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Abstract
Granitoid belts have been widely recognized as important hosts of mineralization prospects, and the
characterization of granitoid geochemistry has provided valuable insights for identifying sources of
economically significant mineral deposits. This study integrates field investigations with petrographic,
major-element, and trace-element geochemical analyses of granitoid rocks from the South Sulawesi
Granitoid Belt, encompassing the Palopo and Masamba areas. The results indicate that granodiorite and
granite are the dominant lithologies in the study area. These rocks are characterized as I-type granitoids
with high-K calc-alkaline to shoshonitic affinities and metaluminous to weakly peraluminous
compositions. Geochemical data suggest that the granitoids were derived predominantly from partial
melting of crustal sources with minor mantle contributions. The Palopo granitoids were generated from
high-K mafic or metabasaltic source rocks, whereas the Masamba granodiorites were derived from high-
K mafic or metabasaltic sources with minor contributions from metasedimentary material. In contrast,
the Masamba granites were generated from tonalitic to metasedimentary source rocks. Dy/Yb ratios
ranging from 1.87 to 2.17 indicate dominant amphibole fractionation with insignificant garnet influence
during partial melting, suggesting magma generation at intermediate crustal depths. Magmatic evolution
was controlled by both magma mixing and fractional crystallization. Evidence for magma mixing is
supported by the occurrence of mafic enclaves observed in the field, as well as zoning and poikilitic
textures identified petrographically. Fractional crystallization is reflected by decreasing MgO, Fe₂O₃, CaO,
and TiO₂ contents with increasing SiO₂ concentrations, together with high LREE/HREE ratios, negative Eu
anomalies (Eu/Eu*), and elevated La/Yb ratios ranging from 20.10 to 35.84. These findings indicate that
the Palopo and Masamba granitoids were derived from relatively distinct source materials and
subsequently underwent significant magmatic evolution through magma mixing and fractional
crystallization, resulting in the enrichment of incompatible elements within the residual melt.

1. Introduction
Sulawesi, characterized by its distinctive K-shaped geometry, is located at the convergence zone of the
Eurasian, Indo-Australian, and Pacific plates, which have undergone complex interactions and collisions
throughout its tectonic evolution (Katili, 1978). These tectonic interactions have resulted in the
development of four major tectonic provinces, including the West-North Arm, which is predominantly
composed of magmatic and volcanic products (Sukamto, 1975; Katili, 1978; Hall, 2002; Satyana et al.,
2011). In South Sulawesi, magmatic products are widely distributed along the southern arm of the island
(Priadi et al., 1994; Polvé et al., 1997; Priadi et al., 2013), where granitoid rocks are extensively exposed in
the Palopo and Masamba regions.

Previous studies have shown that the granitoids in Palopo are generally characterized by calc-alkaline
(CAK) affinities, whereas those in Masamba exhibit calc-alkaline to high-K calc-alkaline (CAK–HK)
characteristics (Maulana et al., 2016). By integrating whole-rock geochemical data with zircon U–Pb–Hf
isotopic analyses, Zhang et al. (2020) identified a magmatic flare-up event at approximately 7–6 Ma.
Furthermore, thermochronological data from the Masamba granitoids indicate an exhumation rate of
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approximately 1.6 mm/yr, while granitoids from the Palopo area are inferred to have been exhumed from
depths of approximately 8.2–10 km (Maulana et al., 2013).

Granitoid intrusions have been widely recognized as important indicators of magmatic processes and
potential hosts of mineralization. Studies on multiphase granitoid intrusions by Cao et al. (2016)
demonstrated that I-type, calc-alkaline, and metaluminous granitoids are commonly associated with
mineralization systems. Similarly, Shen et al. (2015) reported that numerous mineral deposits are
genetically related to calc-alkaline granites. Oxidation state has been considered a primary control on the
fertility of granitoid-related mineralization (Shen et al., 2015; Richards, 2015), although Cao et al. (2016)
suggested that certain reduced granitoid systems may also be favorable for mineralization.

Granitoid rocks provide valuable information regarding magma sources and magmatic evolution and
may also record processes associated with ore-forming systems. Therefore, understanding the source
characteristics and magmatic evolution of the granitoids in the Palopo and Masamba areas is essential
for improving regional geological knowledge and contributing to future mineral exploration programs
associated with granitoid-hosted mineralization.

2. Geological Setting
Geochemical data from the Palopo Granite indicate that the granitoid is characterized by high-K,
magnesian, peraluminous, and calc-alkaline affinities. These results largely corroborate the findings of
Priadi et al. (1994) and further confirm that the granitoid belongs to the high-K calc-alkaline (CAK)
Miocene–Pliocene granitoid belt of Sulawesi as proposed by Polvé et al. (1997). Zircon U–Pb ages of 6.3
Ma obtained from deformed granodiorite and 5.0 Ma from undeformed granodiorite constrain the timing
of mylonitization to between 6.3 and 5.0 Ma (White et al., 2014).

According to Van Leeuwen and Maulana (2025), the granitoid rocks in the Masamba area constitute the
Masamba Complex, which is interpreted as a composite high-K calc-alkaline intrusive complex.
Numerous studies have reported granodiorite as the dominant lithology within this complex. Maulana et
al. (2016) similarly classified the Masamba Complex as belonging to the calc-alkaline to high-K calc-
alkaline (CAK–HK) series. Furthermore, 40Ar/39Ar geochronological data reported by Anderson and
Smith (1995) indicate ages ranging from 9.5 to 4.3 Ma. The distribution of granitoid rocks can be seen in
Fig. 1.

3. Analytical Methods
This study was conducted through two main stages: field sampling and laboratory analyses. Sampling
was carried out at two granitoid bodies located in the Palopo and Masamba areas of South Sulawesi. In
the Palopo area, samples were collected from the Babak River (BA-01A and BA-04) and the Siguntu River
(SG-04). In the Masamba area, samples were collected from the Masamba River (SM-01, SM-17, and SM-
26).
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Laboratory analyses consisted of petrographic and geochemical investigations. Petrographic analyses
were conducted on all samples at the Petrography Laboratory, Department of Geological Engineering,
Hasanuddin University, Indonesia. Geochemical analyses of the Palopo samples were performed using
X-ray fluorescence (XRF) at Intertek Laboratory, Jakarta, Indonesia. In contrast, geochemical analyses of
the Masamba samples were carried out using XRF and inductively coupled plasma–mass spectrometry
(ICP–MS) at Kyushu University, Japan.

Petrographic analysis was employed to determine rock classifications and identify textural features
developed during rock formation. Geochemical analyses were undertaken to characterize the
geochemical signatures of the granitoids, constrain their magma sources, and evaluate the magmatic
evolution processes involved in their petrogenesis.

4. Result
4.1 Petrology and Petrographic Characteristic

The granitoid units examined in this study include the Palopo and Masamba granitoid complexes. The
Palopo granitoids are represented by granodiorite, deformed granodiorite, and granite, with the
occurrence of dioritic mafic enclaves. The Masamba granitoids are mainly composed of granodiorite
and granite. The megascopic and petrographic features can be observed in Figure 2. 

4.1.1 Palopo Granitoids

The granodiorite exhibits a phaneritic texture and is composed of andesine plagioclase (20%), pyroxene
(10%), hornblende (12%), biotite (17%), orthoclase (13%), and quartz (20%), with minor opaque minerals
(3%) and sericite (7%). The deformed granodiorite displays a phaneritic texture and consists of
labradorite plagioclase (25–27%), pyroxene (10–12%), hornblende (5–8%), biotite (15–17%), and quartz
(21–24%). Accessory minerals include opaque minerals, titanite, zircon, magnetite, and apatite, whereas
alteration products comprise sericite, epidote, actinolite, chlorite, and diaspore. Both macroscopic and
microscopic observations reveal a foliated fabric characterized by the preferred orientation of platy
minerals, particularly biotite, and elongate quartz grains. Maulana (2019) classified this rock as
exhibiting a palimpsest texture, in which the original igneous texture remains recognizable and
corresponds to a blastoporphyritic type. Based on its mineralogical composition and deformation
textures, this rock is classified as metagranodiorite. Sudirman et al. (2024) documented several
deformation-related microstructures within the Palopo granodiorite, including feldspar porphyroblasts
and partial grain fragmentation, quartz–biotite foliation, and quartz deformation features such as
undulose extinction, bulging recrystallization, and lobate grain boundaries.

The granite is characterized by a porphyritic texture and consists of labradorite plagioclase (26–29%),
pyroxene (5–7%), hornblende (5–7%), biotite (15–17%), orthoclase (25–27%), and quartz (18–20%),
together with minor opaque minerals (1–3%). Accessory phases include titanite, zircon, magnetite,
apatite, and rutile, whereas alteration minerals comprise sericite, adularia, epidote, actinolite, diaspore,
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and anhydrite. The occurrence of hornblende indicates an igneous protolith source (Singtuen et al.,
2023). Furthermore, the presence of magnetite and titanite suggests that hornblende crystallized under
relatively oxidizing conditions (Wones, 1989).

The occurrence of foliation in the granitoid rocks indicates emplacement and deformation under
collisional or compressional orogenic tectonic settings, whereas the undeformed granitoids are
interpreted to have formed during late to post-orogenic tectonic stages (Kwayisi et al., 2023).
Petrographic observations reveal several distinctive textures within the deformed granodiorite, including
antiperthitic, myrmekitic, zoning, and poikilitic textures. The granite similarly exhibits antiperthitic,
zoning, and poikilitic textures. The presence of poikilitic textures may indicate magma mingling and/or
mixing between compositionally distinct magmas (Kazemi et al., 2018).

4.1.2 Masamba Granitoids

The granodiorite exhibits a phaneritic texture and is composed of quartz (30–35%), albite plagioclase
(25–30%), hornblende (10–20%), orthoclase (10%), biotite (10–14%), and locally occurring muscovite (up
to 14%), with zircon as an accessory mineral. The granite is characterized by a phaneritic texture and
consists of K-feldspar (20%), quartz (35%), albite plagioclase (5%), hornblende (20%), and biotite (20%).
Petrographic observations reveal the presence of distinctive textures within the granodiorite, including
antiperthitic and poikilitic textures. In contrast, the granite is characterized by the occurrence of graphic
texture. The megascopic and petrographic features can be observed in Figure 3. 

4.2 Geochemistry Characteristic

Geochemical analyses indicate that the Palopo granitoids contain 64.31–67.37 wt% SiO₂, whereas the
Masamba granitoids contain 66.15–72.52 wt% SiO₂. Based on the classification of Le Maitre et al. (1989,
cited in Rollinson, 1993), these compositions are classified as felsic magmas. The results of major
element geochemistry are presented in Table 1.

Rock classification based on the Total Alkali–Silica (TAS) diagram of Cox et al. (1976), using SiO₂ versus
total alkalis (Na₂O + K₂O), indicates that the Palopo and Masamba granitoids are composed of
granodiorite and granite. Magmatic affinity was determined following the classification scheme of
Peccerillo and Taylor (1976, cited in Rollinson, 1993), based on the relationship between SiO₂ and K₂O
contents. The results show that the Palopo granitoids belong to the high-K calc-alkaline series, whereas
the Masamba granitoids range from high-K calc-alkaline to shoshonitic affinity. The degree of alumina
saturation was evaluated using the classification of Shand (1943, cited in Clarke, 1992), based on the
molar ratios A/CNK [Al₂O₃/(CaO + Na₂O + K₂O)] and A/NK [Al₂O₃/(Na₂O + K₂O)]. The Palopo granitoids
are characterized by metaluminous to weakly peraluminous compositions, whereas the Masamba
granitoids are predominantly metaluminous. The results of the geochemical characteristic plots are
shown in Figure 4.
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The Palopo granitoids exhibit a high-K calc-alkaline affinity, whereas the Masamba granitoids range from
high-K calc-alkaline to shoshonitic compositions. This variation suggests that the Masamba granitoids
experienced a more advanced stage of magmatic evolution, resulting in the enrichment of potassium
within the residual melt. Rompo et al. (2023) proposed that variations in magma series may reflect
fractional crystallization processes operating after partial melting of metasomatized mantle and lower
crustal sources. In general, high-K calc-alkaline granitoids are considered to originate from the partial
melting of older crustal materials and/or mantle-derived sources (Gläser et al., 2022; Kwayisi et al.,
2023).

5. Discussion
The granitoid rocks from the study area are classified as I-type granitoids, indicating derivation from the
partial melting of igneous protoliths, as illustrated by the SiO₂ versus TiO₂ diagram. Their formation may
be attributed to the partial melting of older mafic to intermediate igneous rocks within the deep crust or
infracrustal levels (Chappell and White, 1992), or alternatively to the interaction and mixing of mantle-
derived and crust-derived melts that contributed to continental crustal growth (Kemp et al., 2007).
Geochemical investigations by Liu et al. (2020) on the Palopo granitoids revealed elevated Sr/Y ratios
indicative of an adakitic geochemical signature. This suggests the involvement of lower-crustal
thickening at depths exceeding approximately 50–80 km under pressures greater than 1.2–1.5 GPa,
resulting in partial melting of basaltic to intermediate igneous source rocks. Such conditions are
consistent with adakitic magmatism associated with crustal thickening and/or delamination processes
in the lower crust.

The binary and ternary geochemical discrimination diagrams indicate that the Palopo granitoids were
derived from the partial melting of high-K mafic rocks or metabasaltic source rocks. A similar source is
inferred for the Masamba granodiorites, which appear to have originated from high-K mafic or
metabasaltic protoliths with minor contributions from metasedimentary material. In contrast, the
Masamba granites are interpreted to have been derived from tonalitic to metasedimentary source rocks.
Moradi et al. (2021) attributed such geochemical characteristics to dehydration partial melting of
metabasaltic–metatonalitic source rocks. Partial melting of metabasaltic rocks can generate tonalitic–
trondhjemitic–granodioritic (TTG-like) magmas under optimal petrogenetic conditions of approximately
800–950°C and 10–18 kbar (Palin et al., 2016). In contrast, partial melting of metatonalitic protoliths
commonly produces granitic melts, consistent with the inferred origin of the Masamba granites. The
Al₂O₃/TiO₂ ratios range from 31.5 to 38.0 for the Palopo granitoids and from 27.4 to 62.0 for the
Masamba granitoids. According to Sylvester (1998), relatively low Al₂O₃/TiO₂ ratios (<100) indicate
partial melting at temperatures approaching or exceeding approximately 875°C. These values therefore
suggest that the parental magmas of both granitoid suites were generated under relatively high-
temperature melting conditions. The results of geochemical data plots related to magma sources are
presented in Figure 5.
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The Mg# values of the studied granitoids range from 42.67 to 58.82, all exceeding 40. According to Rapp
and Watson (1995), Mg# values greater than 40 indicate that granitoid magmas were generated through
partial melting processes involving mantle-derived sources. This interpretation contrasts with the MgO
versus FeO/(FeO + MgO) discrimination diagram, which suggests that the Palopo and Masamba
granitoids were predominantly derived from crustal sources. This discrepancy may be explained by the
different petrogenetic significance of the geochemical parameters. Mg# represents the proportion of Mg
relative to Fe and is commonly regarded as an indicator of source characteristics. Therefore, elevated
Mg# values may preserve evidence of mantle involvement in magma generation, whereas other
geochemical indicators reflect the dominant crustal contribution. Furthermore, Liu et al. (2020) proposed
that limited mixing with mantle peridotite, estimated at approximately 1–2%, contributed to the elevated
Mg ratios observed in the Palopo granitoids. These results suggest that the Palopo and Masamba
granitoids were primarily derived from crustal sources with a minor mantle contribution.

An alternative process that may account for these geochemical characteristics is magma mixing, as
indicated by the Al₂O₃/CaO versus Na₂O/CaO and MgO versus Fe₂O₃t diagrams. Both diagrams support a
magma mixing model followed by fractional crystallization of mafic minerals and plagioclase. This
interpretation is evidenced by the progressive depletion of MgO and Fe₂O₃ contents from granodioritic to
granitic compositions. The combined effects of magma mixing and subsequent fractional crystallization
are further supported by systematic decreases in MgO, Fe₂O₃, CaO, and TiO₂ contents with increasing
SiO₂ concentrations. These trends are consistent with magmatic differentiation involving the removal of
mafic minerals and plagioclase from the evolving melt. The results of geochemical data plots related to
magma evolution are presented in Figure 6.

Additional evidence for magma mixing is provided by the occurrence of mafic enclaves within the
granitoid bodies. These enclaves are characterized by elliptical to rounded shapes and mineral
assemblages similar to those of the host granitoids, although with different modal proportions. They
also exhibit relatively finer-grained textures and sharp contacts with the surrounding host rocks, features
that are commonly associated with magma mixing processes. Petrographic observations of the host
granitoids reveal the presence of poikilitic textures, which have been interpreted as evidence of mingling
and/or mixing between compositionally distinct magmas (Kazemi et al., 2018). Zoning textures are also
observed and are expressed as compositional zonation reflected by variations in the optical properties
of individual mineral grains. According to Streckeisen (2024), such zoning records chemical variations
during crystal growth related to changes in temperature, pressure, and magma composition, and may
indicate fluctuations in magma replenishment. Evidence supporting magma mixing can be observed in
Figure 7. The magma mixing model involves the interaction and homogenization of mafic magma, likely
derived from mantle sources, with felsic magma generated within the continental crust (Kazemi et al.,
2018; Teha et al., 2024). In this scenario, early crystallization and differentiation of the granitoid magma
were followed by the rapid formation of mafic enclaves, probably as a result of thermal and pressure
quenching. These enclaves were subsequently injected into the felsic host magma while both magmas
remained partially molten. The elliptical to rounded morphology of the enclaves indicates that mixing
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occurred under magmatic conditions prior to complete crystallization of the host granitoid (Kazemi et al.,
2018; Moradi et al., 2021).

The SiO₂ versus Al₂O₃/CaO diagram was used to evaluate magmatic evolution through fractional
crystallization, particularly to distinguish between plagioclase and clinopyroxene fractionation trends
(Moradi et al., 2021). The plotted data indicate that both the Palopo and Masamba granitoids were
predominantly influenced by clinopyroxene fractionation. This interpretation is based on the behavior of
clinopyroxene, a Ca–Mg–Fe silicate mineral, which preferentially incorporates Ca during crystallization,
resulting in a decrease in CaO relative to Al₂O₃ in the residual melt. The observed trend is also consistent
with adakitic magmatism, where plagioclase becomes unstable under high-pressure conditions in the
lower crust. Experimental studies by Green (1967) demonstrated that plagioclase is progressively
replaced by more stable mineral phases with increasing pressure, and that at pressures exceeding
approximately 23 kbar and temperatures around 1100°C, plagioclase is no longer stable, whereas
clinopyroxene remains stable and crystallizes together with other high-pressure mineral assemblages.
The progressive increase in SiO₂ and Al₂O₃ contents from granodioritic to granitic compositions further
reflects magmatic differentiation toward more evolved felsic melts. These geochemical trends suggest
that fractional crystallization of clinopyroxene played an important role in the evolution of the Palopo and
Masamba granitoid magmas.

Magmatic evolution is further reflected in the trace-element geochemistry of the granitoids from the
study area. The rare earth element (REE) patterns are characterized by enrichment of light rare earth
elements (LREEs) relative to heavy rare earth elements (HREEs), displaying a general decrease in
concentration from La to Yb. The high LREE/HREE ratios indicate significant magmatic fractionation and
progressive enrichment of incompatible elements within the residual melt (Koljonen and Rosenberg,
1974). This interpretation is consistent with the elevated La/Yb ratios, which range from 20.10 to 35.84.
Such values indicate substantial fractionation and accumulation of incompatible elements during
magma evolution. The Palopo granitoids exhibit higher La/Yb ratios than those from Masamba,
suggesting a more evolved magmatic system, consistent with their derivation from high-K mafic source
rocks and subsequent magmatic differentiation. Negative Eu anomalies are evident from Eu/Eu* values
ranging from 0.093 to 0.287. According to Liu et al. (2025), such negative anomalies reflect plagioclase
fractionation, during which Eu was preferentially incorporated into crystallizing plagioclase, resulting in
Eu depletion within the residual melt. The Dy/Yb ratios are relatively low, ranging from 1.87 to 2.17.
Davidson et al. (2013) suggested that such values are indicative of dominant amphibole fractionation
with little to no significant garnet involvement. This interpretation implies that magma evolution and
partial melting occurred predominantly under middle-crustal conditions, where amphibole remained
stable while garnet was absent or only minimally involved in the residue. The results of trace element
geochemistry are presented in Table 2.

Based on their geochemical characteristics, the Palopo and Masamba granitoids are classified as I-type,
high-K calc-alkaline, and predominantly metaluminous granitoids. These rocks are interpreted to have
originated mainly from igneous source rocks, with minor contributions from mantle-derived and

Page 8/21



sedimentary materials. Magmatic evolution was dominated by fractional crystallization, as evidenced by
the systematic decreases in MgO, Fe₂O₃, CaO, and TiO₂ contents with increasing SiO₂ concentrations,
together with elevated LREE/HREE ratios. Such geochemical trends indicate progressive magmatic
differentiation, which may have promoted the enrichment of volatiles and metals within the residual
melt. The occurrence of magma mixing during the early stages of magma evolution may have introduced
additional heat, sulfur, and metal-bearing components into the magmatic system. Subsequent intensive
fractional crystallization would have further concentrated H₂O-rich fluids and metallic elements in the
residual melt, thereby enhancing the potential for ore-forming processes. Petrographic evidence also
supports this interpretation. The presence of alteration minerals indicates post-magmatic hydrothermal
activity, while the occurrence of accessory magnetite and titanite suggests that hornblende crystallized
under relatively oxidizing conditions. Previous studies have demonstrated that oxidized magmatic
systems represent a key factor controlling magma fertility and the formation of hydrothermal
mineralization (Shen et al., 2015; Richards, 2015). Therefore, the combined geochemical and
petrographic characteristics of the Palopo and Masamba granitoids suggest that these rocks possess
favorable magmatic fertility and may have significant potential for associated mineralization.

The geochemical characteristics indicate that the Palopo and Masamba granitoids were generated
through interactions between mantle-derived magmas and crustal melts. This interpretation is supported
by relatively high Mg# values (>40), which suggest minor mantle contributions, together with
geochemical evidence for partial melting of metabasaltic to tonalitic crustal sources. Elevated Sr/Y
ratios and adakitic signatures reported by Liu et al. (2020) suggest magma generation under thickened
crustal conditions. The limited influence of garnet, as indicated by the relatively low Dy/Yb ratios (1.87–
2.17), implies that melting likely occurred within the middle to lower crust rather than within a deep
garnet-rich source. The Palopo and Masamba granitoids were emplaced during the Late Miocene–Early
Pliocene magmatic flare-up recognized throughout South Sulawesi (Zhang et al., 2020). The timing of
emplacement suggests that these granitoids formed as part of a regional magmatic event associated
with intensified crust–mantle interactions along the southern arm of Sulawesi.

6. Conclusions
Based on field observations and laboratory analyses, the following conclusions can be drawn:

1. The granitoid rocks in the Palopo and Masamba areas are classified as I-type granitoids, consisting
of granodiorite and granite. Geochemically, the Palopo granitoids are characterized by high-K calc-
alkaline affinities and metaluminous to weakly peraluminous compositions, whereas the Masamba
granitoids exhibit high-K calc-alkaline to shoshonitic affinities and are predominantly metaluminous.

2. The Palopo granitoids, including both granodiorite and granite, were derived from the partial melting
of high-K mafic or metabasaltic source rocks. In contrast, the Masamba granodiorites originated
from high-K mafic or metabasaltic sources with minor contributions from metasedimentary
material, whereas the Masamba granites were derived from tonalitic to metasedimentary source
rocks.
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3. The Palopo and Masamba granitoids experienced significant magmatic evolution involving both
magma mixing and fractional crystallization. Evidence for magma mixing is provided by the
occurrence of mafic enclaves in the field and the presence of zoning and poikilitic textures observed
petrographically. Fractional crystallization is reflected by systematic decreases in MgO, Fe₂O₃, CaO,
and TiO₂ contents with increasing SiO₂ concentrations, together with elevated LREE/HREE ratios,
pronounced negative Eu anomalies (Eu/Eu*), and high La/Yb ratios ranging from 20.10 to 35.84.
These geochemical characteristics indicate progressive magmatic differentiation and enrichment of
incompatible elements within the residual melt during magma evolution.
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Oksida
Utama

Sampel Id

BA-01A
(wt%)

BA-04
(wt%)

SG-04
(wt%)

SM-01
(wt%)

SM-17
(wt%)

SM-26
(wt%)

SiO2 65,02 64,31 67,37 66.96  66.15  72.52

Al2O3 16,43 16,71 15,92 15.07  14.54  13.63

Fe2O3 3,61 4,25 3,07 2.97  3.85  1.82

CaO 3,96 4,63 3,02 3.58  3.94  1.5

Na2O 3,65 3,58 3,47 2.39  2.49  3.99

K2O 3,61 2,83 3,93 4.32  4.59  4.96

MgO 2,57 2,42 1,81 2.38  2.44  0.76

MnO 0,05 0,07 0,04 0.05  0.08  0.05

P2O5 0,17 0,174 0,15 0.13  0.22  0.05

TiO2 0,48 0,53 0,42 0.55  0.53  0.22

Table 2. Trace-element compositions of granodiorite samples from the Palopo and Masamba areas.
Samples 18SS09-1, 18SS10-1, and 18SS11-1 are from Liu et al. (2020), whereas samples SM-01, SM-17,
and SM-26 were analyzed in this study.
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Sample SM-01 SM-17 SM-26 18ss09-1 18ss10-1 18ss11-1

LREE

La 29.3 64.5 39 45.9 40.5 34.2

Ce 58.5 112 75.6 85.1 78.3 67.3

Pr 6.72 11.2 8.67 9.01 8.51 7.67

Nd 23.6 40.3 32.5 32.2 30.1 29

Sm 4.42 7.38 6.45 5.33 4.91 5.26

HREE

Gd 4.01 6.45 5.07 3.98 3.42 4.12

Tb 0.55 0.98 0.72 0.55 0.48 0.59

Dy 2.84 5.04 4.04 2.94 2.45 3.25

Ho 0.53 0.95 0.84 0.55 0.45 0.62

Er 1.52 2.76 2.21 1.5 1.22 1.69

Tm 0.21 0.4 0.31 0.22 0.17 0.24

Yb 1.33 2.69 1.94 1.42 1.13 1.59

Eu 1.21 1.56 0.53 1.13 0.96 1.11
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Figure 1

Distribution map of intrusive rocks, including the Masamba Complex and Palopo Granite (modified after
Maulana et al., 2016).
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Figure 2

Representative outcrop and petrographic characteristics of the Palopo granitoids: (a) granodiorite
outcrop, (b) granite outcrop, (c) photomicrograph of granodiorite, (d) photomicrograph of deformed
granodiorite, and (e) photomicrograph of granite.

Figure 3

Field and petrographic features of the Masamba granitoids. (a) Granodiorite outcrop, (b) granite outcrop,
(c) photomicrograph of granodiorite, and (d) photomicrograph of granite.
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Figure 4

Geochemical characteristics of the granitoids from the study area: (a) rock classification diagram based
on SiO₂ versus total alkalis (Na₂O + K₂O) using the TAS classification of Cox et al. (1979); (b) magma
affinity diagram based on SiO₂ versus K₂O following the classification of Peccerillo and Taylor (1976,
cited in Rollinson, 1993); and (c) alumina saturation diagram based on the A/CNK and A/NK ratios
according to Shand (1943, cited in Clarke, 1992).
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Figure 5

Magma source discrimination diagrams for the granitoids from the study area: (a) MgO versus FeO/(FeO
+ MgO) diagram (Altherr et al., 2000); (b) SiO₂ versus TiO₂ diagram (Tarney, 1977); (c) molar CaO/(MgO +
FeOt) versus Al₂O₃/(MgO + FeOt) diagram (Altherr et al., 2000); and (d) ternary Al₂O₃/(FeOt + MgO)–
5K₂O/Na₂O–3CaO diagram (Laurent et al., 2014).
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Figure 6

Geochemical diagrams illustrating the magmatic evolution of the granitoids from the study area: (a)
Al₂O₃/CaO versus Na₂O/CaO diagram (Langmuir et al., 1978); (b) MgO versus Fe₂O₃t diagram (Zorpi et
al., 1991); and (c) SiO₂ versus Al₂O₃/CaO diagram (Moradi et al., 2021).
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Figure 7

Evidence for magma mixing in the studied granitoids: (a) mafic enclave within the Palopo granodiorite,
(b) mafic enclave within the Palopo granite, (c) photomicrograph showing zoning and poikilitic textures
in the Palopo granite, and (d) photomicrograph showing poikilitic texture in the Masamba granodiorite.
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