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ABSTRACT
The Pongkor gold–silver deposit, of Pliocene age (2.05 ± 0.05 Ma), is the largest low-sulfidation epithermal precious-metal
deposit in Indonesia. It consists of nine major subparallel quartz – “adularia” – carbonate veins with a very low sulfide content.
The association of sulfides is the main gold carrier and is dominated by pyrite, chalcopyrite, sphalerite, ± galena (grey sulfide –
quartz stage). Minor phases are silver-rich sulfides and sulfosalts, such as acanthite–aguilarite (Ag2S–Ag4SSe), polybasite–
pearceite [(Ag,Cu)16(Sb,As)2S11], famatinite (Cu3SbS4), proustite (Ag3AsS3), and tetrahedrite. Gold occurs as Au–Ag alloy and
uytenbogaardtite (Ag3AuS2). Chalcocite, native gold, stromeyerite (AgCuS), rare covellite and mckinstryite [(Ag,Cu)2S] are the
latest phases, of supergene origin. Microthermometric data and the mineral association indicate the presence of a low-salinity
fluid, evolving from low f(S2) at a temperature of about 220°C to higher f(S2) at a temperature below 200°C. Dendritic native gold
probably formed from dissolution of Au–Ag alloy and reprecipitation of gold and stromeyerite – mckinstryite from a supergene
copper-bearing fluid.
Keywords: famatinite, uytenbogaardtite, stromeyerite – mckinstryite, epithermal deposit, gold, fluid evolution, supergene enrichment, Pongkor, Indonesia.

SOMMAIRE
Le gisement d’or et d’argent de Pongkor, d’âge pliocène (2.05 ± 0.05 Ma), est le plus gros gisement de métaux précieux de
type épithermal à faible taux de sulfuration en Indonésie. Il contient neuf veines majeures subparallèles à quartz – “adulaire” –
carbonate contenant une très faible proportion de sulfures. L’association de sulfures est le porteur principal d’or; elle contient
surtout pyrite, chalcopyrite, sphalérite ± galène (stade des sulfures gris + quartz). Les phases accessoires sont des sulfures et
sulfosels argentifères, comme acanthite–aguilarite (Ag2S–Ag4SSe), polybasite–pearceïte [(Ag,Cu)16(Sb,As)2S11], famatinite
(Cu3SbS4), proustite (Ag3AsS3), et tetraédrite. L’or se présente sous forme d’alliage Au–Ag et d’uytenbogaardtite (Ag3AuS2).
Chalcocite, or natif, stromeyerite (AgCuS), et de rares exemples de covellite et mckinstryite [(Ag,Cu)2S] sont les phases tardives,
d’origine supergène. Les données microthermométriques et l’association de minéraux indique la présence d’une phase fluide de
faible salinité, dont l’évolution va de faibles fugacités de soufre, f(S2), à environ 220°C vers une fugacité accrue au-dessous de
200°C. L’or natif dendritique serait dû à la dissolution de l’alliage Au–Ag et reprécipitation de l’or et de stromeyerite –
mckinstryite à partir d’un fluide cuprifère supergène.
(Traduit par la Rédaction)
Mots-clés: famatinite, uytenbogaardtite, stromeyerite – mckinstryite, gisement épithermal, or, évolution des fluides,
enrichissement supergène, Pongkor, Indonésie.
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INTRODUCTION
The Pongkor gold–silver deposit, located in west
Java, Indonesia, was discovered in 1988 during systematic sampling of stream sediment (Basuki et al. 1994).
The mine, operated by PT Aneka Tambang, has been
active since 1992 and has an annual production of 3–4 t
Au and 21–28 t Ag. The currently mineable reserves
are 5 Mt at 12 g/t Au + 137 g/t Ag with a cut-off grade
of 4 g/t Au. The total metal content (past production +
reserves + resources) is estimated to be around 110 t
Au. The deposit is of epithermal low-sulfidation type
and has a 40Ar/39Ar age (”adularia”) of 2.05 ± 0.05 Ma
(Milési et al. 1999).
Details of the geology, hydrothermal alteration and
mineralization, fluid-inclusion petrography, and lead
isotope data have been reported by Basuki et al. (1994),
Marcoux & Milési (1994), Marcoux et al. (1996) and
Milési et al. (1999). In the present study, we provide
new information on polymetallic sulfide and sulfosalt
minerals in the ore assemblage, based on ore microscopy and results of electron-microprobe analyses.

GEOLOGICAL SETTING
The Pongkor area is part of the Neogene Sunda–
Banda continental arc that developed along the southern margin of the Eurasian plate as a result of northward
subduction of the Indian–Australian plate. Western Java
hosts a number of epithermal deposits of precious metals associated with the calc-alkaline volcanism, still active in the area (Fig. 1). The Pongkor gold–silver deposit
is located at the northeastern flank of the Bayah dome,
80 km southwest of Jakarta. This geological unit is exposed over an area of about 40 by 80 km and consists of
shale and sandstone basement overlain by the central
volcanic belt of Oligocene to Early Miocene age, composed of largely coarse-grained volcaniclastic rocks,
with intercalated limestone and sandstone. Intermediate intrusive rocks were emplaced into Paleogene and
Early Miocene formations (Basuki et al. 1994).
Three major volcanic units of Miocene–Pliocene age
dominate the area (Milési et al. 1999). The lower unit is
characterized by submarine calc-alkaline andesitic volcanic rocks grading laterally into epiclastic deposits. The
middle unit is marked by more explosive subaerial
dacitic volcanic rocks composed of lapilli tuffs overlain
by lapilli-and-block tuffs and fine-grained pyroclastic
tuffs and epiclastic rocks. The upper unit is formed
mainly by andesite flows with a columnar structure.
The Pongkor deposit consists of nine major subparallel quartz – “adularia” – carbonate veins rich in
manganese oxides and limonite, and very poor in sulfides. The veins, 740 to 2700 m long, several m thick,
and more than 200 m deep, cut the three major volcanic
units in a fan-like spatial distribution (Fig. 1). The economically most important veins are the Ciurug, Kubang
Cicau, Ciguha and Pasir Jawa veins. The Cadas Copang,
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Cimanganten, Gudang Handak, Gunung Goong and
Pamoyanan vein systems were discovered more recently, during mine development. These veins are still
under evaluation.
Mining started at the now-exhausted Pasir Jawa vein,
which strikes N150–177°E and dips 60–85°W. The
length of the 4- to 5 m-thick quartz – “adularia” – carbonate vein is 950 m, and the metal content recovered
was 1.4 t Au and 20.3 t Ag. The Ciguha vein, about
500 m west, is still in production and consists dominantly of quartz, calcite, dolomite, kutnohorite, and
rhodochrosite, the Mn minerals being partially weathered to Mn-oxide-rich pockets. The metal content is 11.1
t Au and 158.3 t Ag. The strike and dip directions of the
two branches A and B of the vein system are N150°E/
70–85°W and N160°E/70°W, respectively, with a total
length of 1700 m and an average thickness of 4 m. The
Kubang Cicau vein further west is the second most important one in the district (30.1 t Au and 313.2 t Ag),
with strike/dip direction of N155°E/75°E, a total length
of 2700 m and an average thickness of 3.5 m. It consists
mainly of quartz, carbonate, “adularia”, illite/smectite,
and montmorillonite, and has locally calcite stockworks
with a chlorite selvage. The Ciurug vein consists of
massive calcite, locally up to several meters in thickness with intercalated manganese carbonate and quartz.
The upper part of the vein is strongly weathered and
contains many pockets of manganese oxide and clay.
The maximum width of the vein varies from 7 meters
near the surface up to 24 m at depth. It contains 55.9 t of
gold and 534.6 t of silver over the total length of 2000 m.
The Gudang Handak vein consists of quartz, calcite and
manganese carbonate, which is mostly weathered to
manganese oxides. Its width is 2–8 m. The metal content is 8.4 t Au and 114 t Ag. The Gudang Handak vein
has a strike/dip direction of N0°E/80–85°E and a total
length of 740 m. The Pamoyanan vein was recently explored and contains 0.5 t Au and 2 t Ag. Its strike/dip is
N150°S/78°SW with a thickness of 0.5 to 3.5 m and
length of 1150 m. The Cadas Copang, Cimanganten and
Gunung Goong veins have not been explored so far.
The mineralized veins are interpreted as tension
gashes in normal faults initiated by strike-slip movement
along a conjugate system of faults (dextral NW–SE- and
sinistral NNE–SSW-striking faults), and are located at
the northern edge of a large (8  7 km) caldera-like
structure (Milési et al. 1999).

FIG. 1. a) Tectonic map of Indonesian region. b) Regional
geology of west Java and the location of Pongkor and other
major gold deposits (modified from Marcoux & Milési
1994), Sujatmiko & Santosa 1992). c) Pattern of the vein
system in the Pongkor gold–silver deposit (PT Aneka
Tambang).

3/24/03, 10:47

THE PONGKOR EPITHERMAL GOLD–SILVER DEPOSIT, WEST JAVA, INDONESIA

185 vol 41#1 février 03 - 14

187

3/24/03, 10:47

187

188

THE CANADIAN MINERALOGIST

ORE MINERALOGY
The veins display five stages of hydrothermal mineralization (Milési et al. 1999). These are, in chronological order:
1. Carbonate–quartz stage. This stage consists of
quartz–carbonate or carbonate veinlets that locally show
banding (1–60 cm thick). The sulfide content is very
low. The carbonates are mostly calcite, rhodochrosite
and dolomite. The grade of gold is low (<1 g/t Au).
Disseminated pyrite occurs as wallrock impregnations
in andesitic breccia and andesitic tuffs (propylitic to
argillic alteration).
2. Manganese carbonate – quartz stage. The second
stage is composed of alternating quartz–rhodonite and
quartz–rhodochrosite bands, 3–4 cm thick. Weathering
of rhodonite and rhodochrosite has formed pockets of
Mn oxide and Fe oxide coatings interbedded with
quartz, which locally have a high grade of gold. The
non-weathered material is of low grade (1–5 g/t Au).
3. Banded quartz stage. Microcrystalline to milky
quartz with a colloform structure, intercalated with
bands of “adularia” and fine-grained disseminated sulfides (<1 vol.%), has gold contents in the range of 5–15
g/t Au. The thickness is up to 6 m.
4. Grey sulfide – quartz stage. This main gold-bearing stage consists of grey sulfide-rich quartz breccia
(hydrothermal breccia pipes), “adularia”, and banded
and colloform quartz with a grade >20 g/t Au. The thickness varies from less than 1 mm up to 1 m.
5. Vuggy quartz stage: Euhedral quartz and calcite
form the late infill of cavities. This stage is entirely
barren.
The main components of the ore are pyrite, chalcopyrite, sphalerite, galena, Au–Ag alloy and silver
sulfosalts (acanthite, aguilarite, pearceite–polybasite);
trace amounts of hessite were reported by Milési et al.
(1999). The Au–Ag alloy, in amoeboid patches, is the
most important gold-bearing mineral; it commonly occurs as inclusions in pyrite and, more rarely, in silver
sulfosalts. The average gold content of the gold–silver
alloy is 59 wt.% (range: 32 to 84 wt.% Au).
Our mineralogical study has focused on the highgrade gold ore; we identified some additional minerals,
such as famatinite, proustite, tetrahedrite, uytenbogaardtite, chalcocite, stromeyerite, and mckinstryite, which
are described below. The minerals willemite and
massicot were found only in one strongly weathered
sample.

SAMPLES AND ANALYTICAL TECHNIQUE
The samples were collected during mine visits in
mid-1999 and 2001, and were taken from stope exposures of the Kubang Cicau vein (550, 600, 650, and 690
m levels). Additional samples from deeper levels and
non-active mine sections, i.e., Ciguha, Ciurug, and
Gudang Handak veins, were collected from drill cores.
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Forty samples were studied in polished sections, selected from various depth-levels and from localities with
a significant amount of sulfides.
Microchemical analyses were performed with a
Cameca SX–100 electron microprobe at the Institute of
Mineralogy and Mineral Resources, Technical University of Clausthal. We used the following operating conditions: accelerating voltage 20 kV, beam current 20 nA,
and beam diameter 1–5 m. We used the following standards: ZnS (ZnK, SK), pure Ag (AgL), CdS (CdL),
InSb (SbL), pure Mn (MnK), CuFeS2 (CuK, FeK),
pure Au (AuL), Ag2Te (TeL), PbTe (PbL), GaAs
(AsL) and pure Se (SeL). In all cases, we employed
counting times of 20 s, except for As and Se (24 s). The
detection limits vary from 0.04 (Fe) to 0.36 wt.% (Pb).
The samples of bulk ore were analyzed by combined
instrumental neutron-activation analysis (INAA) (Au,
Mo, Na, As, Sb, Sc and Se), four-acid-digestion inductively coupled plasma spectrometry (ICP) (Cu, Mn, Zn,
Al, Ca, Fe, K and Mg) and ICP – mass spectrometry
(Ag, Cd, Pb, Ni, Ba, Be, Bi, Co, Cs, Ga, Li, Rb, Sr, Ta,
Te and Tl) at Actlabs, Canada. The samples were analyzed for sulfur by ICP following aqua regia digestion;
the concentration of Hg was measured by a flow-injection mercury system (FIMS). The accuracy of these data
is estimated at 10–30% according to replicate analyses
and results on international standards.

ORE ASSEMBLAGES
Pyrite – chalcopyrite – sphalerite (galena)
The most common assemblage of sulfide minerals
in the vein system is pyrite – chalcopyrite – sphalerite.
It occurs from the early stage of mineralization to, most
abundantly, the grey sulfide – quartz stage and is associated with quartz and carbonate gangue.
Pyrite is generally idiomorphic and contains some
inclusions of Ag sulfides, Ag sulfosalts and Au–Ag alloy. Some euhedral grains of pyrite show concentric
zoning, with a corrosion texture. In the weathered zone,
pyrite is mostly altered to limonite and goethite.
Chalcopyrite is common and occurs as irregular
patches (up to 0.5 mm) associated with galena, sphalerite, silver sulfosalts and Au–Ag alloy. It also occurs as
submicrometric blebs in sphalerite [“diffusion-induced
segregations – chalcopyrite (DIS–ccp)”; Bente &
Doering 1993, 1995] (Fig. 2b).
Galena is present in only a few samples, mostly from
deeper levels in the veins. It is locally abundant in the
deeper parts of the Ciguha, Ciurug and Gudang Handak
veins, and is mostly associated with sphalerite, pyrite
and chalcopyrite. Galena occasionally has trace contents
of Ag or Se (up to 1.5 wt.%) where intergrown with Ag
sulfosalts. The cadmium content is <0.1 wt.%. In the
oxidized zone, galena is altered to massicot (PbO)
(Fig. 2c).
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Sphalerite occurs as fine-grained aggregates and is
characterized by white internal reflections under polarized light with crossed nicols. The Fe content of sphalerite is generally low (<2.0 wt.%), except in the DIS–ccp
texture, where it contains up to 6 wt.% Fe (Figs. 2a, b).
Cadmium is mostly in the range 0.1 to 0.3 wt.%, although some samples show higher concentrations, up
to 3.4 wt.% Cd. The manganese concentration varies
from <0.1 to 0.7 wt.% Mn. Another Zn-bearing mineral, willemite (Zn2SiO4), was also found in one strongly
weathered sample, with inclusions of Au–Ag alloy (Fig.
2d).
Au–Ag alloy – acanthite – polybasite–pearceite
This main precious-metal assemblage is characterized by a wide variety of sulfide–sulfosalt minerals,
which were deposited after the simple sulfide minerals
(pyrite – chalcopyrite – sphalerite ± galena). The
mineral assemblage includes famatinite, tetrahedrite,
polybasite–pearceite, acanthite–aguilarite, proustite,
uytenbogaardtite, and Au–Ag alloy. These minerals are
abundant in the grey sulfide – quartz stage, and occur in
isolated patches, as vug fillings, as interstitial aggregates, or as inclusions in pyrite.
The acanthite–aguilarite solid solution (Ag 2S–
Ag4SSe) is not abundant, but typical of the Pongkor
deposit. The selenium content ranges from trace Se in
acanthite up to 13.5 wt.% Se in aguilarite (Table 1).
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Such high contents of selenium in acanthite are rare and
have only been reported from a few epithermal systems
in Japan (Shikazono 1978). There is no correlation between the vein facies and selenium content. As in other
localities, the high content of Se in acanthite or other
Ag-sulfosalt minerals probably reflects a relatively oxidizing environment, with a high ratio of selenium/
reduced sulfur (Simon et al. 1997). A submicrometric
overgrowth of native silver on acanthite was detected
during electron-microprobe analyses.
Au–Ag alloy occurs as patches or small aggregates
as vug infill or inclusions in pyrite, sphalerite, Ag sulfides and sulfosalt minerals. The grain size is from
submicrometric up to 100 m. The variation of the Ag
content of Au–Ag alloy of each vein is given in Figure
3. The data (n = 210) show a large variation between 16
and 68 wt.% Ag, with a mean of 40 ± 6.6 wt.% Ag,
confirming the earlier data of Milési et al. (1999) and
Marcoux et al. (1996). The Se content is <0.12 wt.%.
Native gold occurs as a cementing phase associated with
covellite, pyrite and polybasite.
Famatinite (Cu3SbS4) occurs as fine-grained (~50
m) brown aggregates rimming chalcopyrite and is associated with acanthite (Fig. 2e). It is characterized by
parallel twinning with strong anisotropism. The chemical composition is given in Table 1.
The polybasite–pearceite solid-solution series
[(Ag,Cu)16(Sb,As)2S11] hosts most of the silver in the
Pongkor deposit. This mineral occurs as interstitial infill
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FIG. 3.

Bar chart of Ag variation in Au–Ag alloy.

among quartz or carbonate crystals or as a vug or fracture filling. The ratio of Sb/(As + Sb) ranges from 0 to
1, showing the entire range of the solid-solution series.
The selenium content is variable, from 0.1 to 3.7 wt.%
Se, whereas the gold content ranges from 0.1 to 1.3 wt.%
Au. The copper content may be as high as 14.3 wt.%
Cu. The tellurium content of polybasite is occasionally
unexpectedly high and attains 5.5 wt.% Te. The polybasite has submicrometric inclusions of native silver
(electron-microprobe analysis).
Proustite (Ag3AsS 3) occurs as small inclusions
(about 20 m across) in acanthite (together with inclusions of arsenian polybasite) and as an intergrowth with
acanthite. This ruby-colored silver mineral was only
found in a single sample of high-grade ore collected
from the Gudang Handak vein. The selenium content is
low (<0.10 to 0.55 wt.% Se).

FIG. 2. a) Polymetallic association: low-Fe sphalerite coexists with chalcopyrite, galena, polybasite and acanthite. b)
Sphalerite with DIS–ccp associated with Au–Ag alloy and
galena. c) Corroded Ag-rich chalcocite associated with Curich polybasite, Au–Ag alloy and massicot. d) Willemite
associated with Au–Ag alloy. e) Brown famatinite associated with chalcopyrite, covellite, acanthite, galena,
sphalerite and pyrite. f) Uytenbogaardtite associated with
galena, polybasite, acanthite and sphalerite. g) Oleanderleaf texture of stromeyerite associated with Au–Ag alloy
and network of gold. h) Pseudo-eutectic texture of
stromeyerite and Se-rich acanthite associated with gold.
Stromeyerite is partially replaced by mckinstryite. Mineral
symbols are given in Table 3.
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Tetrahedrite [(Cu,Ag,Zn)12(Sb,As)4S13] was found
as micrometric crystals during electron-microprobe
analysis, associated with galena, chalcopyrite, sphalerite, polybasite, and uytenbogaardtite. Euhedral tetrahedrite occurs in a vuggy silica gangue. The zinc and silver
content in tetrahedrite reflects the associated minerals.
Zincian tetrahedrite in association with sphalerite contains up to 7 wt.% Zn and 3.5 wt.% Ag. Argentian tetrahedrite is closely associated with polybasite, with the
Ag content being as high as 15.7 wt.%.
Uytenbogaardtite (Ag 3 AuS 2 ) appears in small
patches (up to 50 m across) within galena (Fig. 2f),
associated with acanthite, polybasite, sphalerite, chalcopyrite and covellite (± argentian tetrahedrite), or
occurs on the rim of Au–Ag alloy aggregates. The
chemical formula of uytenbogaardtite, calculated from
results of electron-microprobe analyses, is Ag3Au0.8–1.2
S1.6–2.9, with Ag/Au and (Ag + Au)/S atomic ratios of
2.6–3.5 and 1.2–2.3, respectively (Table 2, Fig. 4). The
copper content varies from 0.6 to 4.7 wt.%, whereas Se
ranges from <0.10 to 0.76 wt.%. The totals in Table 3
show some scatter (100 ± 2 wt.%), which is due to the
small grain-size and instability under the electron beam,
i.e., diffusion processes as described by Barton et al.
(1978) and Rucklidge & Stumpfl (1968).
Chalcocite – acanthite – aguilarite (± Au–Ag alloy
or gold ± mckinstryite ± stromeyerite ± covellite)
This ore assemblage is later than the main sulfide
and precious-metal assemblages and is most likely of
supergene origin.
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Copper sulfide minerals in the compositional range
from chalcocite (Cu2S) to covellite (CuS) occur in small
patches associated with stromeyerite or mckinstryite,
gold, Au–Ag alloy, acanthite, aguilarite, polybasite and
chalcopyrite or as independent aggregates. Chalcocite
is the most common copper sulfide phase and occurs
together with djurleite (Cu 1.94S), anilite (Cu 7S 4 ),
digenite (Cu9S5), and metastable yarrowite (Cu9S8) and
spionkopite (Cu39S28) (determined by XRD analysis).
Chalcocite contains inclusions of stromeyerite and is
partly replaced by dendritic covellite in association with
dendritic gold.
Au–Ag alloy and gold occur as patches or blebs in
stromeyerite and chalcocite. Dendritic gold was found

in association with acanthite–aguilarite, Au–Ag alloy,
stromeyerite or mckinstryite and chalcocite-associated
minerals, occurring as a rim on Au–Ag alloy or as veinlets in chalcocite (Figs. 2g, h). The gold content in Au–
Ag alloy or native gold varies from 60 to 86 wt.% Au.
Gold with >80 wt.% Au invariably is associated with
stromeyerite, aguilarite, and mckinstryite.
Stromeyerite–mckinstryite [(Ag,Cu)2S] occurs as
intergrowth aggregates with aguilarite in an oleanderleaf texture (Schwartz 1935) (Fig. 2g) or pseudo-eutectic texture (Fig. 2h). Stromeyerite (AgCuS) is much
more abundant than mckinstryite, and occurs together
with gold, Au–Ag alloy, chalcocite, and polybasite. The
gold content of stromeyerite is variable, between <0.1
to 4 wt.%. Mckinstryite, (Ag,Cu)2S, is rare and found
associated with stromeyerite, gold, Au–Ag alloy, and
aguilarite. The composition is given in Table 1 and
Figure 5.

BULK-ORE COMPOSITION
Results of multi-element analyses for selected highgrade ore samples are given in Table 4. Variation diagrams for pairs of trace elements in bulk-ore samples
are given in Figure 6.
Positive correlation trends for the element groups
Ag–Au–Se and Cu–Pb–Zn–Cd (Fig. 6) point to a mineralogical control of element distribution. The Ag–Au–
Se group relates to selenide-rich Ag sulfide and Ag
sulfosalt minerals, whereas the Cu–Pb–Zn–Cd group
relates to base-metal sulfides, such as chalcopyrite, galena, sphalerite, tetrahedrite and famatinite. The As–Sb
plot shows a scattered distribution, which indicates that
the solid solution of As–Sb-bearing minerals is not the
dominant control for these elements.

FIG. 4. Composition of uytenbogaardtite in the system Ag–
Au–S (wt.%). Cross locates the stoichiometric composition
of Ag3AuS2.
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The As–Au plot also shows a weak positive correlation, with relatively little variation in As abundance (10–
200 ppm As) compared to nearly four orders of
magnitude for Au. The abundance of mercury is very
low (<0.2 ppm Hg) and gives a scattered distribution
with silver, suggesting the absence of a direct mineralogical control by tetrahedrite. The correlation trends
confirm the paragenetic observations from ore microscopy, i.e., a chemical and mineralogical trend from the
early base-metal stage (Cu–Pb–Zn–Cd mineral paragenesis) to the late precious-metal stage [Ag–Au–(Se) mineral paragenesis].
Several correlation trends tend toward the bulk composition of the bulk continental crust, or intersect it. The
interelement correlation-trends for Ag–Au–Se suggest
a similar process of enrichment for these elements (2–6
orders of magnitude compared to bulk continental crust),
with gold the most enriched over bulk continental crust.
The position of the bulk continental crust on the extrapolated correlation-trends suggests leaching of these ele-
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ments from the continental crust with a similar degree
of efficiency. The base metals are much less enriched
over bulk continental crust (from no enrichment up to
three orders of magnitude) and indicate a much less efficient process of leaching. The low abundance of mercury in the system (10–200 ppb) could be a result of the
high mobility of mercury.
The continental crust as a source of the metals is also
indicated by lead isotope ratios on volcanic bulk-rock
samples (207Pb/204Pb ≈ 15.69) (Milési et al. 1999),
which exclude a significant input from the mantle. The
lead isotope signatures of the epithermal gold–silver
deposits and Pliocene magmatic rocks demonstrate the
existence of an underlying continental basement, which
is also indicated by the presence of fragments of Late
Paleozoic fossiliferous sedimentary rocks in the blocks
of lapilli tuff (Milési et al. 1999).
Values of the silver:gold ratio from assay data (ore
blocks) are shown in Figure 7. A large part of the Ciurug
vein and minor upper parts of the Ciguha A and B, Pasiv
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Jawa and Kubang Cicau vein systems have Ag/Au values of less than 10. The Ag/Au values correlate negatively with Au, i.e., the vein portions with low Ag/Au
values tend to have a higher grade of gold. This is likely
to reflect near-surface weathering and oxidation (which
in the Ciurug and Kubang Cicau veins persist down to
the lowest levels) and supergene enrichment of gold.

CONDITIONS OF DEPOSITION
There are several independent ways to estimate the
temperature of ore formation, i.e., microthermometry,
mineral chemistry (sphalerite – Au–Ag alloy), quartz
and “adularia” textures.
A microthermometric study of carbonate- and
quartz-hosted fluid inclusions (34 samples) was performed on ore samples from different levels and veins.
The primary fluid inclusions are low-salinity, aqueous,
and two-phase: liquid + vapor, with V/(L + V) values of
15 to 30% (optical observation) (Fig. 8). High-Th (temperature of homogenization from vapor to liquid) inclusions, which have V/(L + V) values of about 40–60%,
are also noted. These inclusions are found mostly close
to microfractures in quartz crystals, and could be due to
leakage. They were not considered further. However,
Milési et al. (1999) have also reported a wide range of
V/(L + V) values of fluid inclusions (10–80%) in quartz,
which they interpreted as evidence of boiling. A summary of the homogenization and melting temperatures
of the carbonate- and quartz-hosted fluid inclusions is
given in Table 5. Widespread textural evidence of replacement of calcite by quartz indicates that calcite was
largely deposited earlier than quartz. On the basis of the
replacement texture of calcite, the carbonate-hosted
fluid inclusions are considered to record the early fluid,
which has a Th of 171–249°C (mean of 205 ± 15°C, n =
250). Gold mineralization is connected with silicification, as seen from the association of gold-bearing minerals with quartz and “adularia”. Therefore, the ore stage
is characterized by a Th of quartz of 180–287°C (mean
of 220 ± 21°C, n = 92). Melting temperatures of both
carbonate- and quartz-hosted fluid inclusions range

mostly in between 0 and –1°C, indicating a low-salinity
fluid with less than 1 wt.% NaCl eq., i.e., meteoric
water.
Micro-analytical data on the composition of Au–Ag
alloy coexisting with sphalerite – acanthite – pyrite were
used to estimate the temperature of mineral formation
(Shikazono 1985, Gammons & Williams-Jones 1995).
About twenty points in several polished sections gave
calculated equilibrium temperatures of 220–320°C
(mean of 258 ± 29°C, n = 23). The presence of selenium in acanthite was not considered during the estimation of temperature, but could have an influence on S2
fugacity.
Quartz textures such as colloform and crustiform
banded quartz indicate a silica gel precursor and mineral formation at <220°C (Dong & Morrison 1995). The
presence of rhombs of “adularia” in the bonanza ore also
suggests formation temperatures of <220°C, as well as
boiling (Dong & Morrison 1995). Evidence of boiling
was not observed with certainty in the fluid inclusions.
However, the presence of “adularia” and rhodochrosite
is commonly considered diagnostic of boiling (Plumlee
1994). Given the mineralogical evidence of boiling, no
pressure corrections are required for the homogenization temperatures. Otherwise, the pressure correction
would be on the order of 10–20°C, taking into account
the young age of the deposit and an erosion rate of 0.1
mm/a, typical of Cenozoic island arcs (Hedenquist et
al. 2000).
The iron content of sphalerite (without the DIS texture) coexisting with iron sulfides is related to f(S2) and
temperature (Barton & Toulmin 1966). The iron content varies between 0.1 and 2.4 mole % FeS in sphalerite (n = 15) associated with Au–Ag alloy – acanthite,

FIG. 5. Composition of Cu–Ag–S-bearing phases (at.%).
Cross locates the stoichiometric composition of Ag3CuS2.
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FIG. 6. Variation plots of selected trace-element pairs in bulk-ore samples. Average of continental crust from Taylor &
McLennan (1995). Some diagrams show several correlation trends, which tend toward the bulk composition of the continental crust. The base metals are much less enriched over bulk continental crust (from no enrichment up to three orders of
magnitude) and indicate a much less efficient process of leaching.
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FIG. 7. Variation diagram of Ag/Au values versus elevation in selected systems of veins. a) Au versus Ag/Au in the veins. b)
Ciurug vein. c). Ciguha A vein. d) Ciguha B vein. e) Pasir Jawa vein. f) Kubang Cicau vein. Source of data: PT Aneka
Tambang.

and 0.1 to 3.5 mole % (n = 12) in association with galena.
Figure 9 locates the ore fluid in terms of temperature and sulfur fugacity. Pyrite is a stable mineral
throughout the depositional sequence. The variable iron
content in sphalerite indicates a wide range in sulfur
fugacities. A maximum fugacity of sulfur of 10–15 can
be derived from the high-Fe sphalerite, whereas a minimum fugacity of sulfur in the range 10–12 to 10–8 is in-
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dicated by the presence of low-Fe sphalerite and
uytenbogaardtite, respectively (Barton et al. 1978).
The f(O2)–pH diagram (Fig. 10) was constructed for
a temperature of 200°C. The thermodynamic data
needed to calculate the distribution of species are mainly
from Johnson et al. (1992). The thermodynamic data in
the form of the equilibrium constant for Au(HS)2– are
derived from Benning & Seward (1996). Isomole fraction lines for FeS in sphalerite were calculated from data
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Scatter plot of homogenization temperature (Th) versus melting temperature (Tm).

on the sphalerite – pyrite – pyrrhotite equilibrium by
Scott & Barnes (1971). The boundaries of the diagram
were calculated using the procedures of Wood (1998).
The total dissolved sulfur is assumed to be 5•10–3 mole/
kg H2O on the basis of the results of chemical analyses
of hot springs associated with epithermal base-metal
deposits, which are commonly in the range of 10–2 to
10–3 mole/kg H2O (Browne & Ellis 1970, Mohan &
Finlayson 1972).
On the basis of the iron content of sphalerite, mineral stability relations, solubility of Au(HS)2–, and “adularia” stability, the possible f(O2)–pH range for the
Pongkor Au–Ag mineralization was estimated (Fig. 10).
The composition of the fluid is favorable for a maximum transport of gold of up to 3000 ppb Au (see shaded
region in Fig. 10). The primary hydrothermal ore was
overprinted by weathering. Locally high grades of gold
of 16 g/t or more tend to be concentrated in the shallow
part of the veins, with low Ag/Au values, less than 10
(Fig. 7a). The lower Ag/Au values in these portions of
the vein systems indicate supergene enrichment of gold.
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DISCUSSION AND CONCLUSIONS
The Pongkor deposit has a remarkably low content
of sulfide minerals, and the overall base-metal content
of the ore is <100 ppm, although high-grade ore sections locally can have several percent of copper and zinc.
The assemblage of gangue minerals quartz – carbonate
– “adularia” defines Pongkor as a low-sulfide lowsulfidation type of deposit. The ore system developed
in a shallow epithermal environment characterized by
low-salinity (meteoric) water at a temperature around
220°C.
The acanthite–aguilarite and polybasite–pearceite
solid-solution series are typical of all vein systems at
Pongkor. The sporadic Te content in polybasite is attributed to the existence of fine-grained intergrowths
with minerals such as hessite, as reported by Milési et
al. (1999). Selenium is positively correlated with gold
and silver in bulk samples of ore. The Au–Ag–Se correlation suggests a causal relationship for these three elements. The high selenium content indicates a relatively
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FIG. 9. Conditions of deposition of the sulfide paragenesis in terms of temperature and
sulfur fugacity. Symbols: Bn: bornite, Py: pyrite, Ccp: chalcopyrite, Po: pyrrhotite, Fm:
famatinite, Td: tetrahedrite, Uy: uytenbogaardtite. Pressure: 1 bar (after Craig & Barton
1973, Czamanske 1974, Barton et al. 1978).

oxidizing environment of the fluid, close to the HS– –
SO42– boundary. Such an environment is also favorable
for maximum solubility of gold (Hannington & Scott
1989).
The behavior of gold is interesting. Most gold occurs in the form of Au–Ag alloy. The silver content displays a bimodal distribution (Fig. 3). In most cases, the
Au–Ag alloy contains 30–55 wt.% Ag, and the textural
relationships suggest a hydrothermal origin. The sample
population of low-silver Au–Ag alloy (16–26 wt.% Ag)
is interpreted as being of supergene origin, in accordance with the observations by Greffié et al. (2002).
Supergene Au–Ag alloy can form under moderately
oxidizing conditions where the concentration of chloride is very low and the pH is carbonate-buffered (Krupp
& Weiser 1992). Another gold-bearing mineral,
uytenbogaardtite, also appears in the high-grade grey
sulfide – quartz stage. On the basis of phase relations in
the system Ag–Au–S between 100 and 185°C, Barton
et al. (1978) suggested that uytenbogaardtite–acanthite
is a hypogene assemblage that exsolves from a hightemperature gold-bearing argentite and Ag-rich Au–Ag
alloy. However, the uytenbogaardtite at Pongkor, which
is commonly associated either with low-silver Au–Ag
alloy, covellite, polybasite and acanthite or with galena,
sphalerite and argentian tetrahedrite, is more likely of
supergene origin (Greffié et al. 2002). The low-temperature formation of uytenbogaardtite is also indicated by
the presence of associated metastable copper sulfide
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phases, such as yarrowite and spionkopite, which are
characteristically produced by low-temperature replacement of primary copper sulfides (Vaughan & Craig
1997).
The dendritic gold probably formed as a result of
low-temperature processes by dissolution of Au–Ag alloy and reprecipitation of gold and stromeyerite or
mckinstryite from a supergene Cu-enriched fluid. Such
a reaction could be written:
AuAg + Cu+ + (HS)– + ¼ O2
= Au0 + CuAgS + ½ H2O

(1)

Deep supergene enrichment of both gold and silver
seems to be critical for making Pongkor an economic
ore deposit. The two most important veins, Ciurug and
Kubang Cicau, have both Ag/Au values close to 10, with
no clear-cut enrichment of gold near the top of the systems (Figs. 7b–f). The relatively constant Ag/Au value
over about 300 m of depth is probably a result of the
stability of the low-Ag Au–Ag alloy, acanthite,
uytenbogaardite, stromeyerite, and mckinstryite in the
supergene environment, where pH is buffered by the
hydrothermally deposited carbonate gangue (Krupp &
Weiser 1992). This general pattern of supergene enrichment of both gold and silver is overprinted by sporadic
gold-only enrichment in some near-surface pockets of
high-grade gold under more oxidizing conditions, where
silver-bearing mineral phases become unstable.
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FIG. 10. Diagram showing f(O2) versus pH constructed for T = 200°C, S = 0.005 mol/kg
H2O at standard water vapor pressure. The composition of pyrrhotite is taken as stoichiometric FeS. The shaded areas represent the possible f(O2)–pH region of the Pongkor
gold deposit. Symbols as in Figure 8; Mgt: magnetite, Hem: hematite.
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