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Abstract

The Central Gold Belt (CGB) of Peninsular Malaylsés been investigated to map structural
elements associated with gold mineralization usivggPhased Array type L-band Synthetic
Aperture Radar (PALSAR) satellite remote sensin@.d&old mineralization in this belt is
structurally controlled and associated with steappping faults and fold hinges. Adaptive
local sigma and directional filters were applied RALSAR data for tracing structural
elements associated with gold mineralization. $tma¢ features along the Bentong-Raub
Suture Zone have been identified as highly poteatieas for gold prospecting. Four sets of
lineaments trending N-S, NE-SW, NNW-SSE and ESE-WW#gYe identified. Results of this
study demonstrate the applicability of PALSAR reenadensing data to assist gold
exploration in the CGB particularly in reducing toselated to exploration for epithermal

and polymetallic vein-type mineralization in tropi@nvironments.
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1. Introduction

The identification of geological structures andehment analysis using remote sensing
imagery are always considered complementary forpagious metals exploration program
in arid and semi-arid regions (Sabins, 1999; Alalals et al., 2000; Ramadan et al., 2001;
Kusky and Ramadan, 2002; Pour and Hashim, 20112 a(d4, 2013). However, in tropical
environments, the application of remote sensin@ dat geological structure mapping has
been much more limited (Hashim et al., 2013), bseaof the persistent cloud coverage,
limited bedrock exposures, and vegetation. Prelmyirstudies by Pour et al. (2013 a,b) and
Pour and Hashim (2014) in the Bau gold mining @istriSarawak, East Malaysia, on the
island of Borneo demonstrated the applicability satellite remote sensing imagery for
mineral exploration in tropical environments. Thetigdies suggest that more investigation is
required to test the application of remote sensia@ for locating potential gold exploration
targets in the Central Gold Belt (CGB) of the Psolar Malaysia. Many gold mines and
prospects in the Peninsular Malaysia are locateadanCentral Gold Belt (CGB) (Scrivenor,
1931; Yeap, 1993; Arffin and Hewson, 2007; Arff2012). Gold mineralization in this belt
is structurally controlled. The CGB is a highly eotial region for prospecting gold
exploration targets along the major lineament stimes using remote sensing technology. To
date, this gold belt has not been tested usingntegenerations of very high resolution
satellite remote sensing imagery.

Synthetic Aperture Radar (SAR) is an active micresveemote sensing system which can
acquire data regardless of day or night, cloude lmmzsmoke over a region. SAR image data
provide information different from that of optice¢nsors. Clouds are reasonably transparent
to microwave providing measurements with almost amather conditions. SAR images
have been used for geological mapping in glaciatetl vegetated terrain, structural geology

investigations related to the search for minerglodés and hydrocarbon traps, and studies of
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geologic hazards (Singhroy, 1992; Abdelsalam arednSt2000; Abdelsalam et al., 2000;
Ramadan et al., 2001; Kusky and Ramadan, 2002nTdnudt et al., 2006; Zandbergen, 2008;
Raharimahefa and Kusky, 2009; Pour et al., 2013 Bditinato et al., 2013; Pour and
Hashim, 2014). Radar transmits and detects radiatith wavelengths between 2.0 to 100
cm, but typically at 2.5-3.8 cm (X-band), 4.0-7/ ¢C-band), and 15.0-30.0 cm (L-band)
(Spatz, 1997; Woodhouse, 2006; Campbell, 2007)geowavelengths optimize the depth of
investigation of the radar signal and allow ragahave complete atmospheric transmission.
Generally, the approximate depth of penetratioagsal to radar's nominal wavelength. L-
band can observe the forest’s underlying surfaatufes as well as the canopy because of its
penetration capability (Henderson and Lewis 199Bddisalam et al., 2000; Shimada and
Isoguchi, 2002). Thus, in tropical environmentddnd SAR data provide the possibility of
obtaining more useable geological structure infdiomafrom the ground than shorter
wavelengths.

This research presents a remote sensing approaghkdtogical structure mapping in tropical
environments. The objectives of this study aret@Inap structural elements associated with
gold mineralization in the Central Gold Belt of tReninsular Malaysia using the Phased
Array type L-band Synthetic Aperture Radar (PALSAHRJellite remote sensing data at both
regional and local scales; (2) to establish a effsttive exploration approach for
prospecting epithermal and polymetallic vein-typaenalization in tropical environments

using PALSAR data.



2. Geological setting

Peninsular Malaysia forms an integral part of thmutBeast Asian continental core of
Sundaland and comprises two tectonic blocks/tesaihe Sibumasu Terrane in the west and
the Sukhothai Arc (East Malaya Block) in the easich were assembled by the Late
Triassic (Metcalfe, 2011, 2013a,b). Sibumasu arst Ealaya are separated by the Bentong-
Raub Suture Zone, which includes a tectonic mélavigeribbon-bedded cherts, schists, and
minor ophiolites that represent Palaeo-Tethys rertsnéHutchison, 1975, 2009; Metcalfe,
2000). More than 90% of the plutonic rocks in theniRsular Malaysia are granitic. The
granitoids can be divided into two belts, a Westlaya Main Range S-Type group of
granitoids that yield Late Triassic to earliestaldsic, and an eastern Malaya group of
dominantly I-Type granitoids with a range of agesnf early Middle Permian to early Late
Triassic (Sevastjanova et al., 2011; Searle e2@l.2).

Based on stratigraphical and structural differenttes Peninsular Malaysia is divided into
three geological belts: the Eastern Tin Belt, Cdr®Bold Belt, and Western Tin Belt that are
bounded by major fault zones (Hutchison, 1975; Khad Tan, 1983) (Fig. 1). The Central
Belt of the Peninsular Malaysia is well-known ag tBold Belt (Scrivenor, 1931; Yeap,
1993). The Central Gold Belt (CGB) consists maimdy Permo-Triassic, low-grade
metasediments, deep to shallow marine clastic ssusnand limestone with abundant
intermediate to acid volcanics and volcaniclastoeposited in a paleo-arc basin (Metcalfe,
2002; 2011; 2013 a,b). The belt coincides with Bemtong-Raub suture, which is a deep
rooted 13km wide north-south trending tectonic zéhan, 1996; Cocks et al., 2005). The
CGB is bounded by the Bentong-Raub Suture Zonbdomest and the Lebir Fault Zone to
the East (Campi et al., 2002). The north-southdirem Bentong-Raub Suture extends from

Thailand through Raub and Bentong to the east daédéa, Peninsular Malaysia (Fig. 1).



This suture represents the main Palaeo-Tethys Qbaawas destroyed by collision between
the Sibumasu and Sukhothai continental terran&ootheast Asia (Matcalfe, 2000).

Major faults in the Peninsular Malaysia strike NNNW-SSE, NW-SE, WNW-ESE, E-W,
ENE-WSW and NE-SW and have undergone complex re@eatovements, including
microstructure evidence for both sinistral and dExtovements along many strike-slip
faults (Shuib, 2009). Dating of faults in the Pesnilar Malaysia is largely poorly constrained
but major N-S trending faults are interpreted as #arliest and are related to oblique
amalgamation of Sibumasu and the Sukhothai ArbénRermian-Triassic. NNW-SSE major
dextral faults are interpreted to be Late Triagsiassic and to have resulted in the opening
of the Jurassic-Cretaceous continental pull-apadins. Reactivation of these faults as
sinistral strike-slip faults occurred in the Lateetaceous, synchronous with emplacement of
granitoids, and deformation of Jurassic-Cretaceedsed sequences (Shuib, 2009). Further
reactivation of these faults occurred in the Cero@eplumaz and Tapponnier, 2003).

Gold mineralization in the CGB is associated witk ticcretionary prism along the North-
south trending terrain boundary of the Bentong-R&uiure zone. Most of the gold
mineralization took place within a low-grade megalisnentary-volcanic terrain formed
during the collision of the Sibumasu block undethehe East Malaya (Sukhothai) block
through the Permian to late Triassic (Hutchisorf6tMetcalf, 2000, Arffin and Hewson,
2007). A collision structural overprint has genedatajor N-S and NW-SW trending left
slip faults, and dilational Riedel and subsidiangar zones and numerous splays associated
with these faults (Hewson and Crips, 1992; Tjia Zadun, 1985).

The Bentong-Raub suture has accommodated consieestitke-slip movement. This has
resulted in numerous splays running along the CKa&¢alf, 2000, 2013b). The formation of
the Bentong-Raub suture zone was probably coewal the emplacement of major faults.

The ore fluids ascended and deposited in struéyui@ourable traps, such as shear zones,



saddle reefs, and fold hinges during metamorphiach deformation (Yeap, 1993). Major
gold mineralization is observed along the steepppidg faults and hosted in sandstone,
carbonaceous shale, tuffaceous siltstone, andcadtes conglomerate (Arffin and Hewson,
2007; Makoundi, 2012). These structures host mamgrtg-gold lodes within the CGB
(Arffin, 2012). Major primary gold mineralizationafterns within the CGB can be grouped
into two types (I and Il). The type | mineralizati@onsist of large quartz reefs/lodes and
parallel swarms of veins that traverse metasedsnantl granite. Type Il mineralization
exhibits a broader variety of gold mineralizatiotyless such disseminated gold with
stockwork quartz veins affiliated with intrusive dies, and volcanogenic exhalative
sulphides within a shear zone system (Ariffin armizh 1995; Pereira, 1993; Pereira et al.,
1993). The ore mineral assemblages in both typetude gold, pyrite, arsenopyrite,

chalcopyrite, pyrrhotite, sphalerite, galena, geostie (Makoundi, 2012).

3. Materialsand Methods

3.1 PALSAR

Phased Array type L-band Synthetic Aperture RaBALSAR), onboard the Advanced Land
Observing Satellite (ALOS), was launched on January 2006 by an H-lIA rocket from
Tanegashima Space Center. It was developed by dsgavinistry of Economy, Trade and
Industry (METI) as a joint effort with Japan Aerase Exploration Agency (JAXA).
PALSAR is an active microwave sensor for all-weatt@nditions observation and operable
both day and night (Igarashi, 2001; Rosenqvist.e2804; ERSDAC, 2006). It has L-band
synthetic aperture radar with multi mode observafimction (Fine mode, Direct downlink,

ScanSar mode, and Polarimetric mode) of multi jdgéion configuration (HH, HV, VH,



and VV), variable off-nadir angle (9.9 to 50.8 d=gg), switching spatial resolution (10 m, 30
m, 100 m for Fine, Polarimetric, and ScanSar modespectively) and swath width
observation (30 km, 70 km, and 250-350 km for Rwlatric, Fine and ScanSar modes,
respectively) (lgarashi, 2001; ERSDAC, 2006).

PALSAR data can be used in specific fields, inabgdi(i) land area basin mapping
(geological structural analysis of target areasl), ¢oastal area basin mapping; (iii)
monitoring of environments and natural disastenst @v) research and development for the
processing and application of multi polarimetric SAlata (geological structural analysis
during the first stage of resource exploration) SERC, 2006).

Generally, fine (high resolution) mode is the mimetjuently used observation mode with a
ground resolution of up to 7m, which enables dethdbservation of the area of interest. Its
maximum ground resolution of 7m is one of the hghi®r a Synthetic Aperture Radar
(SAR) loaded on a satellite. There are two kind®lodervation modes; namely one is the
observation mode by single polarization of HH or YRBS: High Resolution Mode, Single
polarization), and the other is the observation enbg dual polarization of HH+HV and
VV+VH (FBD: High Resolution Mode, Dual polarizatipn PALSAR can also
simultaneously receive horizontal and vertical pga&tion per each polarized transmission,
which is called multi polarimetry. In addition, PSIAR can switch from horizontal to
vertical polarization and vice versa at respectivansmission pulse, enabling four
polarizations by double simultaneous polarizati@n,function called full polarimetry
(ERSDAC, 2006).

High resolution (fine mode), full polarimetry (nigpolarization mode), off nadir pointing
function and other functions of PALSAR improved thecuracy of analyzing geological
structure, distribution of rocks, and is expectedé used for the first stage of ore deposits

exploration (ERSDAC, 2006). Consequently, PALSARtadare useful for geological



structural analysis associated with epithermal otympetallic vein-type mineralization

especially in tropical regions, where optical seasiten fail due to bad weather conditions.

3.2 Data for the study area

In this investigation, two Fine Mode Dual polaripat and two Polarimetric Mode Quad
polarization Level 4.1 PALSAR scenes were obtaifrech the Earth and Remote Sensing
Data Analysis Center (ERSDAC) Japan (http://gdsaraérsdac.jspacesystems.or.jp/e/) for
the Central Gold Belt (CGB) of the Peninsular Malay The fine mode scenes used in this
study contain high accuracy orbit data with goodliqys 12.5 m pixel spacing, 16 bits per
pixel, 83km observationwidth in range direction, 81km observationwidth in azimuth
direction, incident angle 38,7and off-nadir angle of 34_.3Polarimetric mode scenes have
high accuracy orbit data with good quality, 25 mgbispacing, 16 bits per pixel, 44km
observationwidth in rangedirection, 73kmobservationwidth in azimuthdirection, incident
angle 24.Q and off-nadir angle of 21.5Both datasets are geo-reference and geo-coded. It
should be noted that the PALSAR images were acgjudeing the dry seasons. Table 1

shows the characteristics of PALSAR data usedigdtudy.

3.3 Data pre-processing

Level 4.1 is the product of the high resolution mdry dual polarization or the product of
polarimetry mode (or quad polarization). It is sed from processing Level 1.1 data with
respect to dual polarization data of high resotlutmode and quad polarization data of
polarimetry mode. The processing includes: (a) eamgmpression using Fast Fourier
Transform (FFT); (b) secondary range compressiamgusnge migration compensation; (c)

range migration curvature corrections; (d) azimetimpression; (e) multi-look processing;



and (f) conversion from coordination system frdansrange to ground range (for only Geo-
coded data). It consists of values for cross pr=die.g; HHHH, HH*HV) based on
observed polarizations (HH, HV, VV and VH). Furtimare, these are the data with a slant
range, which have calculated cross-products capablenaking Stoke’'s matrices to
effectively utilize polarization data. The data &eo-reference and Geo-coded data, which
enables the images to be oriented so that the mdirtetion of the observed image
corresponds to the upper direction of the imagethWieo-coded data, slant range is
converted to ground range (Gelautz et al., 1998né&&schetti and Lanari, 1999; Wise, 2002;
ERSDAC, 2006; Campbell, 2007; Marino, 2012).

Radar images are inherently corrupted by speckie presence of speckle in an image
reduces the detectability of ground targets, olesctine spatial patterns of surface features,
and decreases the accuracy of automated imageficktssn. Therefore, it is necessary to
treat the speckle by filtering the data befoream de used in various applications (Lee and
Jurkevich, 1994; Sveinsson and Benediktsson, 198éng and Xia, 1996).

To facilitate tracing the structural patterns amgestigate the relationship between structural
setting and gold mineralization in the Central GBllt (CGB) of the Peninsular Malaysia,
Level 4.1 PALSAR data required to be filtered fpeeskle reduction. Adaptive filters remove
radar speckle from images without seriously affegtine spatial characteristics of the data
(Lopes et al., 1990; Shi and Fung, 1994; Reseaystefs, Inc., 2008). Therefore, adaptive
filtering was applied to the Level 4.1 PALSAR daféhe data were processed using the
ENVI (Environment for Visualizing Images) versior84oftware package.

In this study, the adaptive Local Sigma filter veadected and applied to accomplish speckle
reduction and preserving both edges and features. Lbcal Sigma filter uses the local

standard deviation computed for the filter box ®tedmine valid pixels within the filter



window. It replaces the pixel being filtered withket mean calculated using only the valid
pixels within the filter box (Eliason and McEwer@9D). 7*7 filter size in pixels was applied.

A default value of 1.000 was used for the Sigmetéiafield. ENVI uses the Sigma Factor to
determine which pixels are valid by calculating mimum and maximum pixel value based
on the number of standard deviations (sigma) edtanel the local statistics. The pixel being
filtered will be replaced by the average of surming valid pixels (Research Systems, Inc.,
2008). Local Sigma filter showed favorable outpupreserving edges and features as well as
speckle suppression in this study, and it seerbg tmore practical than other adaptive filters

for geological structural analysis.

3.4 Data processing

Directional filtering technique was applied to thecal Sigma resultant image for detailed
lineament extraction and edge enhancement. ltgpadial domain filtering technique and
derivative edge enhancement filter that selectilizances image features having specific
direction components (gradients) (Haralick et #087; Carr, 1995; Sabins, 1996; Vincent,
1997). Edge enhancement delineates the edge anelsrita shapes and details comprising
the image more conspicuous. It can be used in gealbapplications to highlight faults and
lineaments. Directional filter is used for produgiartificial effects suggesting tectonically
controlled linear features (Drury, 1986; Suzen dioghrak, 1998; Kavak and Cetin, 2007;
Amri et al., 2011). It is a straightforward methfmat extracting edges in the spatial domain
that approximates the first derivative between ddjacent pixels. The algorithm produces
the first difference of the image input in the lzontal, vertical, and diagonal directions
(Jensen, 2005). As a result, many additional edges/erse orientations are enhanced. Edge
enhancement is performed by convolving the origdwsth with a weighted mask or kernel.

Chavez and Bauer (1982) suggested that the optikemel size (3*3, 5*5, 7*7, etc)
10



typically used in edge enhancement is a functiothefsurface roughness. Blurring becomes
more severe as the size of the kernel increaspsciafly at the edges of objects (Jensen,
2005).

Directional filters were used to enhance spedifiear trends in the Local Sigma resultant
images. Four principal Directional filters: N-S V- NE-SW, and NW-SE with a 7*7 kernel
size were applied (Table 2). Filters were chosemdblight the main lineament directions in
the Central Gold Belt (CGB) of the Peninsular Malay Directional filter angles were
adjusted as N-S:"0E-W: 90, NE-SW: 45, and NW-SE: 135 North (up) is zero degrees and
the other angles are measured in the countercleekdirection. 7*7 kernel matrix was
selected to enhance semi-smooth and smooth/rowghrés. Image Add Back value was
entered 60%. The Image Add Back value is the pémgenof the original image that is
included in the final output image. This part ot tbriginal image preserves the spatial

context and is typically done to sharpen an image.

3.5 Fieldwork

A Global Positioning System (GPS) survey was cdrdat using a GarminlMONTANA®
650 to provide accurate locations for structuratdiees associated with gold mineralization in
the study area. Field view and outcrop photograpkse taken ofthe geomorphology,
hydrothermal alteration areas and structural elésexdditionally, image processing results
were compared with the mineral distribution maptleé Peninsular Malaysia (1:500,000

scale) (Geological Survey Malaysia, 1988).
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4. Results and discussion

4.1 Structural mapping of Bentong-Raub Suture Zone

PALSAR polarimetry observation data used in thisdgt cover the southeastern part of
Bentong-Raub Suture Zone. They were analyzedustitite the major lineaments trend and
accentuate the tectonic structures of the regiofariPnetric mode observation function of
PALSAR data has appropriate characteristics farcttiral mapping at a regional scale. It is
possible to produce synthesized color images lycating Red-Green-Blue (RGB) color
combination and placing them on each polarizati@ta dthat are obtained by multi-
polarization configuration (HH, HV, VH, and VV). RB>color-composite produces an image
that depicts surface roughness associated witlogieal structures and lithology.

In this study, Local Sigma resultant images witffedent polarization configuration were
assigned to RGB color-composite to provide visuderpretation of the Bentong-Raub
Suture Zone. HH polarization image was assignedeth HV polarization image was
assigned to green, and VV polarization image wasgased to blue. Figure 2 shows RGB
color-composite image generated from PALSAR polatign observation data. Structural
trends of the Bentong-Raub Suture Zone and cdllisind compressional structures in the
Cameron Highlands are identified. Main orientatiomghe Bentong-Raub Suture Zone are
N-S, NE-SW, and NW-SE. Water bodies appear blactfswestern part of the image) and
wet lands as mauve color (Fig. 2). Smooth surfaces as calm water bodies appear dark in
radar images due to reflection. The radar sigrfldats away from the receiving antenna with
an angle equal to that of the incident angle. is tase no returning radar signal will be

detected in the receiving antenna (Abdelsalam, 2080rmond et al., 2006). Figure 3 shows
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a panoramic view of the topographic expressionafifston and compressional structures in
the Cameron Highlands.

For detailed mapping of lineament structures inBleatong-Raub Suture Zone, Directional
filters were applied to HH, HV, VH, and VV polariman images. It seems that HV
polarization is more suitable for lineament exti@ttand edge enhancement than other
polarization images. Geological structures are mecegnizable after directional filtering in
the HV polarization image. Therefore, RGB color-gmsite was allocated to N-S, NE-SW,
and NW-SE (R: Q G: 45, B: 135) with filtering directions derived from the HV poization
image (Fig. 4).

Two dominant directions can easily be identifiedamely, N-S and NE-SW sets of
lineaments (Fig. 4). More subtle lineaments st@@roximately E-W and NW-SE. The
continuous N-S striking lineament in the centrak#stern part of the image corresponds to
the boundary of the Bentong-Raub Suture Zone. N:&ling structures of the Bentong-Raub
Suture Zone are apparent in Figure 4. The colligmme and compressional structures appear
clearly in the Cameron Highlands. Generally, mdsthe lineaments are clustered in the
western part of the image. These lines mostly estKE.

PALSAR fine observation data were processed usiitgcBonal filters to map structural
elements associated with known gold deposits inKheala Lipis region, Pahang and to
identify areas along major lineaments in the Kelanstate that are prospective for ore
deposits. Fine observation data have suitable apagsolution (10m) and a swath width
(70km), which enable detailed geological structarslysis of the study area at both regional

and district scales.
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4.2 Structural mapping of goldfieldsin Kuala Lipis, Pahang

PALSAR fine observation scene covering many of db&l mining districts in Kuala Lipis
region in the state of Pahang was selected forilddtanalysis of structural features
associated with known gold deposits. It coversdhstern part of the Bentong-Raub Suture
Zone and the central part of the CGB. Panjom (B&L.58" E, 4 08 27" N), Buffalo reef
(101 47 11" E, 4 15 59" N), Selinsing (10147 38" E, 4 14 57" N), Rubber hill (10147

55" E, 4 14 38" N), Kechau-Tui (10158 49" E, 4 16 27" N) and Tersang (1051 96" E,

4 04 81" N) mines are located in this PALSAR scene. Fighirshows the district-scale
geological map of the selected study area.

Major gold mineralization is observed along theepte dipping faults. Favorable settings for
high-grade gold veins are the contact between itenahd carbonaceous sedimentary rocks,
especially where the latter are carbonaceous arsffata are tightly folded or intensely
faulted (Ariffin and Hewson, 2007). Fillies (200@ighlighted fold hinges as particularly well
mineralized sites.

Directional filtering was implemented to the PALSARLta for tracing structural elements in
the selected spatial scene covering the PanjonfaBufeef, Selinsing, Rubber hill, Kechau-
Tui and Tersang goldfields. Figure 6 shows the R&&lts for N-S, NE-SW, and NW-SE
(R: 0, G: 45, B: 135) filtering directions applied to the HV image. Thbove mentioned
Directional filters have been selected for RGB calpplication because NE-striking thrusts,
NS-striking normal faults and NW-striking strikapsfaults are the most important structural
elements for gold exploration in the CGB (AriffindiHewson, 2007; Ariffin, 2012).
Lineaments and form-lines are detected (Fig. &luging the long lineaments and short
lineaments that form linked systems with longeediments. The western and northern parts

of the images exhibit longer and more lineamerds tin the eastern part. Two major trends
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N and NE are mainly present in the western pathefimage. The central and eastern parts
of the image contain lineaments that strike NE BN (Fig. 6). Lineaments mapped in the
northern and central parts of the image expressrakfold systems as curvilinear structures.
Lineaments associated with streams are interptetdx fracture or fault controlled in the
central north part.

N-S and NE-SW trending lineament systems are extens the region. Most longer
lineaments strike N-S. N-S trending, normal-sliplts parallel to the Bentong-Raub Suture
Zone trend are defined by a prominent west facindt fescarpment. This N-S trend is similar
to the orientation of the Bentong-Raub Suture Z@fig. 6). Some NW trending lineaments
are associated with normal faults. In the radagenatrike-slip faults mark sharp boundaries;
the planar fabric on either side is either shatpiyncated or sheared (Abdelsalam et al.,
2000).

Most of the known gold deposits are located alsptpy faults in the CGB, which are
confined within brittle-ductile share or brecciateohes (Yeap, 1993; Ariffin and Hewson,
2007). Penjom gold deposit is located along spdayt$. The Kelau-Karak fault (normal) is
one of the major faults running across the Penjatdfigld that controls major plutonic
emplacements (Tjia and Zaitun, 1985). Localizetrithistion of plutons is caused by faulting
and folding, and the Penjom thrust has a NE-SWestaind southerly dip within the deposit
(Ariffin, 2007). Major gold mineralization took pta within the footwall of this thrust
(Flindell, 2003). The Kelau-Karak fault and Penjtimust are detected in the south-eastern
part of the image (Fig. 6). A regional view of tbhpen-pit quarry of Penjom is shown in
Figure 7. The Penjom thrust is the dominant featiom,trolling the distribution of ore at
Penjom and strikes NE (03%nd dips to the southwest (30 (Jasmi, 2007).

The stratigraphic sequence of sedimentary rockeajom strikes N-S and dips moderately

to the east (Fig. 8), which coincides with the oegil N-S strike and with the trend of
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granitoid bodies. At Penjom goldfield, the lateiallts and shear zones are oriented in the N-
S and NE-SW. Most high angle faults that strike SIZB5E or N-S and N30e10E or
WNW-ESE show right-lateral slip. Whereas, faultatttstrike NO35045E or NE-SW
indicate left-lateral slip (Heru et al., 2000). eaments that are spatially associated with
alteration zones are likely target areas for goldemalization. Three dominant types of
alteration were recognised in the Penjom gold dépascluding silicification, argillic
alteration (illite) and chloritisation. Limonitiaan staining is also present (Wan and Heru,
2001, 2003). Figure 9 shows the association betwgirothermal alteration zones,
lineaments, and gold mineralization in the Penjoendeposit.

The other major goldfields featured in Figure é #ire Buffalo reef, Selinsing, and Tersang.
They are located along N-S trending regional stmest in the NW and SW parts of the image
(Fig. 6). N-S and NE-SW trending faults and folgteyns are obviously manifested in the
gold mining districts (Fig. 6).

The Buffalo reef lies close to the eastern flanktlué Bentong-Raub Suture Zone. Gold
mineralization in Buffalo reef is mainly confined the marine clastic rock sequence, which
mainly strikes in N-NE and dips south (Pereira, 3;98riffin, 1995). Significant gold
mineralization is commonly hosted by a N-S trendihgared zone that cuts metamorphosed,
brecciated and hydrothermally altered calcareoaphitic shale (Ariffin, 2012). Figure 10
shows hydrothermally altered calcareous graphfiaies associated with gold mineralization
in the Buffalo reef ore deposit.

Selinsing is located along the north striking BexgidRaub Suture Zone, south of the Buffalo
reef (Figs. 5 and 6). Figure 11 shows the Selinsipgn-pit. Gold mineralization areas are
associated with N-S and NNE orientated faults essbeiated hydrothermal alteration zones

(Mohd et al., 2009; Makoundi, 2012 (Fig. 12)).

16



Structural and textural investigations have showuo tsets of NNW-SSE and NE-SW
oriented mineralised veins at Tersang deposit &igThe argillic alteration in the Tersang
deposit is characterised by sericite, illite, anohtmorillonite (Fig 13). Sericite alteration is

located proximal to the high grade zone (Makou@i2).

4.3 Prospecting potential areasin Kelantan state

PALSAR fine observation data scene that coversheontparts of the Bentong-Raub Suture
Zone and the CGB were processed to map geolodinatteres and identify prospective
areas for gold mineralization along major linearsemh the Kelantan state. Gold
mineralization is typically associated with hydmtmal quartz vein systems, skarns, and
volcanogenic massive sulfides in the northern pathe CGB in Kelantan state. Structural
element is one of the main controls on gold minea#bn in this region (Ariffin, 2012).

Figure 14 shows a selected spatial subset scemeicgwnorthern parts of the Bentong-Raub
Suture Zone and CGB in the Kelantan state. RGBrammbination was assigned for N-S
(R: 0), NE-SW (G: 45, and NW-SE (B: 13% directional filters. The HV polarization
PALSAR image was selected to perform directionléring. The N-S orientation of the
Bentong-Raub Suture Zone is detected in the wegtarh of the image (Fig. 14). The
structural lines with NE-SW and NW-SE direction® an accordance with the tectonic
framework of the study area. Major N-S and NE-SW¢mations and strike-slip faults with
sharp boundaries are revealed in Figure 14. Sesarall faults and fractures with a NE-SW
trend are clearly visible in the south and centeat of the image. However, few small faults
with N-S and NW-SE trends are observable in thehnand eastern part of the image.

Curvilinear features and some curving faults wite-8W and NW-SE trends are apparent in
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the image especially in the central part (Fig. Tdese lineaments and curvilinear structures
have great potential for hosting quartz-gold lodes.

Major gold deposits are located along the N-S 8egiRaub Suture Zone in the CGB.
Consequently, similar N-S trending structures awespective for gold mineralization in the
CGB. However, extensive deformation associated with intersections of N-S, NE-SW,
NNW-SSE and ESE-WNW brittle-ductile shear zones atpresent favorable sites for gold
mineralization at the district scale. Particulaffworable structural elements include the
presence of fault-related rocks (cataclasite andomitg) and coincident hydrothermal
alteration. Curvilinear features are also importéort gold prospecting. Fold hinges are
favorable sites where they are associated witmgstly faulted zones in contact between
tonalite and carbonaceous sedimentary rocks. Caesdly, the intersections of circular
features, lineaments and hydrothermal alteratiomegoare important indicators for gold

exploration in the CGB.

5. Conclusions

Results of this investigation provide an explomatepproach using PALSAR data to map
structural elements associated with gold mineratinaalong the Bentong-Raub Suture Zone
in the Central Gold Belt (CGB) of the Peninsularldjaia. Structural investigation has
shown sets of N-S, NE-SW, NNW-SSE and ESE-WNW nailisxd trends associated with
fault-related rocks and hydrothermal alteratione=oriThese main fault trends are intersected
by many shear or lateral fault zones. Of particuigportance to exploration are shear zone,
mylonite, cataclasite and felsic intrusive withramdent hydrothermal alteration. The results

of this study demonstrates the usefulness of PALSRellite remote sensing data for
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mapping regional and district structural elemestoaiated with epithermal and polymetallic

vein-type mineralization in tropical environments.
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Figure captions

Figure 1. Simplified geological map of the penimgsuMalaysia. Modified from Metcalfe,
(2013a). Study area is located in black rectangle.

Figure 2. RGB color combination of PALSAR polarimetHH, HV and VV images,
southeastern part of the Bentong-Raub Suture Zone.

Figure 3. Field photographs of the topographic eggion of collision and compressional
structures in Cameron Highlands.

Figure 4. RGB image of N-S 10 NE-SW (45), and NW-SE (13% directional filters,
southeastern part of the Bentong-Raub Suture Zone.

Figure 5. District-scale geological map of the gdiposits, Kuala Lipis, Pahang, Central
Malaysia. Modified from Makoundi, (2012).

Figure 6. RGB image of N-S J0 NE-SW (45), and NW-SE (13% directional filters
covering gold mining districts in Kuala Lipis regioPahang.

Figure 7. A regional view of the open-pit quarryReEnjom ore deposit.

Figure 8. Stratigraphic sequence of sedimentargsrat Penjom ore deposit.

Figure 9. Association of hydrothermal alteratiome® and lineament intersections with gold
mineralization in Penjom ore deposit.

Figure 10. Hydrothermally altered zone in Buffaéefr ore deposit.

Figure 11. A regional view of the open-pit quarfySelinsing ore deposit.

Figure 12. Association of hydrothermally altereches and fault-related rocks with high

grade ore mineralization section in the open parguof Selinsing.
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Figure 13. A view of argillic alteration zone iretffersang goldfield.
Figure 14. RGB image of N-S 0 NE-SW (45), and NW-SE (13% directional filters

covering the northern part of the CGB, Kelantatesta

Table captions

Table 1. The characteristics of PALSAR Level 4.1adased in this studyiH= Horizontally

transmitted and Horizontally received, HV= Horizalfyt transmitted and Vertically received, VV= Vedily transmitted and Vertically

received, VH= Vertically transmitted and Horizohtakceived)

Table 2. Directional filters with 7*7 kernel matrix
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Table 1: The characteristics of PALSAR Level 4.1adased in this studyHH= Horizontally

transmitted and Horizontally received, HV= Horizallt transmitted and Vertically received, VV= Vedily transmitted and Vertically
received, VH= Vertically transmitted and Horizohtakceived)

Granule ID Date of acquisation Instrument operatiamde Polarity

Path/Row

PASL4100706061550471312030001 200086/ PLRM HH+HV+VV+VH 485/8
PASL4100706061550391312030000 200086/ PLRM HH+HV+VV+VH 486
PASL4100709111556501312030004 2001109/ FBDH HH+HV 488/7
PASL4100709111556581312030003 2007109/ FBDH HH+HV 488/8
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Table 2: Directional filters with 7*7 kernel matrix

N-S

-1.0000 -1.0000 -1.0000 0.0000 1.0000 [0]() 1.00C

-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
-1.0000 -1.0000 ano 0.0000 1.0000 1.0000 1.0000
E-W

-1.0000 -1.0000 ano -1.0000 -1.0000 -1.0000 -1.0000
-1.0000 -1.0000 ano -1.0000 -1.0000 -1.0000 -1.0000
-1.0000 -1.0000 ano -1.0000 -1.0000 -1.0000 -1.0000
0.0000 0.0000 0amo -0.0000 -0.0000 -0.0000 -0.0000
1.0000 1.0000 0ano 1.0000 1.0000 1®M00 1.0000
1.0000 1.0000 0ano 1.0000 1.0000 1®M00 1.0000
1.0000 1.0000 0ano 1.0000 1.0000 1®MO0 1.0000
NE-SW

-1.4142 -1.4142 -1.4142  -0.7071 0.0000 0.0000 .000C

-1.4142 -1.4142 ma -0.7071 0.0000 0.0000 0.0000
-1.4142 -1.4142 ma -0.7071 0.0000 0.0000 0.0000
-0.7071 -0.7071 avz 0.0000 0.7071 0.7071 0.7071
0.0000 0.0000 0amo 0.7071 1.4142 1.4142 1.4142
0.0000 0.0000 0amo 0.7071 1.4142 1.4142 1.4142
0.0000 0.0000 00mo 0.7071 1.4142 1.4142 1.4142
NW-SE

0.0000 0.0000 o -0.7071 -1.4142 -1.4142 -1.4142
0.0000 0.0000 o -0.7071 -1.4142 -1.4142 - 1.4142
0.0000 0.0000 o -0.7071 -1.4142 -1.4142 -1.4142
0.7071 0.7071 (0044 0.0000 -0.7071 -0xo7r -0.7071
1.4142 1.4142 ma 0.7071 0.0000 0MOo0  0.0000
1.4142 1.4142 ma 0.7071 0.0000 0MOo0  0.0000
1.4142 1.4142 ma 0.7071 0.0000 0MO0  0.0000
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