D reflectance data (approximately
8,000km2) were generated covering most of
the study area.

Spectral feature identification

According to the alteration characteristics of
the porphyry Cu deposits in the Chagai belt,
the laboratory spectra of minerals, including
kaolinite, sericite (muscovite), alunite,
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epidote, chlorite, and calcite, were extracted
from the Jet Propulsion Laboratory (JPL)
spectral library to understand the spectral
features of the alteration in the working area
to guide the understanding of sample spectra
and assist further hyperspectral mapping
(Fig. 2; Baldridge et al., 2009). Each of the
six minerals shows obvious absorption
features in the SWIR region with different
absorption wavelength (center) and strength.
The phyllic alteration, typically dominated
by sericite (or muscovite), exhibits
absorption features around 2200nm and
2350nm induced by AI-OH (Fig. 2; Hunt,
1977; Hunt and Ashley, 1979). The argillic
alteration, characterized by kaolinite and
alunite, shows the diagnostic Al-OH features
near 2165nm and 2200nm (Hunt, 1977). The
propylitic alteration, composed of epidote,
chlorite, and calcite, has an absorption at
2250nm and a pronounced absorption feature
at 2330nm caused by Fe/Mg-OH bond, or a

distinct CO32- absorption at 2330~2350 nm
(Fig. 2; Hunt, 1977; Hunt and Ashley, 1979).

All JPL reference spectra and laboratory
spectra from field samples were resampled to
the 166 bandpass of preprocessed ZY1-02D
data (Fig. 2) to test if the diagnostic spectral
features preserve their spectral shape (slope,
band position and band depth) when
resampled to satellite sensors at coarser
spectral resolution. Fig. 2 indicates that
minor and narrow features (e.g. 2165 nm
absorption for kaolinite) is becoming
relatively weaker after resampling. But the
overall spectral shape and dominant spectral
feature positions are comparable before and
after resampling. This means that the
selected JPL reference spectra can be used as
endmembers in search for similar signatures
in satellite data to facilitate feature
identification and hyperspectral data process.
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False color composite of surface  differences and alteration zones (Xiong et al.,
reflectance 2011; Tommaso and Rubinstein, 2007;

Alimohammadi et al., 2015; Mars, 2018).
False color composite images can be used 10 The false color composite of three bands
enhance and reveal important lithological (1644.0 nm, 2199.5nm and 2334.2nm) in red,

10



GEOLOGICA v. 8 Article No. 1

green and blue (RGB) can enhance the visual
representation of rocks with argillic, phyllic
and propylitic alteration (Tommaso and
Rubinstein, 2007; Alimohammadi et al.,
2015). Argillic, phyllic and propylitic altered
rocks can be clearly identified by different
colors on the composite image due to the
presence of absorption features and spectral
slope variability.

Spectral angle mapper

The spectral angle mapper (SAM), as a
commonly used spectral matching method,
treats spectra as multidimensional vectors
and calculates the angle between two spectra
to determine their spectral similarity (Kruse
etal., 1993). Spectrum of each image pixel is
compared with the reference spectra (either
derived from spectral library, laboratory
measurement of samples or image) with
smaller SAM angles indicating greater
similarity. This method is insensitive to
changes of illumination and albedo
influences and is proven to be very robust
(Amer et al.,, 2012; Liu et al., 2014) for
mapping specific targets from multispectral
and hyperspectral data. Moreover, compared
to machine learning methods such as random
forest and convolutional neural networks
(Shirmard et al., 2022), SAM doesn’t
necessarily need training data from the
images, which makes it more suitable for the
poorly studied areas where prior-knowledge
is poor. It can use sample spectra from
laboratory measurement to match every
image pixel to map the presence of similar
rocks or minerals. Therefore, SAM was used
to process the ZY1-02D data (using the

11

spectra selected from JPL spectra library as
reference) to evaluate if major alteration
minerals (indicators for potential porphyry
Cu mineralization) could be extracted in the
study area. Mineral map will be generated
containing all the indicator minerals.

Considering the spectral features of the six
minerals (Fig. 2), twenty-nine bands
(wavelength range: 1526.4-1694.6 nm and
2115.3-2400.8 nm) of the ZY1-02D data
were selected for spectral angles calculation
to map the spatial distribution of the six
minerals.

Mapping of mineral variations

Sericite, kaolinite, alunite, chlorite, epidote,
and calcite are the main alteration indicators
in the working area. However, differences in
mineral chemistry that creates shifts of the
absorption feature position can provide more

useful information about the nature of
alteration. For example, Mg-chlorite/Fe-
chlorite, alunite/kaolinite,

sericite/muscovite/phengite, calcite/dolomite
are indicators of different type of thermal
fluid activities. Some changes of mineral
chemistry can be detected from reflectance
spectra (Lypaczewski and Rivard, 2018;
Lypaczewski et al., 2019, 2020). Based on
the nature of alteration in the working area,
the absorption position of hydroxyl (-OH)
were mapped from 2150nm to 2220nm,
where alunite and kaolinite display
absorption features within 2150~2190nm,
and other hydroxyl-bearing minerals present
in the area were distinguished by shifts of
feature position within 2190~2220 nm
region. The absorption depth was also
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calculated on continuum removed spectra per
pixel to detect the relative abundance of
specific mineral or mineral assemblies.

This method was only used to process high
quality point spectra collected in the
laboratory or in the field with spectrometer or
imager (Wang et al., 2017; Lypaczewski and
Rivard, 2018; Lypaczewski et al., 2019,
2020; Booysen et al., 2022; van der Meer et
al., 2018; Portela et al., 2021). It has never
been tested to process spaceborne
hyperspectral data. To minimize the noise of
satellite data, a median filter (window size=3
bands) was applied to the spectral domain of
satellite data before processing the Al-OH
absorption position and depth of each pixel,
and areas with no absorption features in the
range of 2150-2220 nm, or absorption depth
less than 0.1 (which is equivalent to 1% of
continuum removed reflectance), were set as
100% transparent in result maps, which were
overlain on the reflectance image of band
1644 nm.

RESULTS
False color composite image

Figure 3 is the color composite of 1644.0nm
(R), 2199.5nm (G) and 2334.2nm (B) for the
study area. It provides an overview for the
distribution of different types of major
alteration. Band 1644.0nm is within the
absorption by Fe2+ and band 2199.5 nm is
the absorption feature of Al-OH, while band

12

2334.2 nm is situated within the absorption
feature of Fe, Mg-OH, and CO32-.
Therefore, rocks with phyllic and argillic
alteration with the absorption feature of Al-
OH at 2200 nm, appear to be pink to red in
color. Dark green color highlights the
chlorite- and epidote-rich rocks, with Fe,
Mg-OH absorption features at 1600 nm and
2330 nm. Calcite-rich rocks, with CO32-
spectral absorption at 2350nm, are
represented by yellow on Figure 3.

Figure 3 indicates that argillic and phyllic
alteration is mostly located at Saindak,
Dasht-i-Goran, Reko Diq and Koh-i-Sultan
areas (Fig. 3A-3D). Chlorite- and epidote-
rich rocks are distributed around Saindak and
in the west of Durban Chah associated with
Cretaceous volcanic rocks, with weak
chlorite and epidote showings near Reko Diq
in yellowish green. Calcite-rich outcrops are
mainly located around Dasht-i-Goran and in
the east of Reko Diq related to the presence
of Paleocene sedimentary sequences. The
known deposits, such as Saindak and Reko
Diq, are all related to phyllic alteration and
appear red (white arrows in Fig. 3B and 3C).
The alteration halo of Saindak deposit was
enhanced by two different color zones that
gradually became narrower from the south to
the north with the propylitization zone (green
color indicated by dashed lines in Fig. 3B)
surrounding the argillic and phyllic zone (red
to pink) at approximately equal width (cyan
arrows on Fig. 3B).
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Fig. 3. False color composite (Red=1644.0 nm, Green=2199.5 nm and Blue=2334.2 nm) of the western Chagai

belt (upper) and three specific areas (lower). White squares are known Cu deposits or prospects.

Mineral mapping using SAM

Figure 4 displays the SAM results using the
six endmember mineral spectra (Fig. 2) as
reference. In the mapping results, small angle
represents good fit (shown in light color in
Fig. 4). The distribution patterns of sericite,
kaolinite and alunite are comparable across
all three scenes (Fig. 4A, 4B and 4C). The
minimum angle of alunite has the largest
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SAM value (0.286) which means alunite
exists in lower abundance than the other five
minerals in the area. The known deposits are
mainly associated with presence of sericite
and kaolinite that are spatially controlled by
diorite intrusions. Calcite is mainly
associated with the Oligocene-Eocene
sedimentary sequences and Cretaceous
sedimentary rocks (Fig. 4D). Chlorite is
correlated to the spatial distribution of
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Cretaceous volcanics in the west of Durban
Chah and the alteration zones in the north of
Saindak (Fig. 4E) Epidote is mainly located
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around Dasht-i-Goran, and in the west of
Durban Chah and around Saindak deposit
(Fig. 4F).
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Fig. 4. Mineral maps derived from SAM with reference JPL mineral spectra applied to ZY1-02D data: (A) sericite,

(B) kaolinite, (C) alunite, (D) calcite, (E) chlorite, (F) epidote. Small angle represents good fit and is shown in

light color.

Figure 5A displays the color-coded mineral
map from SAM results. The threshold for
each mineral was determined by p-2*c,
where p and o represent the mean and
standard deviation of SAM values of each
mineral. The pixels with values lower than
the thresholds were treated as anomalies and
were assigned to a distinct color for each
mineral. The results (Fig. 5A) indicate that
sericite (red) is the dominant alteration
mineral related to known porphyry Cu
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deposits. The distribution of sericite
correlates with the locations of the intrusions
and known deposits. Kaolinite is spatially
associated with sericite and is commonly
occurred on the edges of the mineralization
zones or related with intrusions controlled by
faults (white arrow in the west of Saindak in
Fig. 5A). Alunite has limited exposure in this
area due to the highest spectral angle
threshold (0.35), and alunite-rich rocks are
primarily located at Koh-i-Sultan (near Miri
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in Fig. 5A). Chlorite anomalies are primarily
scattered in the Cretaceous volcanic rocks in
the eastern part, with some anomalies
scattered around the sericite alteration at
Saindak. Epidote is mostly associated with
the Cretaceous-Eocene intrusions (gabbro),
as well as around the sericite alteration at
Saindak. Calcite is mainly located in the
middle-western section and correlated with
the NW-SE oriented sedimentary rocks.
Specifically, the alteration zones of Saindak
are a typical porphyry Cu hydrothermal
alteration propylitic

where extensive
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alteration zones were distributed around the
phyllic alteration zones which host the
porphyry deposits. Comparatively, the
propylitization at Reko Dig and Koh-i-Sultan
was relatively weak considering the strong
phyllic alteration at the two areas (Fig. 5A).
In addition, a series of detected small phyllic
alteration in the north of Durban Chah with
large areas of propylitization in both the
north and south sides indicate an east-west
mineralization corridor may exist due to
structural control of the hydrothermal fluids
that caused these alterations.
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Fig. 5. (A) SAM mineral maps derived from the use of reference JPL mineral spectra applied to ZY1-02D data.
Spectral angle thresholds in radians: alunite=0.35, sericite=0.10, kaolinite=0.10, calcite=0.10, chlorite=0.19 and
epidote=0.23. Pixels are color coded and overlaid on band 1644.0 nm for reference of location; (B) Map of Al-
OH absorption wavelength; (C) Map of Al-OH absorption strength.

Map of mineral variations
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The mineral variation related to AlI-OH was
mapped to investigate the characteristics of
alteration. The results show that spaceborne
ZY1-02D data does allow the detection of
Al-OH absorption position (Fig. 5B) and
depth (Fig. 5C) in the range of 2155nm to
2220 nm. The detected areas with longer Al-
OH  absorption  wavelength  roughly
correspond to the AI-OH absorption
positioned from 2185 nm to 2220 nm (yellow
to red color on Fig. 5B). Moreover, most of
the known deposits/prospects, e.g. Reko Diq,
Dasht-i-Goran, and Durban Chah, were also
shown as yellow to red color in the map of
absorption strength (Fig. 5C), which is
supported by the result of SAM (Fig. 5A)
indicating presence of higher abundance of
alteration minerals.

Figure 6 shows detailed map of AI-OH
absorption position and strength at Reko Diq
deposit region (enlarged from Fig. 5B and
5C). Previous research shows that the
alteration in this area is mainly concentric in
shape with potassic, sericite-clay-chlorite,
sericite, and propylitic zones inside-out,
whereas the ore is mostly related to the
potassic and sericite-clay-chlorite alteration
(Razique, 2013). These mineral variation
maps based on AI-OH feature properties
derived from ZY1-02D data indicate that
most of the known deposits correspond to
orange and red colors with relatively high
absorption strength (Fig. 6A and 6B). This
suggested that absorption at 2200 nm to 2215
nm region related to the presence of
muscovite/sericite and phengitic minerals
can be mapped on wavelength position map
as more dioctahedral mica are present in red
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color indicating more Mg/Fe substitution in
mineral chemistry. These maps can also help
geologist understand the previous pressure
and temperature history of the thermal fluid
activity in this area.

The detailed SAM result of the H14-H15
deposit of Reko Diq region (Fig. 6C) was
compared with the mineral
wavelength/chemistry result (Fig. 6A and
6B) and previously documented field-based
alteration map (patterns on Fig. 6C). The
mineralogical map obtained from SAM
method shows that the extensive distribution
of sericite is well detected comparing to the
field observation. The distribution of sericite
from SAM result is quite similar with the
absorption position map from orange to red
on Fig. 6A, and the SAM value based
abundance indicator (light red to dark red on
Fig. 6C) is consistent with the areas with
strong absorption strength (orange to red in
Fig. 6B). However, compared to the field-
based alteration map, the propylitic
alteration, dominated by epidote and chlorite
at the H14-H15 deposit, is relatively weak
which results in small area extracted after
segmentation by the threshold 0.23 radian on
SAM results (light color of background
image and purple pixels of Fig. 6C). The
intrusions were affected by NNE-SSW-
trending structures, which defined three main
mineralization phases and each in turn made
up of multiple intrusions (Perello et al.,
2008). Similarly, the alteration is extended in
the NNE-SSW direction, controlled by the
structures and intrusions (Fig. 6C). The trend
and zoning of alteration at H14-H15 deposit
of Reko Diq is also clearly displayed on the
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position and strength maps AI-OH  sericite-rich rocks with some at 2215 nm
absorption in Figure 6A and 6B. dominated by phengitic rocks, whereas the
Fe, Mg-OH spectral absorption features at
2330 nm and 2250 nm could also be observed
(Fig. 6D).

The image spectra from the Reko Diq deposit
show that the AI-OH spectral absorption
features are mostly at 2200nm represented by
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Fig. 6. Mineral variation maps of Reko Diq area. (A) Map of Al-OH absorption wavelength; (B) Map of Al-OH
absorption strength; (C) Surface alteration map (shade patterns) of H14 and H15 porphyry deposits based on field
work (after Razique, 2013) and SAM maps of sericite, kaolinite and epidote; (D) Raw (dot lines) and continuum

removed (solid lines) ZY1-02D image spectra of pixels containing sericite, phengite and epidote.
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Extracted targets

The SAM alteration map of six mineral
indicators and Al-OH mineral variation maps
are in good overall agreement with the
known deposits and existing alteration maps
in previous literatures (e.g. H14-H15 deposit
of Reko Diq). Based on the alteration zoning
pattern of porphyry Cu deposit in the
working area, 23 potential targets (prospects)
situated around Saindak, Dasht-i-Goran,
Durban Chah and Koh-i-Sultan (circles and
rectangles on Fig. 5A) were delineated from
the result maps derived from the ZY1-02D
data based on the following criteria, (a)
abundant presence of AI-OH minerals
especially sericite or phengite which
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correlates well with nearly all the known
deposits in this area, and (b) preferably
presence of sericite anomaly surrounded by
propylitization (chlorite and epidote). Table
2 describes the alteration properties of 12
major targets or prospects (see Fig. 5A for
target ID) in the study area. They are the
targets that have surface exposure of at least
hundreds of meters long and are considered
primary reference for future exploration.
Field inspection was conducted and field
spectra were measured to validate the
presence of alteration minerals.
Photomicrograph or rock assay of
representative samples were used for further
confirmation.
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Table. 2. Characteristics of the 12 major targets highlighted in the alteration mineral map (Fig. 5A).

ID Prospect Nearest Alteration Alteration Dimensions Lithology Notes
Landmark  type geometry
1 Miri Koh-i-Sultan  Intense Circular 55 kmx5 Andesite and Alunite enclosed
sericite, km dacite lavas, by kaolinite and
alunite, feldspar sericite alteration
kaolinite porphyry,
rhyolite
2 MiriEast Koh-i-Sultan  Alunite, Circular to 2x1.5km Dacite and Intense sericite
stratovolcano  sericite, elliptical andesite lavas enclosing kaolinite
kaolinite centered around an
extinct dacite
volcanic plug

3 Koh-i- Koh-i-Sultan  Sericite, Elliptical  2.7x1.8km  Dacite, tuff Scattered patches
Abu stratovolcano  kaolinite and lavas of kaolinite

enclosed by
sericite around
several dacite
plugs

4 Kansuri Koh-i-Sultan  Sericite, Elliptical 1400x700m Altered lavas Intense elliptical
South stratovolcano  kaolinite and tuffs kaolinite enclosed

by sericite.
Marked in
previous maps as
altered copper
bearing rocks.

5 Durban Amir Chah Sericite, Circular to 180x200m  Quartz Minor kaolinite
Chah town kaolinite elliptical diorite, enclosed by

andesites sericite alteration.
Main alteration
system may be
covered under the
alluvium.

6 North Mashki Chah Sericite Elliptical 600x600m  Andesite and A cluster of two
Mashki town volcanic sericite alteration
Chah agglomerate  systems, 1km

apart, nearby older
granitic body

7  Koh-i- Reko Diq Sericite, Circular 400x400m  Granodiorite, Kaolinite
Dalil East kaolinite volcanics alteration enclosed

by sericite

8 Reko Diq Reko Diq Sericite, Linear 900x60m Andesite and Fault controlled
West kaolinite volcanics sericite alteration
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Borghar  Dasht-i- Sericite, Circular to 1400x400m Granodiorite,
Koh, Sor Goran kaolinite elliptical diorite,
Baroot dacite, quartz
diorite
Saindak  Saindak open Intense Banded to 2000x600m Sandstone,
Northeast pit mine kaolinite linear shale,
with some andesite dikes
sericite
Sulfide Saindak open Sericite, Linear to 600x230m  Quartz
Valley pit mine minor elliptical, diorite,
north kaolinite fault andesite dikes
controlled and volcanics
Saindak  Saindak open Intense Linear 1100x100m Sandstone,
West pit mine sericite, shale,
kaolinite andesite,
volcanics,

quartz diorite

enclosed by
kaolinite
Patches of
kaolinite
enclosed by
sericite centered
upon underlying
intrusive rocks
Alteration seems
to be fault
controlled

Sericite, gossan
and iron alteration
seen at surface.
Alteration may be
partially covered
by the alluvium.
The prospect is
drilled by Lake
Resources Inc.
Bands of kaolinite
and sericite,
lithological or
fault controlled

Saindak deposit region

The Saindak deposit, located in the northwest
of the western Chagai belt (Fig. 1B), is
associated with the intrusive rocks (tonalite
porphyry or quartz diorite porphyry named
Sor Koh intrusions) which have intensely
potassic and sericitic alteration with weak
propylitic zone surrounding the porphyry
intrusions. The mineral maps obtained from
ZY1-02D data (Fig. 7A) shows the general
distribution of alteration typically with an
annular halo of phyllic alteration inside and
propylitic alteration outside. The sericite is
extensively distributed relating to the Sor
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Koh intrusions, co-existing with kaolinite
near the south and north open pits. The
propylitic zone characterized by presence of
chlorite and epidote encircles the intrusions
and the phyllic zone. The intrusions and
relevant alteration zones are striking in N-S
direction, while the strata are mainly NW-
SE-oriented (Fig. 7A).

The alteration zones in the north of Saindak
deposit appear small on surface due to the
fact that Quaternary alluvium and gravel are
present in the area. Six targets (circles on Fig.
7A) are delineated in the north of the Saindak
deposit. They are rich in sericite and kaolinite
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minerals (Fig. 7A). Sericite and kaolinite are
also extensively distributed in the west of the
Saindak deposit, controlled by the intensive
N-S-oriented faults and shown as altered
dikes. Two areas with intense sericite and
kaolinite alteration are delineated as targets
for mineral exploration (Fig. 7A). The
chlorite and epidote were mostly associated
with the volcanics and gabbroic rocks. The
absorption position of Al-OH minerals of
Saindak deposit region is obviously shifts to
shorter wavelength compared to Reko Diq
region, which is within 2190nm to 2200nm
due to the extensive sericitic alteration in the
Sor Koh intrusions (Fig. 7B and 7C). A great
part of the Al-OH minerals shows features at
2170-2180nm, which is related with the
widespread around  Saindak
deposit.

kaolinite

The targets located at site SNA-1 (see Fig. 7
for location) in the north of Saindak deposit
(Fig. 8A) were checked in the field and
proven to be altered quartz diorites. The
quartz diorites were dominated by intense to
moderate sericite alteration (Fig. 8B and 8C),
whereas the epidote and chlorite were
extensively distributed in the surrounding
volcanics (Fig. 8D). Photomicrograph of a
representative altered quartz diorite sample
near site SNA-1 shows it is highly sericitized
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and silicified. The sample is mainly
composed of fine-grained sericite and quartz
with disseminated and vein type copper
mineralization (Fig. 8E). Field spectra of
sample from SNA-1 shows obvious
absorption caused by sericite near 2200 nm
(Fig. 9A) that confirms the observation of
photomicrograph. Other samples containing
kaolinite were confirmed by the absorption
features located at 2165 and 2200nm from
the vibrational process of Al-OH bonds (Fig.
9A) and samples of volcanics containing
chlorite and epidote (Fig. 9A with absorption
features centered at 2250 and 2330 nm) were
identified and collected. The image spectra
of the pixels covering the locations of
collected samples show similar spectral
features of sericite, kaolinite, chlorite and
epidote (Fig. 9B) overlaid on slightly
different spectral background due to the fact
that image spectrum is from the mixture of
all rocks within 30x30 square meters. Image
spectrum of the strata in the northwest of
Saindak deposit exhibits absorption feature
at 2350 nm indicating presence of carbonates
(Fig. 9B). Rock assay of four samples picked
from the altered quartz diorite at site SNA-1
shows that the ore grades of Cu range from
0.096% to 0.687% with the average value of
0.260%.
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Fig. 7. (A) SAM mineral map of Saindak deposit derived from ZY1-02D data; (B) Map of Al-OH absorption
wavelength; (C) Map of Al-OH absorption strength.
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Fig. 8. (A) Regional view of phyllic quartz diorite and volcanic rocks from the northern part of the Saindak
deposit; (B) and (C) Close-up view of intense and moderate sericitized quartz diorite; (D) Close-up view of
propylitic alteration in volcanic rocks; E) Photomicrograph of silicified sample showing fine-grained sericite and

quartz with disseminated copper mineralization from site SNA-1.
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Fig. 9. (A) Laboratory spectra of samples from the north of Saindak deposit; (B) ZY1-02D image spectra from

the pixels where samples rich in sericite, kaolinite, epidote, chlorite and calcite were collected.

Koh-i-Sultan region

The Koh-i-Sultan area is located in the east
side of the western Chagai belt (Fig. 1).
Exploration has been deployed targeting for
copper, gold and molybdenum mines
associated with an extensive alteration
system of intensely altered dacitic volcanics
and volcanic breccia atop a volcanic caldera
(Lake Resources N.L., 2012). The alteration
of Koh-i-Sultan is characterized by presence
of sericite, kaolinite and alunite, with some
propylitic alteration (Fig. 10A). The
alteration zones are in circular shape with
four centers aligned in NW-SE direction.

The absorption position of Al-OH bearing
minerals in Koh-i-Sultan area varies from
2160 to 2215nm (Fig. 10B), which
corresponds to the minerals of alunite,
kaolinite, sericite and phengite. The
absorption strength of the Miri area is the
strongest (Fig. 10C), while the absorption
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wavelength ranges from 2165 to 2215 nm
based on the spectral plots extracted from
ZY1-02D hyperspectral image (Fig. 10D).
The alteration in Miri area is the most intense
and the largest in size in the study area. Field
survey indicated that sericite, kaolinite and
alunite were extensively found in this area
co-existing with jarosite, limonite, gypsum
or disseminated sulfides (Fig. 11). The
distribution of argillic alteration minerals at
Koh-i-Sultan shows a pattern with alunite
and kaolinite inside and sericite outward.
This deviates from the typical porphyry
copper alteration zonation reported by
Lowell and Guilbert (1970). This may be
caused by the overlapping and overprinting
of multiple alteration zones and episodes
centered at different depth. The alteration
pattern may also be associated with the
epithermal Cu-Au, or lithocap-type Cu-Au
deposits that occur at shallow depth above a
porphyry deposit in a typical calc-alk
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volcanic system. The maps generated from
this study using satellite data only map the
exposed alteration at surface.

A series of drilling programs have been
undertaken in the Miri area since 2005 and
extensive copper, gold mineralization
previously found by drill cores proves the
potential for the existence of porphyry
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copper-gold deposits (Lake Resources N.L.,
2012). The positions of existing drill holes
were mostly located within areas with AI-OH
absorption wavelength at 2190 to 2200 nm
(Fig. 10B and Fig 10C). The drill core sample
shows clear sulfide mineralization (pyrite &
chalcopyrite) with white halos
(sericitization) around the mineralized veins
(Fig. 11D).
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Fig. 10. (A) SAM mineral map of the Koh-i-Sultan area derived from ZY1-02D data; (B) Map of Al-OH

absorption wavelength; (C) Map of Al-OH absorption strength; (D) Raw (dot lines) and continuum removed (solid

lines) ZY1-02D image spectra from pixels containing sericite, alunite, phengite and kaolinite.
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¢ Limonitesseticite?

Fig. 11. Field photos of Miri area. (A) Regional view of alterations; (B) Close-up view of sericite, kaolinite and

iron oxides; (C) Close-up view showing phyllic alteration; (D) The drill core sample showing clear sulfide

mineralization (pyrite & chalcopyrite) with white halos (sericitization) around mineralized veins.

Durban Chah region

The Durban Chah area, located in the
northwest of Koh-i-Sultan area, has two
known showings of Cu mineralization in the
southeast corner, south of which shows
sericite alteration (red in Fig. 12A). Some
small-sized sericite alterations are also
mapped in the middle and west of the area
(Fig. 12A). The propylitic alteration (chlorite
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and epidote) widely occurs in the Sinjrani
volcanics shown as dark tone in background
image (Fig. 12A to 12C). For the Durban
Chah area, the orange to red colors on Al-OH
absorption position map indicate that the Al-
OH absorption in this area shifts to 2200-
2215 nm (Fig. 12B), while the strongly
absorbed areas is matching the sericite
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alteration extracted by SAM method (Fig.
12C).

An altered area in the middle (see black
arrow on Fig. 12) was checked in the field
and confirmed to be sericitized diorite hosted
by Sinjrani volcanics (Fig. 13A and 13B).
Potassic, phyllic and propylitic alteration
occurred in the contact with andesites of
Sinjrani volcanics. Potassic alteration occurs
in the diorite porphyry with minor sulfides
such as pyrite and chalcopyrite. The phyllic
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alteration is mainly characterized by intense
sericitization (Fig. 13C). Existing drill core
sample displays obvious sericitization halos
(the cream color) around Cu mineralization
(Fig. 13D). Other potential targets (see Fig. 5
for location) in this area, such as Dasht-i-
Goran, the two targets in the south of Dasht-
i-Goran, and the other two targets in the east
of Reko Diq, are characterized by sericite and
kaolinite alterations according to previous
survey.
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Fig. 12. (A) SAM mineral map of the Durban Chah area derived from Z2Y1-02D data; (B) Map of Al-OH

absorption wavelength; (C) Map of Al-OH absorption strength.
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Sinjrani yolcanics

Sericitized diorite

Fig. 13. Field photos of Durban Chah prospect. (A) Regional view of sericitized diorite and Sinjrani volcanics;

(B) Close-up view of sericitized diorite; (C) Hand sample showing phyllic alteration; (D) Drill core sample

showing sericitization halos around mineralization.

Accuracy assessment

Overall accuracy assessment was conducted
for each of the mapped mineral at 56 check
points, which include 15 field check
outcrops/locations tracked by GPS, 22 drill
positions and 19 deposits/showings sites with
documented alteration. Location of the 15
field check locations covered Koh-i-Sultan
(5 sites), Durban Chah (3 sites) and Saindak
(7 sites) area. 1~2 sample were collected at
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each location for analysis. Position and major
alteration mineral of the 22 drill holes were
provided by Industry Report of Lake
Resources (Lake Resources N.L., 2012). The
alteration properties of the 19 known
deposits/prospects in the study area were
previously documented by Geological
Survey of Pakistan. The pixels containing all
the 56 locations were identified from the
result maps and the mapped alteration
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minerals (Fig. 5A) were compared to the
truth (sample analysis or prior-knowledge).

Quantitative assessment was conducted by
checking if each of the six mapped minerals
match the truth data. An overall agreement of
94.6% indicates that the alteration anomalies
observed from the ZY1-02D data match well
with the truth (Table 3). All the 22 drill holes
and 15 locations were identified as alteration
anomalies on the ZY1-02D results, whereas
16 out of the 19 known deposits/showings
were captured by the mapping results. Three

deposits, one in the east of Reko Dig, one at
Dasht-i-Goran and one at Durban Chah, were
not successfully mapped by the ZY1-02D
mineral map or Al-OH map as they are
concealed ore body at more than tens of
meters underground. Due to the fact that
sericitization and kaolinization alteration
exists extensively in the working area, a site
is generally classified as alunite when alunite
co-exists with sericite or kaolinite due to the
uniqueness of the broad and strong alunite
feature at 2165nm.

Table. 3. Validation of mineral mapping results derived from the use of reference JPL mineral spectra.

Result from ZY1-02D HSI image

Se

Kao

Al Ep Chl Cal

Field data Se 29

or reports Kao
Al
Ep

Chl

Cal

12

Overall agreement=53/56=94.6%

Se=Sericite; Kao=Kaolinite; Al=Alunite; Ep=Epidote; Chl=Chlorite; Cal=Calcite

DISCUSSION
Comparison with previous results

In the study area, phyllic and argillic
alterations were delineated using ASTER
data in previous research (Mars, 2010).
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Despite using different data and mapping
methods, overall distribution patterns of
alteration minerals are comparable on results
from ZY1-02D and ASTER data sets. Both
studies reveal that phyllic and argillic
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alterations are primarily distributed near
Saindak, Dasht-i-Goran, Reko Dig, and Koh-
i-Sultan (Fig. 5A). However, result from
ZY1-02D data displays a considerably higher
level of spatial details than that produced
from the ASTER data for the small alteration
zones. Due to the restriction of spectral and
spatial resolution of ASTER data, some of
the small alterations were not always
captured by ASTER results. For instance, the
altered outcrops related to quartz diorite
intrusions in the north of Saindak (site SNA-
1 in Fig. 7), which are successfully mapped
as strong sericite alteration with minor
kaolinite by ZY1-02D data (Fig. 7), were
either not identified or only shown as a single
pixel in the ASTER results. Specifically, the
alteration anomalies at the Durban Chah area
extracted and confirmed as real sericite
alterations in this research (Fig. 12) were
totally missed in the results from ASTER
data.

Moreover, the higher spectral resolution of
the ZY1-02D data makes it feasible to map
the absorption position and depth to identify
the variation of Al-OH minerals at 30m scale,
which is impossible for ASTER data. AI-OH
feature position and strength was mapped in
this research to help understand the
characteristics of the alteration and the
relationship with mineralization. The results
indicate that the Cu-Au mineralization of
western Chagai belt is mostly related with
Al-OH absorption wavelength shifted to
2200-2215 nm (e.g. Reko Dig, Durban Chah,
Dasht-i-Goran), whereas some
deposits/prospects, such as Saindak and Koh-
i-Sultan, are correlated Al-OH absorption at
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wavelength slightly shorter than 2200 nm,
which matches the presence of abundant
kaolinite or alunite. Finally, more potential
porphyry Cu targets based on alteration
types, patterns and mineral chemistry were
identified using ZY1-02D result in the study
area (Fig. 5, Table 2). However, satellite data
generally has lower signal-to-noise ratio
(SNR) than laboratory spectral data, and
noise can affect the accuracy of the
determination of spectral features.

Importance of mineral variation mapping
from satellite data

Mapping alteration minerals is essential for
mineral exploration, especially for porphyry-
type Cu-Au deposits that typically have a
consistent and extensive hydrothermal
alteration zoning characterized by potassic,
phyllic, advanced argillic, and propylitic
alteration zones (Lowell and Guilbert, 1970;
Sillitoe, 2010). Airborne and spaceborne
images have been used for regional survey
purposes in numerous researches of porphyry
Cu deposits (Mars and Rowan, 2006; Pour et
al., 2011; Ranjbar et al., 2004; Tangestani
and Moore, 2002; Tangestani et al., 2008).
Several studies have focused on estimating
the content of key minerals and mapping the
mineral chemistry using field-portable
spectrometer (Wang et al., 2017,
Lypaczewski and Rivard, 2018), laboratory
hyperspectral imagery (Lypaczewski et al.,
2019, 2020; Portela et al., 2021; Booysen et
al., 2022), and airborne hyperspectral images
(van der Meer et al., 2018; Portela et al.,
2021). However, no spaceborne
hyperspectral data have been used to map the
absorption position due to the lack of
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spaceborne hyperspectral images or low
spectral resolution of spaceborne data.

This study thus contributes the first attempt
to map the Al-OH absorption position and
strength to identify alteration mineral
variation using spaceborne ZY1-02D HSI
data in the western Chagai belt, Pakistan
where porphyry-type Cu-Au deposits are
being explored. The results confirmed that
the ZY1-02D HSI data can be used to
determine the AI-OH position that links to
different alteration types or minerals. The
methodology could be used for processing
the recently launched spaceborne GF-5,
PRISMA, 2ZY1-02D and EnMAP
hyperspectral data in other area for mineral
exploration in the future.

Influence of spectral resolution for
wavelength position mapping

There are many factors that could affect the
accuracy of absorption position/wavelength
mapping, e.g. spectral resolution and
radiometric calibration of the hyperspectral
data. Despite suffering with strips, the SNR
of ZY1-02D data is relatively high (>240 for
0.4-0.9 um, >180 for 0.9-1.75 pm and >120
for 1.75-2.50 pum). Results of this study
indicate that the radiometric calibration and
atmospheric correction of ZY1-02D data is
acceptable.

The absorption position for some minerals,
such as white mica, biotite and chlorite,
could shift within 10-40nm due to the
variation of mineral chemistry (Lypaczewski
and Rivard, 2018; Lypaczewski et al., 2019),
and high spectral resolution thus is required
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for the accurate determination of the
absorption position. In previous studies, the
spectral  resolution of  field-portable
spectrometer ranges from 8 to 10 nm for
SWIR region (Wang et al., 2017,
Lypaczewski and Rivard, 2018), and the
spectral resolution of laboratory
hyperspectral  imagery and  airborne
hyperspectral images varies from 5 to 17 nm
(van der Meer et al., 2018; Lypaczewski et
al., 2019, 2020; Portela et al., 2021; Booysen
et al, 2022). Spectral resolution of
spaceborne ZY1-02D data is 20nm for SWIR
(Table 1), which is close to that of HYMAP
airborne hyperspectral data (van der Meer et
al., 2018). Airborne HYMAP data (13-17nm
bandwidth in SWIR region) have also been
proven to be capable of mapping the changes
of absorption wavelength parameters (depth
and position) from different stages of
volcanic activities (van der Meer et al.,
2018). Even though the results of mineral
variation based on AI-OH position in this
study are generally consistent with the SAM
results and ground truth (field samples and
known deposits), more research is required to
actually link the wavelength shift to
chemistry of a specific mineral, e.g. variation
in white mica or muscovite.

Influence of spatial scales and pixel
mixture

Rocks are assembly of minerals and a
satellite pixel (30mx30m) may contain
multiple types of rocks. Very often there are
varnish, vegetation and migrated materials
exposed within a pixel. The SAM results in
this study are based on JPL standard spectra
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of pure minerals that are known to be present
in the working area. The SAM map of each
mineral is a qualitative indicator of either the
abundance or areal coverage of a mineral.
Similarly, the Al-OH absorption position can
also be affected by mixtures from other
compositions that potentially change the
spectral shape or continuum near 2200 nm
region (e.g. wet surface will reduce the depth
of Al-OH feature). The working area is arid
and lack of vegetation but it is essential to
make sure the satellite data is acquired under
similar weather condition in order to produce
seamless maps across multiple scenes.

CONCLUSIONS

The ZY1-02D Hyperspectral Imager is a
spaceborne imaging spectrometer that covers
0.4-2.5 um spectral region with 166 bands.
This study confirms that it has sufficient
spectral resolution to map mineral
distribution of chlorite, epidote, alunite,
kaolinite, sericite, and calcite and determine
the position and strength of AI-OH
absorption to support routine geologic
survey.

Twenty-three new exploration targets were
delineated as potential porphyry Cu-Au
mineralization prospects based on maps from
false color composite (1644.0 nm, 2199.5 nm
and 2334.2 nm), SAM results using JPL
standard mineral spectra and Al-OH
absorption characteristics in the western
Chagai belt, Pakistan. Alteration at three of
newly found targets near Saindak, Koh-i-
Sultan and Durban Chah were thoroughly
inspected in the field and all the three targets
were confirmed to have strong Cu-Au
mineralization. It is also confirmed that
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stronger Cu-Au mineralization in Chagai belt
is mostly located in areas where Al-OH
absorption features tend to shift to longer
wavelength within 2200-2215 nm (e.g., Reko
Dig, Durban Chah, Dasht-i-Goran). This may
indicate the compositional variations of
alteration minerals (Fe/Mg-OH vs Al-OH)
that could help the understanding of the
mineralization process. Accuracy assessment
of individual alteration minerals from 56
check points in the whole working area
suggests that the ZY1-02D Hyperspectral
Imager can provide accurate (94.6%) mineral
information to support mining industry in the
exploration  stage. New  exploration
campaign is being deployed at the delineated
prospects in western Chagai belt by
Geological Survey of Pakistan and local
mining companies.

This research also illustrates the first effort to
map the position of AI-OH absorption from
satellite data at 30m scale and 20nm spectral
resolution. It provides a case study for
processing GF-5, PRISMA, ZY1-02D and
EnMAP hyperspectral data similar
applications sensitive to shift of feature
position.
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