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A Low-Sulfidation Epithermal Mineralization in the River
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Abstract

The Poboya Prospect lies along the North Northwest - South Southeast Palu-Koro Fault Zone in the
central part of the West Sulawesi Arc. The geology of the area consists of the Palu Metamorphic Com-
plex overlain by the Paleogene-Neogene Tinombo Formation of volcanosedimentary rocks, the Cele-
bes Molasse sediment, and Late Cenozoic granitic rocks. Petrography, scanning electron microscope
with energy-dispersive spectrometry (SEM-EDS), electron probe microanalyzer (EPMA), and fluid
inclusion microthermometry were carried out to examine vein textures, ore mineralogy, and charac-
teristics of the ore-forming fluid responsible for mineralization in the River Reef Zone, the Poboya
Prospect. Textures of quartz-carbonate veins in the River Reef Zone include massive micro-comb,
moss, colloform, crustiform, mosaic, feathery, flamboyant, lattice bladed, ghost bladed, parallel
bladed, and saccharoidal textures representing primary growth, recrystallization, and replacement.
The homogenization temperature and fluid salinity are 240-250°C and 0.3-0.7 wt% NaCl eq., respec-
tively. Ore minerals precipitated in the early stage consist of electrum, naumannite-aguilarite, chalco-
pyrite, pyrite, marcasite, sphalerite, and pyrrhotite. Apart from pyrrhotite, these ore minerals were
also precipitated in the late stage along with selenopolybasite, freibergite, argyrodite, pyrargyrite,
and galena. Selenium more preferably occurs as the crystallographic replacement of sulfur in
naumannite-aguilarite, argyrodite, pyrargyrite, selenopolybasite, and freibergite instead of as inde-
pendent selenide minerals. The low-sulfidation epithermal deposit in the River Reef Zone, the Poboya
Prospect, illustrates the potential of the West Sulawesi Arc, particularly along the Palu-Koro Fault
Zone, to host epithermal gold mineralization.
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1. Introduction of 11,400 m, succeeded in finding orebodies hosting

The Poboya Prospect is located approximately 12 km
from the Palu City, Central Sulawesi, Indonesia
(Fig. 1a). Three vein zones have been outlined in this
prospect (Wajdi et al., 2012): the River Reef Zone
(RRZ), the Hill Reef 1 Zone (HRZ-1), and the Hill Reef
2 Zone (HRZ-2). A series of drilling campaigns in the
RRZ conducted from 1996 to 2012, with a total depth
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18 million metric tons of ore at 3.4 g/t Au (van
Leeuwen & Pieters, 2011).

In terms of the tectonic setting, the Poboya Prospect
lies on the West Sulawesi Arc, characterized as a colli-
sional setting, metamorphic rock-dominated terrane,
and is therefore less favorable for gold exploration
(van Leeuwen, 1994; Wajdi et al., 2012). This arc dif-
fers from the North Sulawesi Arc, characterized as an
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Fig. 2 Hydrothermal alteration zoning in the River Reef Zone (Syafrizal et al., 2017). From the vein zone outward, hydrother-
mal alteration assemblages are chlorite-illite-chlorite/smectite-illite /smectite-calcite, chlorite-epidote-calcite-illite/smectite-
smectite, and chlorite-illite/smectite-smectite. The cross section above depicts hydrothermal alteration along line A-B in

Figure 1b.

island arc setting with widely distributed volcanic
rocks (Carlile et al., 1990; Kavalieris et al., 1992) and
with  several gold mineralization  deposits
(e.g. Kavalieris et al., 1990; Perell6, 1994; Turner et al.,
1994; Wisanggono et al., 2011). Notwithstanding the
unattractiveness of the West Sulawesi Arc for gold
exploration, the discovery of the Poboya Prospect and
several occurrences of gold placer deposits along the
Palu-Koro Fault Zone (PKFZ) may shift the perspec-
tive regarding gold exploration in this arc (Fig. 1a).
With regard to the potential of the West Sulawesi
Arc to host gold deposits, mineralization in the RRZ
offers an opportunity to study gold metallogenesis in
this arc. A better understanding of the deposit charac-
teristics and genesis provides insights on gold explo-
ration in the West Sulawesi Arc. In this paper, we
present our work on vein textures, ore mineralogy,
and fluid inclusion microthermometry in the RRZ.

2. Geologic background
2.1 Regional geology

The Poboya Prospect is situated in the central part of
the West Sulawesi Arc (Fig. 1a). The base of this area
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is known as the Palu Metamorphic Complex (PMC),
consisting of biotite gneiss, biotite schist, amphibolite,
and amphibolite schist. Several higher-grade meta-
morphic rocks, including granulite and eclogite and
garnet peridotite, are also present (Helmers et al.,
1990). This complex was derived from metasediments
and metagranitoids originating from Australia,
metabasites of mid-oceanic ridge basalt affinity, and
Sundaland origin rocks (van Leeuwen et al., 2007).

The PMC is overlain by the volcanosedimentary
Tinombo Formation deposited during the Paleogene
and Neogene. The PMC and the Tinombo Formation
were intruded by Late Neogene granitic rocks.
A rapid exhumation at an average rate of 0.7—
1.0 mm year™" occurred in the central part of the West
Sulawesi Arc, which led to the deposition of the Cele-
bes Molasse sediment (van Leeuwen et al., 2016). This
sediment is distributed on the flank of the uplifted
metamorphic complex along the neck of Sulawesi
(van Leeuwen & Mubhardjo, 2005).

Geological structures in the central part of the West
Sulawesi Arc are controlled by the North Northwest -
South Southeast PKFZ (Katili, 1970). The PKFZ
extends from the tip of the Matano Fault in the south
and terminates in the western-most side of the North
Sulawesi Trench. Other structures are subparallel to
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the PKFZ (Sukamto et al., 1973). In the Palu area, the
PKFZ occurs as a pull-apart basin hosting gold miner-
alization in the Poboya Prospect (Wajdi et al., 2012).

2.2 Local geology

According to Wajdi et al. (2012), lithology in the
Poboya Prospect is divided into two domains with
respect to the strike of the vein zone at the HRZ-1.
In the northeastern portion, the lithology consists of
gneiss and schist. To the southwest, the gneiss and
schist were intruded by monzonite and widely cov-
ered by molasse sediment, which was the product of
Quaternary rapid uplift in the neck of Sulawesi (van
Leeuwen & Muhardjo, 2005). Recent alluvium is
deposited along the Poboya riverbank (Fig. 1b).

Syafrizal et al. (2017) reclassified the lithology in the
RRZ based on petrographic and geochemical studies.
The monzonite was assessed as a magnesian arc gran-
ite that lies on the trend of calcic and calc-alkaline
borderline. The gneiss was renamed biotite gneiss
derived from granitic rocks. The schist is dominated
by biotite schist originating from psammitic rocks.
Hornblende schist and biotite schist with feldspar
porphyroblasts are present within the biotite schist.

Hydrothermal alteration in the RRZ (Syafrizal et al.,
2017) is zoned outward from the chlorite-illite-
interstratified chlorite/smectite-interstratified 1illite/
smectite-calcite zone through the chlorite-epidote-cal-
cite-interstratified illite/smectite-smectite zone to the
chlorite-interstratified illite/smectite-smectite zone
(Fig. 2). These alteration mineral assemblages suggest
that the hydrothermal fluids were in near-neutral pH
condition. In addition, the alteration mineral assem-
blages and their zonation are consistent with general
alteration patterns occurring in low-sulfidation
epithermal deposits.

3. Materials and methods

A total of 41 samples were collected from four bore-
holes in the RRZ: POBO0036 (16 samples), POBO0044
(7 samples), POBO0040 (10 samples), and DD96PA02
(8 samples; Fig. 3). Of these samples, 27 polished sec-
tions, 10 doubly polished thin sections, and 13 thin
sections were prepared and analyzed using a polariz-
ing microscope NIKON E600POL in order to examine
their ore mineralogy and vein textures. This study
was conducted in Kyushu University, Japan.
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Ore minerals from six samples were further ana-
lyzed by a scanning electron microscope with energy-
dispersive spectrometry (SEM-EDS) JSM-6610LV and
a field emission electron probe microanalyzer (EPMA)
JEOL JXA-8530F in order to obtain the chemical com-
position of the ore minerals. The standards used in
EPMA were JEOL standards of gold and silver. Quan-
titative analysis was performed at an accelerating
voltage of 20 kV and a probe current of 20 kV. Crystal
PETH was used to measure the intensity of the X-ray
lines of AuMa and AgLa. The counting times for
these elements were 20s at the peak and 10s at the
background. This study was carried out in the Geo-
logical Survey of Japan.

Fluid inclusion microthermometry was carried out
to obtain homogenization temperature (1},) and final
ice-melting temperature (T},). Salinity was estimated
from the T,, using the equation of freezing tempera-
ture depression of Bodnar (1993). Measurements were
conducted using heating and cooling stages of
LINKAM THMS600 (range of measurement tempera-
ture: —196° to 600°C) in Kyushu University, Japan.
The temperature increment ratio used was sequen-
tially reduced from 20 to 1 °C min™" as the stage tem-
perature became closer to T, and Th,.

4. Results

4.1 Vein textures

The veins observed in the RRZ have an individual
thickness of less than 1 cm up to approximately 10 m
(van Leeuwen & Pieters, 2011). The veins are mainly
composed of quartz and calcite with variable grain
size and mineral habits. Quartz was observed as cryp-
tocrystalline [hereafter referred to as chalcedony
(Phillips & Griffen, 1981)], microcrystalline, and crys-
talline in terms of its size (Bates & Jackson, 1987),
while calcite was observed as platy and irregular,
coarse grains (Thompson & Thompson, 1996). When
there was a lack in crystallographic structure, silica
was present as amorphous silica (Morrison et al.,
1990). The coexistence of amorphous silica, quartz,
and calcite in the veins results in various textures
observed in the RRZ, including massive, micro-comb,
moss, colloform, crustiform, mosaic, feathery, flam-
boyant, lattice bladed, ghost bladed, parallel bladed,
and saccharoidal textures (Morrison et al., 1990). The
dominant textures are massive, micro-comb, mosaic,
lattice bladed, ghost bladed, and parallel bladed tex-
tures, while the other textures are not as dominant.

© 2019 The Society of Resource Geology
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Fig. 3 (a) Borehole locations in the River Reef Zone from which samples were collected. (b) Cross section along line A-B and
sample locations from boreholes POBO0036 and POBO0040. (c) Cross section along line C-D and sample locations from

boreholes POBO0040 and DD96PA02.

The massive texture is displayed by chalcedony
and minor calcite (Fig. 4a). Parallel-oriented, prismatic
quartz exhibiting a micro-comb texture was fre-
quently observed to flank massive chalcedony and
minor calcite along the vein zone (Fig. 4a). Vugs
bounded by euhedral, crystalline quartz growing
toward the center of the voids were observed in this
texture. Occasionally, the massive texture was
exhibited by irregular, coarse-grained calcite with
minor microcrystalline quartz. Massive chalcedony
was observed next to the massive texture exhibited by
coarse-grained calcite with microcrystalline quartz
(Fig. 4b). Amorphous silica, chalcedony, and micro-
crystalline quartz appear to have been recrystallized,
resulting in interpenetrating irregular, crystalline qua-
rtz showing a mosaic texture (Fig. 4c).

The lattice bladed texture was observed as inter-
secting blades of platy calcite with polyhedral inter-
stices. The interstices were filled with prismatic,
microcrystalline quartz, which grew perpendicularly
to the edge of platy calcite. Chalcedony and micro-
crystalline quartz present in the interstices of platy
calcite and prismatic quartz appear to have partially
replaced platy calcite (Fig. 4d). Besides showing a lat-
tice bladed texture, intersecting platy calcite is also

© 2019 The Society of Resource Geology

distributed on aggregates of microcrystalline quartz
without interstices. This aggregate represents the
ghost bladed texture (Fig. 4e). Similar to platy calcite
with a lattice bladed texture, platy calcite with this
texture has also been partially replaced by quartz.
Inclusions in calcite, as well as rhombic cleavages of
calcite, are preserved after replacement. Occasionally,
platy calcite is arranged in a parallel manner, dis-
playing the parallel bladed texture (Fig. 4f). Replace-
ment of calcite by quartz was also observed in the
saccharoidal texture. In this texture, calcite appears as
a coarse-grained mineral, while quartz appears as a
subhedral prismatic, microcrystalline mineral. Orthog-
onally arranged quartz crystals demonstrate a reticu-
lated structure (Fig. 4g).

The crustiform texture represents successive bands
with individual thickness of up to 2 cm. Each band is
composed of quartz and calcite with variable size and
habits. Several types of band succession were
observed. In the first type, the bands at the edge of the
veins are composed of platy calcite, irregular calcite,
and microcrystalline quartz of the ghost bladed texture.
These bands form an alternation with the bands com-
posed of prismatic, microcrystalline quartz of the
micro-comb and chalcedony of the massive textures.
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Toward the center of the veins, crustiform banding
comprises the alternating micro-comb quartz layer and
moss silica layer. In the moss silica layer, amorphous
silica appears as rounded aggregates surrounded by
fibrous microcrystalline quartz. The independent
spheres of the moss texture of quartz are inter-
connected, resulting in the colloform texture. In the
shallow portion of the vein zone, colloform quartz and
micro-comb quartz have recrystallized to form quartz
with radial extinction or a flamboyant texture.
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Fig. 4 (a) Photomicrographs of massive crypto-
crystalline quartz and minor platy calcite
flanked by micro-comb quartz textures (T-
P36-24, POBO0036, depth  158.45 m);
(b) coarse, irregular calcite and cryptocrystal-
line quartz (T-P02-15, DD96PA02, depth
108.10 m); (c¢) mosaic quartz texture (T-
P36-24, POBO0036, depth  158.45m);
(d) lattice bladed calcite and their interstices
filled by quartz (T-P44-28, POBO0044, depth
193.45 m); (e) ghost bladed texture of calcite
(T-P44-34, POBO0044, depth 207.85m); (f)
parallel bladed texture of calcite (T-P44-43,
POBO0044, depth 238.75 m); and
(g) saccharoidal quartz texture (T-P36-19,
POBO0036, depth 135.55 m).

Recrystallized colloform also appears as an aggregate
of fibrous quartz with splintery extinction or feathery
texture (Fig. 5a). The second type is characterized as
alternating ghost bladed and massive microcrystalline
quartz textures. Platy calcite exhibiting a ghost bladed
texture is embedded in chalcedony. Thin colloform
bands were seen to interrupt this repetition (Fig. 5b). In
the third type, crustiform banding is displayed by the
alternating massive microcrystalline quartz and ghost
bladed textures showing calcite without being

© 2019 The Society of Resource Geology
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104.85 m), (b) type 2 (T-P02-19, DD96PA02, depth 104.60 m), (c) type 3 (T-P02-17, DD96PA02, depth 124.15 m), and (d) type
4 (T-P44-34, POBO0044, depth 207.85 m). Arrows indicate direction toward the center of the veins.

interrupted by colloform bands. In the massive micro-
crystalline quartz, fine-grained platy calcite and frag-
ments of an earlier massive vein were observed. These
fragments contain more calcite than the microcrystal-
line quartz matrix (Fig. 5¢). In the fourth type, the edge
of the vein consists of ghost bladed platy calcite
embedded on crystalline quartz. This band is
succeeded by massive microcrystalline quartz and
massive chalcedony bands toward the center of the
veins (Fig. 5d).

© 2019 The Society of Resource Geology

4.2 Ore mineralogy

Ore minerals identified in the RRZ include electrum,
naumannite-aguilarite, argyrodite, pyrargyrite, seleno-
polybasite, freibergite, chalcopyrite, sphalerite, galena,
pyrite, marcasite, and pyrrhotite. The occurrence of
these minerals is described below, and except electrum,
they are grouped into Ag-S-Se minerals, Ag-sulfosalts,
base metal sulfide minerals, and Fe-sulfide min-
erals (Fig. 6).
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Electrum is the most prominent Au-bearing mineral
in the RRZ and mostly occurs as free grains. It shares
simple mutual contacts with other ore minerals, such as
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naumannite-aguilarite, selenopolybasite, freibergite,
chalcopyrite, sphalerite, and pyrite. Electrum was also
observed as inclusions in pyrite, naumannite-aguilarite,
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chalcopyrite, and intergrowth with naumannite-
aguilarite, freibergite and selenopolybasite. The size of
electrum is up to 50 pm.

Ag-5-Se minerals are the most predominant Ag-
bearing minerals in the RRZ. Ag-5-Se minerals
belong to naumannite-argentite solid solution, par-
ticularly in the range of naumannite-aguilarite
composition. Besides being present as free grains,
these minerals share simple mutual contacts with
electrum, chalcopyrite, selenopolybasite, freibergite,
galena, and pyrite. Ag-S-Se minerals were also
found to be host minerals for electrum and pyrite
inclusions. In addition, Ag-S-Se minerals were
observed as randomly oriented inclusions in
pyrite.

In addition to Ag-S-Se minerals, Ag is also hosted
in Ag-sulfosalts, predominated by selenopolybasite.
This mineral shares mutual contacts with electrum,
Ag-5-Se minerals, freibergite, sphalerite, and pyrite.
Free grains of selenopolybasite are also present. In
addition to selenopolybasite, another Ag-sulfosalt
was identified as pyrargyrite. Pyrargyrite coexists
with pyrite. Silver is contained within freibergite as
well. This mineral coexists with electrum,
selenopolybasite, and pyrite. A trace amount of
argyrodite is also present, and it shares mutual grains
with selenopolybasite.

Base metal sulfide minerals present include chalcopy-
rite, sphalerite, and galena. Among these minerals, chal-
copyrite is the most abundant mineral, while sphalerite
and galena are present in trace amounts. Chalcopyrite
coexists with electrum, naumannite-aguilarite, pyrite,
marcasite, and pyrrhottite. It also hosts electrum and
pyrite inclusions. Simple mutual contacts were observed
between sphalerite and pyrite, as well as among galena,
electrum, and naumannite-aguilarite.

Pyrite is the most abundant sulfide mineral. It
shares mutual contact with electrum, naumannite-

aguilarite, selenopolybasite, pyrargyrite, freibergite,
chalcopyrite, sphalerite, marcasite, and pyrrhotite. As
inclusion minerals, pyrite was observed within elec-
trum, naumannite-aguilarite, and chalcopyrite. In
addition, pyrite hosts electrum and naumannite-
aguilarite as inclusions. Pyrrhotite and marcasite
occur as minor iron sulfides. Marcasite shares mutual
contact with pyrite, while pyrrhotite shares mutual
contact with pyrite and chalcopyrite.

Precipitation of the ore minerals in the RRZ is
divided into early and late stages. The early stage is
marked by an ore mineral assemblage of electrum,
naumannite-aguilarite, chalcopyrite, pyrite, marcasite,
sphalerite, and pyrrhotite embedded in quartz. This
stage was terminated by barren quartz-calcite vein-
lets. The late stage is characterized by more various
ore minerals comprising electrum, naumannite-
aguilarite, selenopolybasite, freibergite, sphalerite,
pyrite, marcasite, argyrodite, pyrargyrite, chalcopy-
rite, and galena. These ore minerals were precipitated
along with quartz and calcite and terminated by the
precipitation of microcrystalline quartz and pyrite.
Most of Ag-bearing minerals were precipitated after
electrum and pyrite.

4.3 Ore minerals chemistry

Semiquantitative analysis of the chemical composition
of ore minerals were carried out on electrum, Ag-S-Se
minerals, Ag-sulfosalts, Ag-bearing chalcopyrite, and
sphalerite. Proportions of Au and Ag in electrum in
the early and late stages of mineralization were fur-
ther determined by quantitative analysis. The chemi-
cal composition of these minerals was determined on
polished sections using an SEM-EDS and an EPMA
for semiquantitative and quantitative analyses,
respectively.

Fig. 6 (a) Photomicrographs of electrum, naumannite-aguilarite, Ag-bearing chalcopyrite, and pyrite in the early stage (T-
P40-29, POBO0040, depth 169.55m); (b) free grains of electrum and spotty mutual grain relationship between
selenopolybasite, argyrodite, and naumannite aguilarite in the late stage (T-P02-15, DD96PA(2, depth 108.10 m);
(c) electrum inclusions in pyrite and the intergrowth of naumannite-aguilarite, selenopolybasite, and freibergite with minor
occurrence of sphalerite in the late stage (T-P02-15, DD96PA02, depth 108.10 m); (d) free grains of electrum and simple
mutual contact between naumannite-aguilarite and galena in the late stage (T-P02-15, DD96PA02, depth 108.10 m);
(e) electrum and pyrite inclusions in naumannite-aguilarite in the early stage (T-P40-29, POBO0040, depth 169.55 m); (f)
coexistence of pyrargyrite, selenopolybasite, and pyrite in the late stage (T-P02-15, DD96PA02, depth 108.10 m); (g) pyrite
overgrowing marcasite in the late stage (T-P02-19, DD96PA02, depth 140.60 m); and (h) pyrite coexisting with pyrrhotite
and chalcopyrite in the early stage (T-P40-29, POBO0040, depth 169.55 m). Abbreviations: arg, argyrodite; cp, chalcopyrite;
el, electrum; fe, freibergite; gn, galena; mc, marcasite; nm-agu, naummnite-aguilarite; po, pyrrhotite; py, pyrite, pyra;

pyrargyrite; sp, sphalerite; spo, selenopolybasite.

© 2019 The Society of Resource Geology
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Table 1 Chemical composition of electrum determined by electron probe microanalyzer (EPMA)

No  Sample Stage n Ag (wt%)  Au (wt%) Total (wt%) Ag(at%) Au(at%) Total (at%) Empirical

formulae
1 T-P40-29  Early 20 52.11 43.11 95.22 68.65 31.35 100.00 AggoAusz,
2 T-P02-15 Late 20 44.09 55.55 99.64 59.05 40.95 100.00 AgsoAuy
3 T-P02-17  Late 9 44.02 49.48 93.50 61.49 38.51 100.00 AgeAugg
4 T-P40-09 Late 25 4427 50.70 94.97 61.26 38.74 100.00 AgeAugg
5 T-P40-34 Late 14 41.89 54.66 96.55 58.21 41.79 100.00 AgsgAuyy

4.3.1 Electrum

The silver content of electrum in the early stage is
69 at% and that in the late stage ranges from 58 to
61 at% (Table 1).

4.3.2 Ag-S-se minerals

Petruk et al. (1974) divided Ag-S-Se minerals according to
their S/(5+Se) ratio into naumannite (Ag,Se-
AgySengsSo.12), aguilarite (AgySer 0550.95-Ag4S€0.9051.10),
and acanthite or argentite (Ag,Sep155085-AgoS). Ag-S-Se
minerals with intermediate compositions were classified
as naumannite-aguilarite and argentite-aguilarite. Semi-
quantitative analysis results show that the S/Se ratio of
Ag-5-Se minerals in the RRZ fall within an interval of
0.32-0.42, thus resulting in naumannite-aguilarite compo-
sition (Table 2).

4.3.3 Ag-sulfosalts

Ag-sulfosalts in the RRZ include selenopolybasite,
argyrodite, pyrargyrite, and freibergite. The Cu/(Cu
+ Ag) ratio of selenopolybasite is limited to below 0.1
and, hence, excludes pearcite (Hall, 1967). The S/(S + Se)
ratio of this mineral ranges from 0.73 to 0.81. A similar
S/(S + Se) ratio is observed for argyrodite ranging from
0.73 to 0.80. The S/(S+ Se) ratio of pyrargyrite and
freibergite is above 0.95 (Table 3).

4.3.4 Ag-bearing chalcopyrite and sphalerite

The results of the semiquantitative analysis show that
several grains of chalcopyrite contain Ag. These
grains of Ag-bearing chalcopyrite were observed to
share mutual contacts with naumannite-aguilarite. Sil-
ver in chalcopyrite may be derived from naumannite-
aguilarite as it is diffused to form a thin layer of
acanthite on the surface of chalcopyrite (Chen et al.,
1980). The FeS content of sphalerite in the late stage
ranges from 1.8 to 2.3 mol% (Table 4).

4.4 Fluid inclusion

Fluid inclusions hosted in calcite associated with the
ore minerals (electrum, naumannite-aguilarite,
argyrodite, selenopolybasite, pyrargyrite, freibergite,
sphalerite, galena, and pyrite) in the late stage of min-
eralization were observed. Measureable primary fluid
inclusions occur as isolated assemblages with size up
to approximately 30 pm and have negative, degraded
negative, and irregular shapes. The primary fluid
inclusions are also present along the growth zone of
calcite. However, the size of these fluid inclusions is
less than 1 pm, thus limiting their observation and
measurement. The fluid inclusions are two-phase lig-
uid H,O-vapor H,O, with an average liquid—-vapor
ratio of 8:2 dominated by the liquid phase. Liquid-rich
inclusions occasionally coexist with vapor-rich inclu-
sions (Fig. 7a). In addition, fluid inclusions were not

Table 2 Chemical composition of Ag-Se-S minerals determined by scanning electron microscope with energy-dispersive

spectrometry (SEM-EDS)

No Sample n

Ag (wt%) Se (Wt%) S (wt%) Total (wt%) Ag (at%) Se (at%) S (at%) Total (at%) Empirical formulae

1 T-P02-15 7 79.1 17.5 34 100.0
2 T-P02-17 172 79.5 15.9 4.7 100.0
3 T-P40-09 66 779 19.0 3.1 100.0
4 T-P40-27 5 78.9 17.6 3.5 100.0
5 T-P40-29 55 78.3 18.7 3.0 100.0
6 T-P40-34 90 77.8 18.9 3.3 100.0

69.1 20.9 10.0 100.0 Angl(SEOA(,S()j

)o.o
68.0 18.5 13.5 100.0 Ag50(Se0.650.4)1.0
68.2 22.7 9.1 100.0 Ag241(8e0,750,3)140
68.9 21.0 10.1 100.0 Ag241(3e0,650'3)049
68.7 22.5 8.8 100.0 Ag2_1(Seo_7SO,3)1_g
67.9 225 9.6 100.0 Agz_o(se()jSO.g)l_o
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Table 3 Chemical composition of Ag-sulfosalts determined by scanning electron microscope with energy-dispersive

spectrometry (SEM-EDS)

No Sample n Ag (wt%) Cu(wt%) Zn (wt%) Fe (wt%) Sb (wt%) Ge (wt%) Se (wt%) S (wt%) Total (wt%)
Pyrargyrite

1 02-15 3 60.3 — — — 22.4 — 3.1 15.2 100.0

2 40-09 1 60.1 — — — 221 — 14 16.4 100.0
Selenopolybasite

1 02-15 13 68.4 2.7 — — 9.8 — 9.1 10.0 100.0

2 02-17 17 69.1 3.1 — — 9.7 — 6.7 11.4 100.0

3 40-09 6 69.5 2.1 — — 9.6 — 7.3 11.5 100.0

4 40-34 28 68.9 3.6 — — 94 — 6.6 11.5 100.0
Freibergite

1 02-15 20 323 155 2.1 44 259 — 6.4 194 100.0

2 40-34 8 20.7 225 2.7 3.8 27.6 — — 22.7 100.0
Argyrodite

1 02-15 1 73.7 — — — — 5.1 10.2 11.0 100.0

2 02-17 5 739 — — — — 5.5 8.0 12.6 100.0
No Sample n Ag Cu Zn Fe Sb Ge Se S Total Empirical formulae

(at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%)

Pyrargyrite

1 02-15 3 449 — — — 14.8 — 2.1 38.2 100.0 Ags31Sb1 0(Se0252.7)2.0

2 40-09 1 44.0 — — — 14.3 — 14 403 100.0 Ags1Sb1.0(5€0.152.8)2.9
Selenopolybasite

1 02-15 13 534 3.1 — — 6.8 — 9.9 26.8 100.0 (Ag15,5Cu049)1644Sb240(5e24987,3)10,7

2 02-17 17 53.0 4.0 — — 6.6 — 7.0 29.4 100.0 (Ag15,4Cu1‘2)16468b149(Se2,058,5)10.5

3 40-09 6 533 2.8 — — 6.5 — 7.4 29.7 100.0 (Ag15,5Cu0_g)16_3Sb1_9(Se2,288,6)10_8

4 40-34 28 52.0 4.6 — — 6.4 — 70 297 100.0 (Ag15.2CU1 3)16.55b1.9(5€2.058.6)10.6
Freibergite

1 02-15 20 205 16.5 2.0 5.4 14.4 — 0.9 403 100.0 (Ags7Cus.g)105(Zng cFer 6)2.2

Sby o(Seo2S11.3)11.5

2 40-34 8§ 121 22.2 2.6 4.3 14.3 — — 44.6 100.0 (Ag3i4Cu6,4)9.g(ZnolgFe1.2)2‘08b4,0512'5
Argyrodite

1 02-15 1 b55.7 — — — — 5.7 105 28.1 100.0 Ag 7Gep2(Se0.350.8)1.1

2 02-17 54.6 — — — — 6.0 8.1 31.4 100.0 Ag.6Gep2(5e0.250.9)1.1

found in quartz, which is generally microcrystalline
and cryptocrystalline in size.

The final melting temperature of the fluid inclusions
(Ty) ranges from —0.1° to —1.5°C, and the mode lies on
an interval from 0.0° to —0.4°C. These values are equal
to 0.1-2.6 wt% NaCl eq. and 0.3-0.7 wt% NaCl eq.,
respectively. The homogenization temperature (Ty,) of
these fluid inclusions ranges from 150 to 270°C with the
mode within an interval from 240 to 250°C (Fig. 7b).

5. Discussion

5.1 Vein textures

Dong et al. (1995) and Morrison et al. (1990) discussed
three major classes of vein textures reflecting their

© 2019 The Society of Resource Geology

possible origin, that is, primary growth, recrystalliza-
tion, and replacement textures. With respect to this
classification, vein textures occurring in the RRZ are
assigned to these classes. Primary growth textures
include massive, micro-comb, moss, colloform, and
crustiform types. Recrystallization textures are repre-
sented by mosaic, feathery, and flamboyant types.
Replacement textures include lattice bladed and ghost
bladed types.

The massive texture was initiated by the precipita-
tion of chalcedony from a hydrothermal fluid, which
was in an intermediate silica supersaturation with
respect to quartz at low temperatures (<180°C). Low
crystallinity maintained during and after the deposi-
tion suggests that chalcedony has not been exposed to
temperatures higher than 180°C (Morrison et al.,
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Table 4 Chemical composition of Ag-bearing chalcopyrite and sphalerite determined by scanning electron microscope with energy-dispersive spectrometry

(SEM-EDS)

396

No Sample n Cu (wt%) Zn (wt%) Fe (Wt%) Ag (wt%) S (wt%) Total (wt%) Cu (at%) Zn (at%) Fe (at%) Ag (at%) S (at%) Total (at%) Empirical formulae

Chalcopyrite

CU0.9F€0,9A80.252.0

4.1 495 100.0

234

9.1 33.1 100.0 23.0

27.3

30.5

1 4029 4

Sphalerite

(Zng oFep.0)0.951.1

100.0
100.0
100.0

52.5

1.8
2.3

45.7

100.0
100.0
100.0

353

2.1

62.6

1 02-15 3

(ZngoFeg.1)1.051.0

51.2

46.5

34.1

63.2 2.7
2.1

2 40-09 14
3 40-34 11

(Zng oFe 0)0.951.0

51.0

1.8

47.2

34.0

63.9

1990). Once the massive chalcedony vein was exposed
to the higher temperatures (<180°C), it recrystallized
to form massive microcrystalline quartz that shows
mosaic textures (Lovering, 1972; Dong et al., 1995).
In addition, crystalline quartz in vugs of massive chal-
cedony resulted from void fillings by a later fluid
(Bodnar et al., 1985).

The micro-comb texture is considered a product of
geometrical selection. In this process, only crystals in
the direction of maximum growth rate perpendicular
to the existing surface were formed. Slow changing
conditions were necessary to form micro-comb quartz
in open space (Dong et al., 1995). The micro-comb pre-
cipitation required slight supersaturation with respect
to quartz (Fournier, 1985). The presence of a micro-
comb texture in the vein edge and massive chalcedony
in the vein center reflects a shift of fluid conditions
from slightly quartz-supersaturated to intermediate
quartz-supersaturated.

The moss and colloform textures are indicative of
the initial precipitation of amorphous silica (Dong
et al., 1995) from a high-degree silica-supersaturated
fluid (Weres et al., 1982). The precipitation of amor-
phous silica in these textures was controlled by sur-
face tension, which tended to attain a spherical shape
for minimum free energy configuration (Rogers, 1917;
Adams, 1920). Another process that may have con-
trolled the formation of these textures was the segre-
gation of impurities at a very slow diffusion rate than
that of crystal growth (Adams, 1920; Oehler, 1976).
The independent and interconnected spheres in the
moss and colloform textures, respectively, resulted
from the difference in nuclei sites (Dong et al., 1995).
The moss texture formed from suspended nuclei sites
in silica gel, while the colloform texture formed from
nuclei sites that attached to the wall rocks and earlier
veins. In the shallow portion, amorphous silica in the
colloform textures was recrystallized to fibrous chal-
cedony with a rounded surface. Following this step,
quartz with radial extinction formed, resulting in the
flamboyant texture (Adams, 1920; Dong et al., 1995).
In addition to the flamboyant texture, the feathery
texture was identified as a recrystallization product
of the colloform bands. The feathery appearance of
the recrystallized colloform reflects the growth of
fibrous chalcedony on initial colloform spheres that
acted as a growth surface (Rimstidt & Cole, 1983).
The feathery texture implies an intermediate stage or
imperfect recrystallization and was restricted to the
surficial environment (Adams, 1920; Morrison
et al., 1990).

© 2019 The Society of Resource Geology
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Fig. 7 (a) Photomicrographs of primary fluid inclusions in the growth zone of calcite cut by pseudosecondary and secondary
fluid inclusions. Liquid- and vapor-rich inclusions coexist. (b) Data distribution of homogenization temperature and salinity

of fluid inclusions of late-stage calcite at the

River

Reef Zone (T-P02-15, DD96PA02, depth 108.10 m).

Abbreviations: P, primary; PS, pseudosecondary; S, secondary; L, liquid; V, vapor.

Buchanan (1981) stated that the crustiform texture
was a characteristic of veins formed in the epithermal
environment. Episodic pressure release due to
reopening of fractures allowed boiling to take place.
The presence of the ghost bladed and lattice bladed
bands in the crustiform texture suggests that boiling
occurred in the RRZ (Morrison et al., 1990). The suc-
cessive micro-comb and massive textures that follow
the ghost bladed and lattice bladed textures indicate a
reopening of the vein as the main factor of repetitive
bands in the crustiform texture (Dong ef al., 1995).
The massive chalcedony, moss, and colloform textures
existing at the center of the veins and the low crystal-
linity degree suggest that the temperature of hydro-
thermal fluid decreased during the formation of the
veins (Fournier, 1985). In addition, the variation of
dominant minerals between calcite and quartz in this
texture suggests that the crustiform texture in the
RRZ also resulted from the fluctuation of hydrother-
mal fluid conditions.

© 2019 The Society of Resource Geology

The lattice bladed, ghost bladed, and parallel
bladed textures are considered textural manifestation
of boiling. Platy calcite displaying these textures is a
diagnostic ~ feature of boiling  environment
(Simmons & Christenson, 1994). In the lattice bladed
texture, a large amount of calcite was precipitated
from calcite-supersaturated fluids under gas-rich,
open system, isothermal boiling conditions (Dong
et al., 1995) due to a decrease of partial pressure of
CO, (Ellis, 1959). As the solubility of calcite and qua-
rtz is retrogressive and progressive with respect to
temperature change, respectively (Seward et al., 2014),
subsequent slow fluid cooling changed fluid condi-
tions to calcite-undersaturated and slightly silica-
supersaturated conditions. As the fluid became more
supersaturated with respect to silica, microcrystalline
quartz and chalcedony were precipitated, and calcite
was partially redissolved and replaced. If the initial
calcite was coarse grains and irregular, replacement
took place along cleavages of calcite in a large
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number of nuclei, which resulted in the reticular
structure of the saccharoidal texture (Adams, 1920). In
the ghost bladed and parallel bladed textures, fluid
conditions were supersaturated with respect to calcite
and quartz due to boiling with rapid cooling (Dong
et al., 1995). In this case, platy calcite and quartz were
precipitated simultaneously.

The precipitation of amorphous silica and chalce-
dony, which were partially recrystallized to micro-
crystalline and crystalline quartz, suggests that the
temperature of hydrothermal fluid was lower than
180°C (Morrison et al., 1990). However, the tempera-
ture mode recorded by the fluid inclusions indicates
that the gold mineralization took place at 240-250°C,
which exceeded the temperature range favorable for
the precipitation of amorphous silica and chalcedony.
This discrepancy suggests the fluctuation of hydro-
thermal fluid in terms of its temperatures as docu-
mented by the presence of crustiform texture in
the RRZ.

5.2 Physicochemical condition of ore-
forming fluid

5.2.1 Sulfur fugacity

The examination of sulfur fugacity (fS) is critical as
most of the ore minerals occur as sulfides. A diagram
of log fS,-temperature suggested by Barton Jr. and
Toulmin III (1964) was used to deduce fS, of the ore-
forming fluid. Several lines representing equilibrium
reaction were incorporated within the diagram to con-
firm the estimated results. The contours of the Ag
fraction (Xag) of electrum were constructed between
the sulfur condensation and Ag,S5-Ag-S, equilibrium
lines. According to the ore mineral assemblages, the
early stage was marked by the presence of
naumannite-aguilarite, chalcopyrite, pyrite, marcasite,
sphalerite, and pyrrhotite coexisting with electrum of
69 Ag at%. Plotting on the diagram estimated a for-
mation temperature of approximately 290°C with a
log fS, of nearly —11.3 (Fig. 8a).

The fS, in the late stage was evaluated by plotting
the Ag content of electrum precipitated in this stage
and the homogenization temperature of fluid inclu-
sions. The Ag content of electrum at this stage ranges
from 58 to 61 at%, and the homogenization tempera-
ture of fluid inclusions is 250°C. Log fS, of the late
stage is correspondingly —11.8 (Fig. 8a). The result of
the late stage is consistent with the presence of chalco-
pyrite and pyrite and the lack of pyrrhotite. The
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apparent fS, value decreased from the early to late
stages. However, the fS, effect increased relative to
the Ag,S buffer due largely to the temperature
decrease. The positive gradient of X,g contours and
the fluctuation of the ore-forming fluid conditions as
suggested by the discrepancy between homogeniza-
tion temperature and precipitation temperature of
amorphous silica and chalcedony may have amplified
the difference of apparent fS, value between the early
and the late stages.

5.2.2  Selenium fugacity

Selenium fugacity (fSe,) is an integral part of research
studies to understand geochemical significance of ore
mineral assemblages containing selenium (Simon &
Essene, 1996). In the RRZ, Se was encountered in several
ore minerals: naumannite-aguilarite, selenopolybasite,
argyrodite, freibergite, and pyrargyrite. The evaluation
of fSe, was carried out using a log fSe,-temperature dia-
gram proposed by Simon and Essene (1996). The con-
struction of the diagram took into account the contours
of the Ag fraction (Xg) of electrum between the forma-
tion of naumannite from Ag and Se, gas and the Se
condensation line.

The points were plotted based on the Ag content of
electrum and the formation temperatures of both
stages. The Xg of electrum in the early stage is 0.7,
and the estimated formation temperature is 290°C,
while the X,¢ of electrum in the late stage is 0.6, and
the homogenization temperature is 250°C. Log fSe, of
the early and late stages is approximately —13.5 and
— 14.1, respectively (Fig. 8b). Similar to fS,, the fSe,
effect also increased during the progressive ore depo-
sition due to the temperature decrease, although the
apparent fS, value decreased. The difference of the
apparent fSe, value between the early and the late
stages may have been enlarged due to the positive
slope of X,y contours and the discrepancy between
the homogenization temperature and precipitation
temperature of amorphous silica and chalcedony.

5.2.3  Phase relations

Phase relations were examined on the log fSe,—fS, dia-
grams constructed at 250 and 300°C (Fig. 8c,d). The
latter diagram was used to approximate the phase
relations in the early stage as thermochemical data at
290°C are unavailable. The log fSe,~fS, diagrams were
simplified by omitting several equilibrium reactions
that are not encountered in the RRZ. The reactions
involving pyrite, pyrrhotite, chalcopyrite, and bornite

© 2019 The Society of Resource Geology
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Fig. 8 (a) Log fS, and (b) log fSe, against temperature in the early and late stages. Phase relations of native-sulfide-selenide
minerals at temperatures of (c) 250°C and (d) 300°C and their relationships to the general trends of Se-bearing Au-Ag

epithermal deposits (modified after Simon et al., 1997).

are considered the sulfide buffer reactions and are
presented in the diagrams. As the thermochemical
data of those buffer reactions at 290°C are available,
the buffer equilibrium lines were depicted on the sec-
ond diagram instead of the lines representing the
reactions at 300°C.

Each pair of sulfur and selenium fugacity lies on
the equilibrium line between naumannite and argen-
tite. These results are characterized by fSe,/fS, lower
than unity. In this case, Se is more favorable for the
crystallographic replacement of S as indicated by the
results of the semiquantitative analysis of the ore min-
erals. Although the ore-forming fluid was relatively
Se-rich, the early substitution of S by Se may have
inhibited Se enrichment in the remaining ore-forming
fluid. Consequently, selenide minerals other than Ag-
Se-S minerals were not precipitated. In addition, the
plotting of fSe, and fS; in the RRZ, which lies on the
equilibrium line between naumannite and argentite, is
consistent with the general trend of Se-bearing Au-Ag
epithermal deposits (Simon et al., 1997).

5.3 RRZ and exploration in the Palu area

The vein textures and ore mineralogy in the RRZ
deposit agree with characteristics of low-sulfidation
epithermal deposits (Dong et al., 1995; Simmons et al.,
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2005). Likewise, the results of fluid inclusion
microthermometry in the RRZ (T =240-250°,
salinity = 0.3-0.7 wt% NaCl eq.) overlap with the typ-
ical ranges of temperature and salinity of ore-forming
fluids in the epithermal environment (Wilkinson,
2001). The presence of several occurrences of gold
placer deposit along the transcurrent PKFZ serving as
a hydrothermal fluid pathway (van Leeuwen &
Pieters, 2011) and the presence of the RRZ deposit
imply that the regions around the PKFZ are potential
areas of exploration of epithermal deposits.

6. Conclusions

Quartz-carbonate veins in the RRZ display primary
growth, recrystallization, and replacement textures,
such as massive, micro-comb, moss, colloform, crus-
tiform, mosaic, feathery, flamboyant, lattice bladed,
ghost bladed, parallel bladed, and saccharoidal tex-
tures. These textures reflect the initial precipitation of
amorphous silica, its transformation to more stable
phase, and boiling. Mineralized quartz-carbonate
veins contain electrum, naumannite-aguilarite, chalco-
pyrite, sphalerite, galena, pyrite, marcasite, and pyr-
rhotite precipitated in the early stage. Apart from
pyrrhotite, the mineralized veins host these minerals
along with selenopolybasite, freibergite, argyrodite,
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pyrargyrite, and galena precipitated in the late stage.
The ore minerals were precipitated at 290 and 250°C
in the early and late stages, respectively. In both
stages, Se occurs as the crystallographic replace-
ment of S.
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