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is characterized by dioritic intrusions and active artisanal mine workings
that expose mineralized rocks. This study aims to identify the presence of
ore minerals, determine their host rocks, and understand the relationship

between geological conditions and ore mineral formation in the area.
Sampling was carried out at several observation stations identified in the
field. Limited exposure restricted the sampling process, so some samples
were taken from man-made mining pits that were still accessible. From all
the samples collected, four representative samples were selected for
petrographic analysis and six representative samples for mineralographic
analysis. Petrographic thin sections and polished sections were examined
using transmitted- and reflected-light microscopy to characterize mineral
assemblages and textures. The analysis results showed the presence of ore
minerals such as silver, gold, pyrite, chalcopyrite, sphalerite, covellite,
galena, and hematite, with observed textures including intergrowth,
replacement, open space filling, and mutual boundary. These textural
relationships indicate hydrothermal deposition and provide a basis for
interpreting mineral paragenesis in the study area. The ore minerals are
associated with quartz diorite and quartz porphyry diorite as host rocks,
which are controlled by intrusion lithology and geological structures.
Overall, the identified mineral assemblage and host-rock association offer
an initial mineralogical baseline to guide exploration targeting along veins,
fractures, and stockwork zones. This study is a preliminary study, so further
research is needed through detailed geological mapping, geochemical
analysis, and fluid inclusion studies.
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1. INTRODUCTION

The island of Sulawesi is one of the regions in Indonesia that has metal mineralization potential
closely related to magmatic activity and the presence of intrusive rocks. In convergent-margin
settings such as Sulawesi, intrusive magmatism commonly drives hydrothermal circulation that
can concentrate Au—Ag and associated base metals. Establishing a first-order mineralogical and
lithological baseline is therefore essential for interpreting mineralization style and supporting early
exploration decisions (Park et al., 2021; Schirra et al., 2022).

Regional analogs from northwestern Sulawesi provide an important context for interpreting the
Balukang mineralization system. Van Leeuwen and Pieters (2011) reported that the Malala deposit
in northwestern Sulawesi is the only known porphyry molybdenum deposit in Indonesia and
developed in a granitic intrusion system (Leeuwen & Pieters, 2011). The Malala area is the closest
area to the northern part of the study area, indicating that the Balukang area is under the influence
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of the same regional magmatic system (Leeuwen & Pieters, 2011). Such regional linkages suggest
that intrusive emplacement and structural permeability may work together to focus ore-forming
fluids and generate vein and stockwork-style mineralization.

Local field evidence further supports the need for systematic documentation of ore minerals and
their geological controls. The Balukang area, Sojol District, Central Sulawesi, is located in the
northern neck of Sulawesi, which is still regionally influenced by the development of intrusive
rocks. Based on field observations, intense illegal gold mining activity was found in the Balukang
area, suggesting that other metals accompanying gold may also be present. These indications
motivate an initial ore-mineral inventory and host-rock characterization that can support follow-
up studies and exploration targeting (Burrows et al., 2020; Schirra et al., 2022).

Regional geological information indicates that intrusive rocks dominate the study area and may
provide the principal host for mineralization, while geological structures control fluid pathways
and ore distribution. Geologically, the study area is included in the Toli-Toli Geological Map
(Ratman, 1976). Stratigraphically, this area consists of two main units, namely the Alluvium and
Coastal Deposits (Qal) Formation and the Intrusive Rocks (gr) Formation. Based on the
stratigraphic composition of the research area, as reflected by the dominant lithological
characteristics observed in the field, it is inferred that the host rocks of ore mineral deposits in the
study area are derived from intrusive rocks. In addition, geological structures such as faults and
fractures play an important role in directing hydrothermal fluids, thereby controlling the spatial
distribution of ore mineralization in the study area (Schirra et al., 2022; Marchesini et al.,
2024;Wiyuda et al., 2022; Raihana et al., 2023).

Despite limited mineralogical documentation for Balukang, particularly regarding ore-mineral
assemblages, textures, and host-rock relationships, this paper provides a mineralogical-
petrographic baseline by identifying ore minerals and textures, characterizing intrusive host rocks,
and relating mineral occurrence to the local geological setting for future detailed studies. However,
due to limited geological research in the area, this study aims to identify ore minerals and their host
rocks.

2. METHOD

2.1. Study area and observation stations

This study aims to identify the characteristics of ore deposits and host rocks in the study area.
The study was conducted in the Balukang area, Sojol District, Donggala Regency, Central
Sulawesi. Observation stations were determined during fieldwork based on accessible outcrops and
artisanal mining exposures; station locations are shown in Figure 1.
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Figure 1. Map of the research area
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A regional geological map (modified from Ratman, 1976) provides context for station
distribution and host rock interpretation, as shown in Figure 2.
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Figure 2. Regional Geological Map of the Study Area (Modified from Ratman, 1976)

2.2. Sampling

The research method was carried out in a structured manner through several stages. The initial
stage involved preparation, including literature studies, permit processing, and preparation of
equipment and base maps. The next stage was field data collection, which included surface
geological surveys and rock sampling. Sampling was carried out at several observation stations
identified in the field. Limited exposure restricted the sampling process, so some samples were
taken from man-made mining pits that were still accessible. From all the samples collected, four
representative samples were selected for petrographic analysis and six representative samples were
selected for mineralographic (mineragraphy) analysis.

2.3. Petrography

Four representative samples were prepared as thin sections and examined under transmitted
light to characterize host-rock lithology, textures, and alteration features relevant to hydrothermal
processes. Observations focused on diagnostic igneous textures and modal mineralogy to support
host-rock identification.

2.4. Mineragraphy

Six representative samples were prepared as polished sections and analyzed using reflected-light
ore microscopy (mineragraphy) to identify ore minerals and ore textures. Textural relationships
were recorded as key evidence for interpreting ore formation processes.

2.5. Data interpretation and workflow integration

Laboratory analysis involved preparing thin and polished sections for petrographic and
microscopic analysis using an Olympus CX23 polarizing microscope at UPA Integrated
Laboratory, Tadulako University. Results were correlated with field data and literature to interpret
relationships between geology and ore mineralization. Interpretation linked field observations with
petrographic host-rock analysis and mineralographic textures to understand mineral occurrence
and guide future work.
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3. RESULTS AND DISCUSSION

3.1. Ore Minerals in the Study Area
The study area in Balukang, part of Mandala Barat in Sulawesi Island, is influenced by
magmatic activity in the convergent zone. The quartz diorite and quartz porphyry diorite rocks
have holocrystalline-phaneritic textures with minerals including quartz, plagioclase, K-feldspar,
biotite, and opaques, similar to North Sojol diorite. Field studies revealed accessible mine pits
containing veins and stockworks, indicating ore deposit development in the area.
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Figure 3. a) Appearance of quartz veins/ veiﬁlets forming a stockwork structure in
quartz diorite lithology, b) Appearance of quartz veins in quartz porphyry diorite lithology

3.2. Ore Mineral Identification and Grouping

Ore minerals in the study area were identified through ore microscope analysis (mineragraphy)
on six polished sections. The analysis results showed the presence of three groups of ore minerals,
namely the native element group (silver and gold), the sulfide group (pyrite, chalcopyrite,
sphalerite, galena, covellite), and the oxide group (hematite).

3.3. Native Element Group

Silver is found associated with pyrite, galena, sphalerite, and chalcopyrite. This mineral is
microscopic in size and therefore invisible to the naked eye. Its optical properties are grayish white,
high reflectivity, euhedral-subhedral in shape, and does not exhibit pleochroism. This mineral
exhibits a replacement texture, which indicates the replacement of the original mineral without a
change in volume (Ramdohr, 1969; Xing et al., 2021; Zhang et al., 2022)). This replacement process
can occur through dissolution and precipitation, oxidation, and solid-phase diffusion. This texture
is important in paragenesis studies because replacement minerals are usually younger than the
minerals they replace (Figure 4a).

Gold was found together with pyrite, chalcopyrite, and silver, with micro sizes that were also
not visible macroscopically. Gold minerals have a golden yellow color, very high reflectivity,
subhedral shape, and show an open space filling texture (Figure 4b). This texture is formed in brittle
rocks under low pressure, describing the filling of open spaces by hydrothermal fluids. This
provides an indication of the geological conditions and temperature of mineral formation (Okada
et al., 2025; Tripathi & Deb, 2025).
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Figure 4. Photomicrographs of polished sections of native element minerals
a) Presence ofsilver (Ag) and chalcopyrite (Ccp) at station 12/DRT/NAK,
b) Presence of gold (Au) at station 6/DRT/NAK
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3.4. Sulfide Group and Oxide Group

3.4.1. Sulfide Group

Pyrite (FeS;) is the most common mineral, found in almost all samples and associated with
other ore minerals. This mineral is fine-grained but still visible to the naked eye, pale yellow-orange
in color with cleavage, and exhibits a replacement texture (Figure 5a). This texture shows a
replacement process similar to that of native element minerals and plays an important role in
determining the sequence of mineral formation.

Chalcopyrite (CuFeS,) is found associated with pyrite and hematite, has high reflectivity,
anhedral shape, and replacement texture (Figure 5b). The formation process of this mineral is
similar to other associated sulfide minerals, indicating a close paragenetic relationship.

Sphalerite (ZnS) is micro-sized and associated with pyrite. It has a dark grayish-yellow color,
very high reflectivity, and a replacement texture (Figure 5c). This mineral plays a role in the study
of sulfide deposit paragenesis.

Galena (PbS) is gray in color with a replacement texture and shows a slight triangular pits
texture (Figure 5d). This mineral is associated with pyrite and is micro-sized, reinforcing the sulfide
mineral complex in the study area.

Covellite (CuS) is found together with hematite and pyrite with a mutual boundary texture,
meaning that the minerals do not penetrate each other (Figure 6). This granular texture indicates
simultaneous mineral formation (Ramdohr, 2013).

Figure 5. Photomicrographs of polished sections of sulfide minerals, a) Presence of
chalcopyrite (Ccp) and pyrite (Py) at station 15/DRT/ANAK, b) Presence of chalcopyrite at
station 12/DRT/ANAK, c) Presence of sphalerite (Sph) and pyrite (Py) at station
6/DRT/ANAK, d) Presence of galena (Gn) and pyrite (Py) at station 12/DRT/NAK

Sulfide mineral assemblages shown in Figure 5 indicate close textural and paragenetic
relationships among Py, Ccp, Sph, and Gn across multiple stations. These associations highlight
sulfide precipitation within the same hydrothermal system and provide a textural basis for
interpreting mineral sequence using replacement features and mineral-mineral boundaries
observed in polished sections (He et al., 2025; Tang et al., 2022). Figure 6 provides a detailed view
of the Cv—Py—Ccp association, emphasizing the mutual-boundary texture that supports near-
synchronous mineral growth in the observed microdomain.
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Figure 6. Photomicrograph of polished sections of ore minerals kovelite, pyrite, and
chalcopyrite at station 16/DRT/NAK

3.4.2. Oxide Group

Hematite (Fe,Os3) is reddish in color and associated with covellite and pyrite. This mineral is
visible to the naked eye with a replacement texture (Figure 7). This texture is important for
determining the order of mineral formation and helps identify earlier and later minerals in
paragenesis (Ramdohr, 2013).

Figure 7. Photomicrograph of a polished section of ore minerals Hematite (Hm) associated
with ore minerals pyrite (Py) and covellite (Cv) at station 6/ DRT/NAKHost Rocks for
Mineral Ore Deposits in the Study Area

3.5. Host Rocks for Mineral Ore Deposits in the Study Area

Host rocks are rocks that contain ore deposits or rocks that can be permeated by solutions, where
ore deposits are formed. Intrusions and rock walls can act as host rocks. Petrographic and
mineralographic analysis results show that quartz diorite and quartz porphyry diorite rocks in the
study area act as host rocks for ore mineral deposits. These two rocks are products of intermediate
magma intrusion in an active subduction zone environment, which subsequently became the main
medium for hydrothermal fluid migration.
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Figure 8. Microscopic appearance of quartz porphyritic diorite lithology at station
15/DRT/NAK showing the presence of sericite (Ser) minerals: (a) photomicrograph
illustrating the general porphyritic texture and mineral framework of the host rock; (b)
annotated photomicrograph highlighting sericite alteration (Ser) associated with quartz (Qz)
and opaque minerals (Opq). Scale bar = 500 pm.
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As intrusive rocks, quartz diorite and quartz porphyry diorite have sufficient porosity and
fractures to be traversed by hydrothermal fluids, making them sites for hydrothermal alteration and
metal ore precipitation. This is evidenced by the discovery of ore mineral associations such as
chalcopyrite, pyrite, gold, silver, sphalerite, galena, covellite, and hematite in these rock bodies.
The identified alteration zoning, namely potassic, phyllic, and sericitic (Figure 8), supports the
existence of a strongly developed hydrothermal system in these rocks. In addition, the
mineralization structures in the form of veins (Figure 9) and stockworks (Figure 3) that developed
in quartz diorite and quartz porphyry diorite indicate that the fractures in these rocks have

. i BRELC IS | N | #4 e
Figure 9. Appearance of quartz veins at station 12

Based on observations of texture, structure, and mineralogy, the presence of quartz diorite and
quartz porphyry diorite intrusions accompanied by quartz-sulfide veins and stockwork patterns
indicates the development of a magmatic hydrothermal system in the study area. The presence of
porphyritic texture in intrusive rocks, the spatial relationship between intrusions and
mineralization, and the development of veins and stockworks are common features widely reported
in hydrothermal systems associated with intrusions, particularly in porphyry and epithermal
environments (Sillitoe, 2010; Jhon et al., 2010).

Texturally, the network of quartz veins and stockworks cutting through the intrusive rocks
reflects the movement of hydrothermal fluids through fractures and zones of high permeability,
which are characteristic features of porphyry systems and the root part of epithermal systems.

Recent studies indicate that hydrothermal quartz textures, including repeated veins and fracture
filling, are important indicators for interpreting fluid evolution and the environment of magmatic—
hydrothermal mineral deposit formation (Phillips et al., 2023). Furthermore, the presence of quartz
diorite and quartz porphyry diorite as host rocks is also consistent with many Cu—Au porphyry
systems that are generally associated with dioritic to granodioritic intrusions (Sillitoe, 2010; Jhon
et al., 2010).

However, although characteristics such as quartz diorite intrusions, veins, and stockworks
indicate that mineralization in the study area is hydrothermal in nature, the type of deposit cannot
be determined with certainty, including porphyry systems, intermediate epithermal sulfidation, or
other hydrothermal types. Limitations in rock and ore geochemical data and fluid inclusion
analysis mean that parameters such as the temperature and composition of the deposit-forming
fluids are unknown. Therefore, further research in the form of geochemical analysis and fluid
inclusion studies is needed to confirm the type and evolution of the mineralization system in the
study area (Sillitoe, 2010; Phillips et al., 2023).

4. CONCLUSIONS

Research in the Balukang area, Sojol District, Central Sulawesi, identified the presence of ore
minerals consisting of native gold (Au) and silver (Ag), as well as sulfide minerals including pyrite
(FeS,), sphalerite (ZnS), chalcopyrite (CuFeS,), galena (PbS), covellite (CuS), and oxide minerals,
namely hematite (Fe,O3z). These minerals are found in replacement, intergrowth, mutual
boundary, and open space filling textures, reflecting deposition by hydrothermal fluids.
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Ore mineralization is spatially associated with quartz diorite and quartz porphyry diorite rocks
that act as host rocks. This is indicated by the presence of ore minerals and alteration minerals in
petrographic and mineralogical observations, as well as the presence of veins and stockwork
patterns that cut through the intrusive rocks. This relationship indicates that the intrusive lithology
and geological structure control the distribution of mineralization. This research is still a
preliminary study, so determining the characteristics and potential of mineralization in more detail
requires further research through detailed geological mapping, geochemical analysis of rocks and
ores, and fluid inclusion studies.
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