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Abstract: Radiometric mapping could play a prominent role in locating the host rock or alteration
that leads to gold mineralization. Nevertheless, in low-sulfidation epithermal gold deposits, the
radiometric signatures have to be priorly characterized due to their geometry. It is comprised
of a small ore vein system within the large alteration zones. The Pongkor gold mine is a low-
sulfidation epithermal deposit and was selected for this purpose. The method started with the
surface identification of radiometric signatures on altered and unaltered rocks near Pongkor using
portable spectrometers. They are followed by the characterization of the underground mining
front, which is comprised of different types of veins and host rocks. The results show that the
altered rocks were characterized by a high K% and a low eTh/K ratio. Vice versa, the mineralized
veins show low radioelement concentrations. Following the characterization of the geometry of
alteration zones and mineralized veins, a study of the relationship between radioelements detected
by radiometric mapping and gold pathfinder elements was conducted. Gold pathfinders of Mn,
Fe, Zn, As, and Pb were selected for correlation studies with the radioelement. The pathfinders
and radioelements were more significantly correlated in veins compared to the host rock. Based on
this study, radiometric mapping has the potential and benefit of being applied in the exploration of
low-sulfidation epithermal gold deposits. An alteration zone could be delineated by K or eTh/K
as an anomaly indicator, and the vein bodies could also be delineated using low K or eTh as an
anomaly indicator.

Keywords: radiometric mapping; gold deposit; pathfinder; Pongkor; low-sulfidation epithermal

1. Introduction

The radiometric mapping measures the abundance of K, U, and Th, naturally oc-
curring radioactive materials (NORM), on Earth’s surface. The method is best executed
with a multispectral sensor, referred to as gamma spectrometry, so the signature of the
radioelement can be separately recorded and allow further analysis. The measurements
can map and characterize different rock units based on the varying concentrations of these
radioelements [1,2]. The method is prevalent, practical, and effective for detecting thorium
and uranium anomalies in exploration. Radiometric mapping that has been carried out in
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Mamuju, West Sulawesi, produces information on the concentration of radioelements in
rocks and soil and illustrates the distribution of rock types and the presence of radioactive
uranium and thorium minerals [3,4].

The radiometric method is not limited to the exploration of radioactive minerals.
It can also be applied to exploring other mineral deposits, such as gold, by combining
several other analytical methods. This method mainly plays a role in locating the host rock
or alteration that leads to gold mineralization. On orogenic gold deposits, the airborne
radiometric method has successfully affirmed the gold mine location, characterized by
deficient levels of all radioelement maps [5]. The success story has also been described
based on gamma-ray detection of potassic alteration in porphyry deposits and volcanic-
hosted massive sulfide [6].

Besides interpreting the single radioelement map one by one, the three radioelement
maps produced by the radiometric method are commonly processed to retrieve a single
ternary composite image. The ternary composite image helps distinguish several geological
domains [7] and alteration zones [5] on the orogenic gold deposit. One of the analytical
methods used to enhance a radioelement’s signature is radioelement ratios. On the por-
phyry deposits, the high radiometric anomaly on the K and eTh (equivalent thorium) ratio
is powerful in detecting potassium-enriched areas of potassic alteration related to gold
mineralization [8–10]. It is noted that the eTh/K ratio is good enough to distinguish the
phyllic alteration zone [10].

In the case of high-sulfidation (HS) epithermal deposits [11] and low-sulfidation (LS)
epithermal deposits [12–14], the potassium enrichment in alteration zones of the epithermal
deposit makes the K/eTh ratio very useful as an indicator of gold mineralization. Although
the radiometric method is excellent in aiding lithological mapping and mineral exploration,
it has been pointed out that surface processes such as weathering and erosion may mask
the radiometric signatures of the magmatic and hydrothermal products [15].

All the studies mentioned above addressed the radiometric signature of a broad ge-
ologic setting to detect anomalies leading to geological domains associated with gold
mineralization confirmed by the area’s known gold deposits. In this study, we measured
the radiometric characteristics of the actual mining fronts of an LS epithermal gold deposit
in combination with geochemical methods. This study aims to obtain a model of radiomet-
ric patterns associated with lithologies and the mineralization of an LS epithermal gold
deposit. The model is expected to be a guideline in surface radiometric mapping for gold
exploration to increase the success potential. The typical LS epithermal gold deposit of the
Pongkor deposit in West Java was chosen because of its well-known geological condition
due to the extensive studies that have been conducted for years in terms of supergene-
enriched epithermal, study of carbonate minerals, geochronology, and ore-forming fluid
(Figure 1) [16–20].



Resources 2024, 13, 2 3 of 15Resources 2024, 13, x FOR PEER REVIEW  3  of  16 
 

 

 

Figure 1. The location of the Pongkor low-sulfidation epithermal gold deposit (black star). 

2. Geological Setting 

The Sunda arc, formed since the Late Cretaceous due to the subducting Indo-Aus-

tralian plate beneath  the Eurasian plate, has created  the Sumatra-Jawa-Banda Metallo-

genic Belt with significant gold-silver-base metal deposits [20–25]. The deposit type that 

significantly contributed to gold production in Java is the LS epithermal type of minerali-

zation  [20].  In western  Java,  several LS epithermal gold deposit prospects were  repre-

sented by Cibaliung, Kerta, Pongkor, Cisoka, Cikotok, Cirotan, Cikidang, and Gunung 

Peti [16,20,26–31]. The Pongkor gold deposit  is located on the northeastern flank of the 

Bayah Dome  (Figure 1)  [30]. The Bayah Dome  is a volcanic  landform  formed  from  the 

early Tertiary (Paleocene–Eocene) to the Pliocene [22]. The dome consisted of calc-alkaline 

rhyolitic to andesitic rocks with a few intercalations of limestone and sandstone [16,29].   

The Pongkor deposit lies within a volcano-tectonic depression or caldera associated 

with ignimbrite volcanism. As shown in Figure 2, the volcanic rocks that act as hosts in 

the Pongkor deposit are divided into three units: the lower, middle, and upper volcanic 

units [16]. The lower units comprise brecciated andesitic lava flows and monogenic brec-

cias, with  epiclastic  sandstone  and  siltstone  intercalation.  The middle  unit  comprises 

subaerial dacitic rocks divided into three subunits: a basal subunit, a main ignimbrite sub-

unit, and a topmost subunit. The basal subunit consists of intercalated accretionary lapilli 

tuff, fine-grained tuff, crystal tuff, and pyroclastic flow deposits. The main ignimbrite sub-

unit is mainly composed of lapilli-block tuff (LBT). The topmost subunit consists of epi-

clastic siltstone with fine-grained pyroclastic fall tuff at the very top. The mineralization 

veins were mainly  found within LBT. The upper unit was  formed mainly of andesitic 

flows and shows no indication of hydrothermal alteration.   

The hydrothermal alteration  in  the Pongkor deposit  is widespread near  the veins 

[16,30]. Silicification characterized by quartz exceeding 40% is extended up to 10 m from 

the veins. Potassic alteration is characterized by rare fine illite within ignimbrites super-

posed by propylitic alteration that consists of chlorite, epidote, carbonate, and quartz. Ar-

gillic alteration (illite, smectite) extends around the veins for hundreds of meters. The min-

eralization  systems  in  the  Pongkor  gold  deposit  comprise  several  central  production 

veins, known as Pasir  Jawa, Ciguha, Kubang Cicau, Ciurug, Gudang Handak, and  the 

Figure 1. The location of the Pongkor low-sulfidation epithermal gold deposit (black star).

2. Geological Setting

The Sunda arc, formed since the Late Cretaceous due to the subducting Indo-Australian
plate beneath the Eurasian plate, has created the Sumatra-Jawa-Banda Metallogenic Belt
with significant gold-silver-base metal deposits [20–25]. The deposit type that significantly
contributed to gold production in Java is the LS epithermal type of mineralization [20]. In
western Java, several LS epithermal gold deposit prospects were represented by Cibaliung,
Kerta, Pongkor, Cisoka, Cikotok, Cirotan, Cikidang, and Gunung Peti [16,20,26–31]. The
Pongkor gold deposit is located on the northeastern flank of the Bayah Dome (Figure 1) [30].
The Bayah Dome is a volcanic landform formed from the early Tertiary (Paleocene–Eocene)
to the Pliocene [22]. The dome consisted of calc-alkaline rhyolitic to andesitic rocks with a
few intercalations of limestone and sandstone [16,29].

The Pongkor deposit lies within a volcano-tectonic depression or caldera associated
with ignimbrite volcanism. As shown in Figure 2, the volcanic rocks that act as hosts in
the Pongkor deposit are divided into three units: the lower, middle, and upper volcanic
units [16]. The lower units comprise brecciated andesitic lava flows and monogenic breccias,
with epiclastic sandstone and siltstone intercalation. The middle unit comprises subaerial
dacitic rocks divided into three subunits: a basal subunit, a main ignimbrite subunit, and a
topmost subunit. The basal subunit consists of intercalated accretionary lapilli tuff, fine-
grained tuff, crystal tuff, and pyroclastic flow deposits. The main ignimbrite subunit is
mainly composed of lapilli-block tuff (LBT). The topmost subunit consists of epiclastic
siltstone with fine-grained pyroclastic fall tuff at the very top. The mineralization veins
were mainly found within LBT. The upper unit was formed mainly of andesitic flows and
shows no indication of hydrothermal alteration.

The hydrothermal alteration in the Pongkor deposit is widespread near the veins [16,30].
Silicification characterized by quartz exceeding 40% is extended up to 10 m from the veins.
Potassic alteration is characterized by rare fine illite within ignimbrites superposed by
propylitic alteration that consists of chlorite, epidote, carbonate, and quartz. Argillic alter-
ation (illite, smectite) extends around the veins for hundreds of meters. The mineralization
systems in the Pongkor gold deposit comprise several central production veins, known
as Pasir Jawa, Ciguha, Kubang Cicau, Ciurug, Gudang Handak, and the Pamoyanan
vein [16,19,30,32,33]. The veins show general trends within the NNE—SSW direction. The
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veins originated from a four-stage mineralization event known as carbonate–quartz facies
(CQ), manganese oxide–quartz facies (MOQ), banded opaline quartz facies (BOQ), and
grey sulfide quartz facies (GSQ) [16].
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The CQ facies is the first stage of mineralization that consists of quartz-carbonate or
carbonate veinlets and carbonate-quartz breccia, with rare and disseminated sulfides within
quartz (<1%). The gold grade in the CQ facies is generally lower than 1 g/t. Following
the CQ, the MOQ alternates quartz and rhodonite bands. The rhodonite was altered to
Mn and Fe oxides, forming pockets between quartz bands. These pockets are rich in gold,
ranging from 30 to 55 g/t Au. The BOQ is constructed by massive white milky quartz
with a clear band texture, bands of adularia, and fine disseminate sulfides (<1%). The BOQ
has a reasonably high gold content, ranging from 5 to 15 g/t. The GSQ has the highest
concentration of gold, more than 30 g/t Au. It is represented by gray sulfide-rich quartz
breccia [16]. The main ore assemblages found in the Pongkor gold deposit comprised [17]:

1. Pyrite–chalcopyrite–sphalerite–galena. This ore assemblage is the most common
sulfide mineral in the vein system. It formed from the early stage (CQ) to the late
stage of mineralization (GSQ).
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2. Au–Ag alloy–acanthite–polybasite–pearceite. Various types of sulfide-sulfosal miner-
als characterize this assemblage. These minerals are dominantly found in the GSQ in
isolated patches, as vug fillings, interstitial aggregates, or as inclusions in pyrite.

3. Chalcocite–acanthite–aguilarite. These ore assemblages originated from the supergene
process and formed later in the mineralization system.

Ore minerals are rare in Pongkor. They are less than 0.5 wt.% and disseminated as tiny
grains in all four vein facies: CQ, MOQ, BOQ, and GSQ, with the highest concentration
in the BMQ and GSQ facies. The primary gold carrier in Pongkor is sulfide mineral
assemblages, with the dominant components being pyrite, chalcopyrite, sphalerite, and
galena, with minor phases such as silver sulfides-sulfosalts [16,32,33]. Gold occurs as
Au–Ag alloy/electrum, uytenbogaardtite (Ag3AuS2), and native gold.

The Au–Ag alloy, or electrum, is the most essential gold-bearing mineral in Pongkor.
Electrum is present in each mineralization stage and is most abundant in GSQ facies. It
commonly forms amoeboid patches or small aggregates and presents as inclusions or
vug filling in pyrite, sphalerite, and sometimes in silver minerals [16,32,33]. Electron-
microprobe analysis reported that uytenbogaardtite (Ag3AuS2) is found as small patches
enclosed by galena associated with sphalerite, chalcopyrite, acanthite, polybasite, and
covellite (±argentian tetrahedrite) or appears on the rim of Au–Ag alloy aggregates [32].
Native or pure gold of supergene origin is found as microspherules and dendrites displaced
in the vein structure and concentrated in pockets [16] or as a cementing phase associated
with covellite, pyrite, and polybasite [32].

3. Materials and Methods

This research method was divided into two parts. The first part was identifying
radiometric signatures between the altered rocks and the unaltered rocks in the surface
rock. The second part was recognizing the radiometric and geochemical signatures of veins
and host rocks in the mining front. The mining front is a new blast area in the underground
tunnel where the ore is being or has been mined. The radiometric measurement was carried
out using an RS-125 gamma-ray spectrometer.

The radiometric data in the first part were collected in dynamic mode, where the
instrument measured radioelements every 10 s while roaming the zone of the altered rock
on the middle pyroclastic unit and the unaltered rock on the quaternary volcanic unit. For
the second part, we collect the radioelement data on five mining fronts and an outcrop with
a sampling spacing of 0.5 m perpendicular to the vein.

Following the characterization of the geometry of alteration zones and mineralized
veins, a study of the relationship between radioelements detected by radiometric mapping
and gold pathfinder elements was conducted. Identifying the pathfinder element in gold
exploration is very important. Several studies on the use of pathfinder elements for
gold exploration have been well described [34,35]. In our case, the pathfinder would be
correlated with the radioelement to obtain a multiple vision of interpreting the result of the
radiometric mapping.

The identification of the pathfinder in the vein and host rock was conducted by
a portable XRF (pXRF) Olympus Vanta C-series. The measurement was conducted for
30 s on each of the three beams. It has to be anticipated that the radiometric and pXRF
measurements on the sample do not have the same volume and size of coverage. Thus,
first, we compared the K concentration obtained from the pXRF and the radioelement
content from the radiometric method to ensure they were comparable. Once they have a
significant correlation, we compare the pathfinder from pXRF to the radio element from
radiometric measurements.

4. Results
4.1. Radiometric Signatures of the Unaltered and Altered Zones

There are 458 measurements in the unaltered zone and 486 in the altered zone (see
Figure 2). There was a slight increase in the eU (equivalent uranium) value from the
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unaltered to the altered zones, but it was insignificant. Conversely, the eTh distribution
showed some rise in the altered zone with a broader range compared to the unaltered zone.
The K distribution is significantly different in the altered zone. In the case of Pongkor, the
line of 1.4% K differs in the altered and unaltered zones (Figure 3).
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4.2. Radiometric Signatures of the Mining Fronts and Outcrop

The radiometric measurement was conducted on Ciguha, Ciurug, and Gudang Han-
dak veins at various mining elevations. The Ciguha vein was measured at 490 m (CGH 490)
and 492 m (CGH 492). The Ciurug vein was measured at 456 m (CRG 456) and the Gudang
Handak vein at 450 m (GDH 450) and 460 m (GDH 460). A total of 33 measurements on
the vein and 44 measurements on the host rock were obtained. There were no noteworthy
differences between the K, eU, and eTh value distributions among the vein types, but the
values in the host rock were generally distributed at higher values. Significant variations
were noted on all radioelement values, where their mean in the host rock was three times
higher than in the veins. There was also a significant increase in the range for eU and eTh.

The CGH 490 front is a good observation location in terms of representativeness
because it contains three of the four vein types in the Pongkor deposit. The types of veins
observed in this front were carbonate-quartz vein, manganese oxide-quartz vein, and
banded quartz facies. The radiometric measurements of the cross-section of the CGH 490
front can be seen in Figure 4. The K, eU, and eTh values were relatively elevated in the host
rock and fell in the veins. The radioelements value also decreased on the contact between
the host rock and the vein (i.e., observation point 17). The elevated values of K and eTh
were consistent, while the eU values were somehow varied. At some points, the eU showed
low values in the host rock, as low as in the veins. The radioelement values among vein
types were not so different.

Only the carbonate-quartz veins were found in the CGH 492 front. Figure 5 displays
the radiometric signature of the CGH 492 front. The radiometric signature was not as ideal
as the CGH 490 front, but a decrease in radioelements in the veins was observed, similar to
the CGH 490 front, particularly the low K signature.

Meanwhile, the eTh and eU were relatively less consistent. The same phenomena
were observed in the CRG 456 front, as depicted in Figure 6. The banded quartz veins
observed in the CRG 456 front showed a low signature of all radioelements. We note a
slight increase in radioactive elements in the host rock. The increase was best observed
in the eTh signature. As for eU and eTh, on the transition between vein and host rock
(observation points 5 and 6), the pattern was varying.
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The pattern where the radioelements increase at the host rock and decrease at the
vein was also observed in the GDH 450 front (Figure 7). The banded quartz vein type was
observed on this front. The difference from the other front is a slight decrease of eTh in the
host rock, as seen in observation points 6 and 7.

This eTh decrease was similar to the GDH 460 radiometric signature (Figure 8). We
found three types of veins in this area. The increasing values of all radioelements were
spotted in the host rock, along with lower values in the veins. The higher values on the
manganese oxide-quartz vein than other vein types were also noticed.

The UBPE outcrop was weathered to a low degree. Nevertheless, the host rock and
veins were still well-distinguished. The radiometric measurement cross-section of the
UBPE outcrop is displayed in Figure 9. The increase in the host rock and decrease in the
carbonate-quartz veins were obtained consistently for K and eTh. Despite that, the eU
values were not synced with other radioelement signatures. Somehow, the eU values were
decreased in the host rock and increased in the veins.

4.3. Geochemistry of the Mining Fronts and Outcrop

The K value from the pXRF has a strong Pearson’s correlation of 0.67 to the K value
from the radiometric method among all samples. Thus, other sample elements were apple-
to-apple comparable in terms of the sample size of the direct pXRF (centimetric) with the
indirect method of radiometric measurement (decimetric). From the geochemical analysis,
we selected five pathfinder elements of gold mineralization [36], which correspond to the
elements in the Pongkor deposit [32] and have consistent results from the pXRF in the host
rock and all vein types.



Resources 2024, 13, 2 9 of 15Resources 2024, 13, x FOR PEER REVIEW  9  of  16 
 

 

 

Figure 7. Radiometric measurements of the cross-section of the GDH 450 Front. 

This eTh decrease was similar to the GDH 460 radiometric signature (Figure 8). We 

found three types of veins in this area. The increasing values of all radioelements were 

spotted in the host rock, along with lower values in the veins. The higher values on the 

manganese oxide-quartz vein than other vein types were also noticed. 

 

Figure 8. Radiometric measurements of the cross-section of the GDH 460 Front. 

The UBPE outcrop was weathered to a low degree. Nevertheless, the host rock and 

veins were  still well-distinguished. The  radiometric measurement  cross-section  of  the 

UBPE outcrop is displayed in Figure 9. The increase in the host rock and decrease in the 

carbonate-quartz veins were obtained consistently for K and eTh. Despite that, the eU val-

ues were not synced with other radioelement signatures. Somehow, the eU values were 

decreased in the host rock and increased in the veins. 

Figure 7. Radiometric measurements of the cross-section of the GDH 450 Front.

Resources 2024, 13, x FOR PEER REVIEW  9  of  16 
 

 

 

Figure 7. Radiometric measurements of the cross-section of the GDH 450 Front. 

This eTh decrease was similar to the GDH 460 radiometric signature (Figure 8). We 

found three types of veins in this area. The increasing values of all radioelements were 

spotted in the host rock, along with lower values in the veins. The higher values on the 

manganese oxide-quartz vein than other vein types were also noticed. 

 

Figure 8. Radiometric measurements of the cross-section of the GDH 460 Front. 

The UBPE outcrop was weathered to a low degree. Nevertheless, the host rock and 

veins were  still well-distinguished. The  radiometric measurement  cross-section  of  the 

UBPE outcrop is displayed in Figure 9. The increase in the host rock and decrease in the 

carbonate-quartz veins were obtained consistently for K and eTh. Despite that, the eU val-

ues were not synced with other radioelement signatures. Somehow, the eU values were 

decreased in the host rock and increased in the veins. 

Figure 8. Radiometric measurements of the cross-section of the GDH 460 Front.

The pathfinder elements used were Mn, Fe, Zn, As, and Pb. Pearson’s correlation
between the pathfinder elements and the radiometric signature can be seen in Table 1. In
host rock, there is a moderate correlation between eU-Pb and eTh-As. In the BOQ vein,
the correlation between K-Mn, K-Fe, K-Pb, eTh-Mn, and eTh-Fe is moderate. Meanwhile,
eU-Pb shows a strong correlation. In the CQ vein, eU-Zn and eTh-Zn have a moderate
correlation, and eU-Pb has a strong correlation. In the MOQ vein, K-Mn, K-Zn, K-Pb,
eU-Mn, eU-Fe, eU-Zn, eU-Pb, eTh-Zn, and eTh-Pb have a moderate correlation and a
strong correlation, as shown by K-As and eTh-As.
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Figure 9. Radiometric measurements show the cross-section of the UBPE outcrop.

Table 1. Pearson’s correlation between epithermal gold mineralization pathfinder elements and the
radiometric signature of host rock and vein types.

Unit Radioelement Mn Fe Zn As Pb

Host Rock
K (%) 0.00 0.29 −0.02 0.14 −0.07

eU (ppm) −0.20 −0.04 −0.18 −0.03 −0.44
eTh (ppm) 0.00 −0.37 0.00 −0.43 0.35

BOQ Vein
K (%) −0.48 −0.46 0.06 0.59

eU (ppm) −0.08 −0.18 0.12 0.71
eTh (ppm) −0.46 −0.53 −0.10 0.29

CQ Vein
K (%) 0.26 0.04 −0.13 −0.17 −0.09

eU (ppm) 0.16 −0.27 −0.43 −0.10 −0.60
eTh (ppm) −0.03 −0.30 −0.48 −0.28 −0.14

MOQ Vein
K (%) −0.57 −0.24 −0.42 0.97 −0.41

eU (ppm) −0.52 −0.44 −0.41 0.17 −0.57
eTh (ppm) −0.28 0.05 −0.40 0.85 −0.48

Note: yellow (0.4–0.59) for moderate correlation, orange (0.6–1.0) for strong correlation.

The statistical distribution of pathfinder elements in all types of veins and host rock
is presented in Figure 10. Compared to the veins, the Fe content of the host rock was
much higher. No other pathfinders follow this behavior. On the vein types, all pathfinders
exhibited various ups and downs. The Mn composition in the MOQ vein was slightly
higher and had a broader range than the other veins and host rock. The contents of As in
the CQ vein and Zn in the MOQ vein were significantly higher than in other vein types
and host rocks. The Pb content was not as fluctuating as other pathfinders.
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Figure 10. The box and whisker plot shows the statistical distribution of pathfinder elements in all
types of veins and host rocks.

5. Discussion

The altered zone shows highly elevated K content, more than twice that of the unal-
tered zone (Figure 11). Potassium is geochemically more mobile than other radioelements.
This increase in K% content in the altered zone indicates migration of potassium and accu-
mulation in the altered zone, leading to potassic alteration. In the Pongkor gold deposit,
K-bearing minerals found in the altered rocks are illite and adularia [16,30,33]. Illite is
found in several alteration types, such as argillic and potassic alteration. Adularia was
commonly found in potassic alteration and all vein types [16]. The low K content in the
unaltered zone was due to limited K-bearing minerals in unaltered andesitic rocks such
as biotite.
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zones (the × marks represent the mean of the distribution).

Following K content enrichment in the altered host rock, the eTh concentration also
slightly increases. The most significant contrast is in the K value. The K value in the
unaltered zone is distributed at a low value with a short range of generally less than 1.4%.
The altered zone’s K distribution generally increased to more than 1.4% (Figures 3 and 11).

Thorium, an immobile element, is usually not much affected by hydrothermal alter-
ation processes. Nevertheless, in this research area, the presence of thorium increases in the
altered zone. The increase in Th usually does not accompany potassium in hydrothermal
alteration processes [6,8,13]. Nonetheless, separate analysis of radioelements cannot give a
reliable clue for the hydrothermally altered zone by itself because the increase or decrease of
radioelements can be a result of several processes other than hydrothermal alteration [37,38].
In this case, the radioelement ratios were suitable for determining where potassium concen-
trations were high. High K/eTh ratios, which imply a hydrothermally altered area, clearly
distinguish the altered zone from the unaltered zone in this research area.

Radioelement signatures in the mining fronts show distinguishable patterns between
host rocks and all vein types. In the host rock, radioelement content reaches twice to three
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times what it does in the vein (Figure 12). The hydrothermal alteration involves the fracture
system’s fluid-rock interaction and mineral precipitation. One of the effects of fluid-rock
interaction in host rocks is increasing the potassium content in the host rock in the form of
secondary K-feldspar [19,33]. Due to this, the radioelements, especially potassium, show
an increasing pattern in the host rock. In the quartz vein, even though some K-Feldspar
(adularia) precipitates, there is no deposition or precipitation of other minerals containing
radioelements [19,33]. Thus, the radioactive signature is low in the vein.
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Figure 12. Box and whisker plot of the radioelement measurements in the veins and host rock
of all the mining fronts and outcrops (the × marks represent the mean of the distribution; BOQ
vein = Banded Opaline Quartz; CQ = Carbonate-Quartz vein; MOQ = Manganese Oxide Quartz
vein).

Radiometric measurement for eU shows the varying signatures in the host rock and
veins. Considered a mobile element, the nature of the U may cause the fluctuation. In the
mining case, when the hydrothermal fluid interacts with the host rock under oxidizing
conditions, an amount of U can be leached from the host rock and then absorbed by
secondary minerals in the vein [39]. This process may be followed by other oxidizing
conditions on the veins and host rock, causing U to move so that the eU concentrations can
vary along the vein cross-sections.

The gold pathfinder elements used in this research were correlated to several ore
minerals found in the Pongkor Gold deposit. The Mn originated from manganese minerals
such as rhodonite or rhodocrosite, customarily found in the Pongkor vein [16]. The Fe
was a reflection of the pyrite (FeS2) or chalcopyrite (CuFeS2) mineral that disseminated
throughout the vein [16,32]. The source of Pb is galena (PbS), and Zn comes from sphalerite
(ZnS) [16,32]. The origin of As interpreted, could be from pearceite ((AgCu)16As2S11) or
proustite (Ag3AsS3), which form infill or vug filling [32].

The correlation between all pathfinders and the radioelements in the host rock was
dominantly poor (Table 1). The host rock in mining fronts was dominantly controlled by
propylitic alteration, which formed chlorite, epidote, carbonate, and quartz [16]. On the
other hand, ore minerals are dominantly controlled by the formation of the vein [16,32].
Therefore, the differences in the processes experienced by the host rock and the presence of
ore minerals cause a low correlation coefficient between the pathfinders and radioelements.

Generally, all pathfinder elements have a moderate negative correlation to radioele-
ments except for Pb in the BOQ vein, Pb in the CQ vein, and As in the MOQ vein, which
have a good to strong positive correlation (Table 1). In the vein, the possible sources for ra-
dioelement minerals are secondary K–feldspar (adularia) and clay minerals (illite) [16,19,33].
The occurrences of those radioelement minerals were associated with the ore minerals in the
vein, thus resulting in a good correlation number for both elements. The negative results
of the Pearson correlation indicate that radioelements and pathfinders are not hosted in
the same minerals [40]. For Pb in the BOQ vein and As in the MOQ vein that have a good
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to strong positive correlation to radioelements, it is most likely caused by the adsorption
process of Pb and As in clay minerals (illite) [41–43].

Based on this study, radiometric mapping has an excellent benefit for the exploration
of LS epithermal gold deposits. In this research area, the alteration covers a large zone in
the middle pyroclastic unit [30]. At the surface, these altered rocks occupy an area of more
than 3 × 3 km2 (Figure 2). Therefore, in the preliminary exploration stage for delineating
the alteration zone, a 100- to 200 m line spacing could be applied. An iso K or eTh/K map
could be selected for this purpose.

Furthermore, more detailed radiometric mapping could be applied to delineate vein
bodies. The thickness of the veins varies. For example, Pasir Jawa averages 4.32 m, Ciguha
3.45 m, and Kubang Cicau 4.11 m [16,32]. Line spacing of 5 to 10 m could be applied for
this purpose. The mineralized vein would be identified as having a low K or eTh value. To
enhance the contrast of the altered host rock with the mineralized vein in the radiometric
map, the iso K x eTh could be selected.

6. Conclusions

The radiometric measurement method is a potent tool for exploration in epithermal
LS gold deposits. This method could differentiate between unaltered and altered host
rocks related to gold mineralization. Furthermore, the radioelement characteristics of
the mineralized vein and altered host rock were distinguishable. Geochemically, the
radioelements show an excellent correlation with several gold pathfinder elements.

In this study, the unaltered host rocks are characterized by low K and high eTh/K
ratios. Conversely, the altered host rock has a high K and a low eTh/K value. In the
mining fronts, the mineralization veins show low radioelement signatures. The range
of the radioelement’s signatures is relatively similar throughout different mineralization
vein facies.

The gold pathfinders used in this research, Mn, Fe, Zn, As, and Pb, show good
association with the positive or negative radioelements. The positive correlation of Pb
and As to the radioelements indicates the adsorption process of both elements to the clay
mineral (illite) found in the mineralization vein. The negative correlation of the pathfinders
to the radioelements implies that both pathfinders and radioelements were not hosted in
the same mineral. The possible radioactive minerals in the vein were secondary K-Feldspar
(adularia). On the other hand, the pathfinders corresponded to several ore minerals such as
rhodonite, rhodochrosite, pyrite, chalcopyrite, sphalerite, galena, pearceite, and proustite.

Based on this study, radiometric mapping has an excellent benefit for the exploration
of LS epithermal gold deposits. Two stages of the radiometric mapping approach might
be applied: a preliminary exploration stage for delineating the alteration zone and a more
detailed stage for delineating vein bodies.
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