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Abstract
The Ruwai skarn deposit is the largest polymetallic skarn deposit in Borneo and is located in the Schwaner 
Mountains. The skarns and massive orebodies are hosted in marble of the Jurassic Ketapang Complex, which 
was intruded by Cretaceous Sukadana granitoids. The prograde-stage garnet and retrograde-stage titanite 
yielded U-Pb ages of 97.0 ± 1.8 to 94.2 ± 10.3 Ma and 96.0 ± 2.9 to 95.0 ± 2.0 Ma, respectively. These ages are 
similar to Re-Os ages obtained on sulfides (96.0 ± 2.3 Ma) and magnetite (99.3 ± 3.6 Ma). The U-Pb zircon ages 
reveal that magmatism at Ruwai occurred in three phases, including the Early Cretaceous (ca. 145.7 and 106.7–
105.7 Ma; andesite-dacite), Late Cretaceous (ca. 99.7–97.1 Ma; diorite-granodiorite), and late Miocene (ca. 
10.94–9.51 Ma; diorite-dolerite). Based on geochemical and stable isotopic data (C-O-S) the Ruwai skarn ores 
are interpreted to have formed from oxidized fluids at ca. 160 to 670°C. The ore-forming fluids and metals were 
mostly magmatic in origin but with significant crustal input. Ruwai skarn mineralization occurred in the Late 
Cretaceous, associated with Paleo-Pacific subduction beneath Sundaland after the Southwest Borneo accretion. 
Ruwai is the first occurrence of Cretaceous mineralization recognized in the Central Borneo metallogenic belt. 

Introduction
The island of Borneo has a significant proven metal endow-
ment (e.g., Harahap et al., 2013; van Leeuwen, 2018), as well 
as largely underexplored regions covered by extensive tropical 
rainforest and swamp. Borneo hosts a number of important 
ore deposits along the Central Borneo metallogenic belt, in-
cluding the giant Kelian epithermal Au deposit and the sig-
nificant ore fields of Bau (epithermal/sediment-hosted Au), 
Buduk (Cu-Au skarn), Ruwai (Fe-Zn-Pb-Ag ± Cu skarn), Mt. 
Muro (epithermal Au-Ag), Seruyung (epithermal Au), and 
Mamut (porphyry Cu-Au) (Fig. 1e; Harahap et al., 2013; van 
Leeuwen, 2018). Among these, the Buduk Cu-Au and Ruwai 

Fe-Zn-Pb-Ag deposits are the only economically viable skarns. 
The discovery of the Ruwai skarn deposit dates back to 1918 
by a Dutch investigation program, which was followed by Re-
nison Goldfields Consolidated Ltd. (1987–1991), PT Tebolai 
Seng Perdana (1992–1996), and Scorpion Schwaner Mineral, 
Inc. (1996–1997). Since 2005, the Ruwai skarn deposit has 
been mined for Fe-Zn-Pb-Ag by PT Kapuas Prima Coal, Tbk. 
A recent estimation by Mining One Pty Ltd. indicates a total 
resource of 14.43 Mt at 4.94% Zn, 3.28% Pb, and 108.11 g/t Ag 
(S. Hutchin, unpub. report, 2018), making it one of the largest 
Pb-Zn skarn deposits in Indonesia. Despite its large resource 
and long history of exploration, studies of the geochronology 
and geochemical characteristics of this deposit are lacking.

The identification of the intrusions responsible for skarn 
mineralization in Borneo remains speculative; there are two 
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possible candidates: (1) Oligo-Miocene intrusions associated 
with the Sintang Suite (e.g., Gunter, 2011) and (2) Cretaceous 
intrusions associated with the Sukadana granitoid (e.g., D. 
Cooke and P. Kitto, unpub. report, 1997). Although some pre-
vious studies suggested that the Cretaceous Sukadana gran-
itoid is synmineralization (e.g., Idrus et al., 2011; Setijadji et 
al., 2011; Simbolon et al., 2019), this has not been confirmed 
previously by direct geochronological results. 

In this study, we present new zircon U-Pb-Hf isotope and 
whole-rock geochemical data of the multiphase volcanic and 
plutonic rocks at Ruwai, U-Pb analyses of garnet and titanite, 
and Re-Os analyses of sulfides and magnetite. These data 
constrain the mineralization age and identify the causative 
intrusion(s) associated with skarn mineralization at Ruwai. In 
addition, we present elemental and isotopic data to constrain 
the genesis of Ruwai and evaluate the implications for explo-
ration in the Central Borneo metallogenic belt. 

Geologic Background

Tectono-metallogeny of Borneo

The Paleozoic-Mesozoic basement in Borneo is unconform-
ably overlain by a Cenozoic sedimentary basin (Hall and 
Nichols, 2002; Breitfeld et al., 2017; Fig. 1e). During the 
Paleozoic, Borneo was possibly still part of the Gondwana 
supercontinent (e.g., van Bemmelen, 1949; Metcalfe, 2013). 
The oldest Paleozoic unit recorded in Borneo is a schist from 
the Embuoi Complex in the northwest of the island, which 
yielded zircon U-Pb ages of 462.4 ± 2.6 to 453.3 ± 1.9 Ma 
(Zhu et al., 2022). Borneo then experienced prolonged tec-
tonic events and related magmatic activity throughout the 
Mesozoic, the products of which are mostly preserved in the 
Schwaner Mountains. During the Triassic, arc-related mag-
matic activity resulted from the subduction of the Paleo-Pa-
cific plate under the eastern Sundaland margin (Breitfeld et 
al., 2017; Hennig et al., 2017; Fig. 1a). Multiple Triassic mag-
matic events are represented by various formations, including 
the granitoids of the Embuoi Complex (K-Ar ages ca. 320 ± 
3–201 ± 2 Ma; Williams et al., 1988), Jagoi granodiorite (U-
Pb ages ca. 217 ± 1–208 ± 1 Ma; Breitfeld et al., 2017) and 
metatonalite in the northwestern Schwaner Mountains (U-Pb 
age 233 ± 3 Ma; Setiawan et al., 2013). Jurassic magmatism 
only occurred in the southern Schwaner Mountains (i.e., Be-
laban granite, ca. 186.7 ± 2.3–153.5 ± 3.5 Ma; Mentembah 
granite, 151.2 ± 1.2 Ma) as a consequence of the continuing 
Paleo-Pacific subduction during separation of the Southwest 
Borneo block from Gondwana (Davies et al., 2014; Hennig et 
al., 2017; Breitfeld et al., 2020). The Middle-Late Jurassic was 
characterized by the formation of a carbonate platform, the 
Ketapang Complex, which rapidly subsided during the Early 
Cretaceous (Morley, 1998; Basir and Uyop, 1999; Hennig et 
al., 2017). This complex consists of fossiliferous limestone in 
its lower part and clastic units (including siltstone-sandstone, 
crystal-lithic tuff, and graphite-bearing shale) in its upper 
part (Simbolon et al., 2019, and references therein). Limited 
palynologic analyses on the Ketapang Complex yielded Juras-
sic and Cretaceous (Albian-Cenomanian) ages (Haile, 1973; 
De Keyser and Rustandi, 1993), whereas recent U-Pb detri-
tal zircon dating from the sandstone unit suggested that the 
maximum depositional age is Late Cretaceous (Campanian), 

around 78.0 ± 0.8 Ma (Li et al., 2021). No pre-Cretaceous-age 
mineral deposits have been documented within the Central 
Borneo metallogenic belt, although Coggon et al. (2010) re-
ported that platinum group mineralization in Meratus Moun-
tains, an accretionary complex in easternmost Borneo, has an 
Early Jurassic age based on Pt-Os dating (197.8 ± 8.1 Ma).

The Cretaceous was the most active magmatic period in the 
region, producing granitoids that crop out in the northern and 
southern Schwaner Mountains (e.g., Sepauk tonalite, ca. 118.6 
± 1.1–111.8 ± 1.1 Ma; Laur granite, ca. 101.5 ± 0.6–96.8 ± 0.6 
Ma; Sukadana granite, ca. 84.7 ± 1.3–78.4 ± 0.5 Ma; Bretifeld 
et al., 2020), some of which have been metamorphosed (i.e., 
Pinoh Metamorphic Group, ca. 131.3 ± 1.0–110.1 ± 0.7 Ma; 
Bretifeld et al., 2020). This magmatic activity resulted from 
subduction of the Paleo-Pacific margin immediately after the 
accretion of the Southwest Borneo block to Sundaland in the 
Early Cretaceous (Hall, 2012; Breitfeld et al., 2017; Hennig 
et al., 2017). Late Cretaceous postcollisional magmatism fol-
lowed the collision between the East Java and West Sulawesi 
blocks and ended the Mesozoic magmatic cycle (Davies et al., 
2014; Hennig et al., 2017). Currently only one mineral deposit 
in the Central Borneo metallogenic belt, the Lamandau Fe-
Cu deposit, is reported to have a Cretaceous age (U-Pb zircon 
ages of intrusions ca. 82.1 ± 1.7–78.7 ± 2.3 Ma; Li et al., 2015), 
although this age has not been confirmed by direct dating of 
the mineralization. 

Tectonic activity during the Cenozoic was accompanied by 
subduction-related volcanism and basin formation, which was 
mainly controlled by the 35° counterclockwise rotation of Bor-
neo (e.g., Hall and Nichols, 2002; Hall, 2012; Advokaat et al., 
2018). Previous studies suggested that the Borneo block be-
came a part of Sundaland during the middle Eocene (Hall et 
al., 2008; Advokaat et al., 2018). Paleogene magmatism, which 
started during the Eocene, was characterized by subduction-
related calc-alkaline volcanism associated with the formation 
of the South China Sea and SE-directed subduction in the 
Rajang accretionary complex (Soeria-Atmadja et al., 1999; 
Fig. 1). Currently only two epithermal gold prospects, Long 
Bigung (K-Ar age: 40.6 ± 4.4 Ma) and Long Pahagai (K-Ar 
age: 48.6 ± 1.0 Ma), are known to be associated with Eocene 
magmatism (Baharuddin, 2011). Neogene magmatism, while 
still associated with subduction, changed from high-K calc-
alkaline during the Mio-Pliocene, to tholeiitic Plio-Pleisto-
cene within-plate basalt (Soeria-Atmadja et al., 1999). Among 
the Neogene magmatism products, the Sintang Suite has an 
important role, as most epithermal gold deposits in the Cen-
tral Borneo metallogenic belt have close spatial and temporal 
associations with this suite (e.g., Muyup, Masuparia, Kelian, 
etc.; Thompson et al., 1994; Davies et al., 2008; Baharuddin, 
2011). The Sintang Suite was dated by K-Ar at ca. 30.4 ± 0.9 
to 23.0 ± 0.7 Ma (Melawi basin) and 17.9 ± 0.2 to 16.4 ± 0.1 
Ma (Ketungau basin) in Northwest Kalimantan (Williams and 
Harahap, 1987) and more recently by U-Pb to ca. 21.1 ± 0.2 to 
18.6 ± 0.2 Ma in West Sarawak (Breitfeld et al., 2019). Com-
prehensive geochronological study on the Kelian deposit dem-
onstrated that the epithermal gold mineralization (K-Ar ages 
on sericite: 20.8 ± 0.5–20.6 ± 0.2 Ma; adularia: 20.2 ± 0.3 Ma;  
van Leuween et al., 1990; Abidin, 1996) has a close relation-
ship with emplacement of the Sintang Suite (U-Pb ages of an-
desite: 19.70 ± 0.06 Ma; quartz-phyric rhyolite: 19.8 ± 0.1 Ma;  
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quartz-feldspar-phyric rhyolite: 19.5 ± 0.1 Ma; Setiabudi, 
2001; Davies, 2002; Davies et al., 2008). The Mamut porphy-
ry Cu-Au deposit (K-Ar age: 6.98 ± 0.30 Ma) is the youngest 
known mineral deposit found in Borneo (Imai, 2000).

Geology of the Ruwai skarn deposit

The oldest formation found at Ruwai belongs to the Matan 
Complex (also known as Kuayan Formation; Hermanto et 
al., 1994), which is attributed to be Upper Triassic-Middle 
Cretaceous and comprises mainly hornfelsed felsic volcanic 
rocks (including crystal-lithic tuff) and siltstone interbeds. 
The Matan Complex crops out mainly in the Southwest Gos-
san and Karim zones, where it was intruded by the Sukadana 
granite and then by the Sintang intermediate-mafic intrusions 
(J.M.R. Ayson, unpub. report, 1997; D. Cooke and P. Kitto, 
unpub. report, 1997; Idrus et al., 2011; Dana et al., 2019; Sim-
bolon et al., 2019; Widyastanto et al., 2019). Most of the sedi-
mentary units at Ruwai belong to the Jurassic Ketapang Com-
plex, which is the most common and thickest unit in the Ruwai 
area. It can be generally subdivided into two main packages, 
with pelitic rocks overlain by carbonate units. The pelitic unit 
consists of siltstone, sandstone, and carbonaceous shale, while 
the carbonate unit consists of limestone and marl (Dana et al., 
2019; Simbolon et al., 2019). In the Ruwai area, these litholo-
gies have undergone contact metamorphism during granitoid 
emplacement, resulting in hornfels and marble. The Ketapang 
Complex is unconformably overlain by the Cretaceous bimod-
al Kerabai Volcanics (K-Ar age: 74.8 ± 0.7–65.6 ± 1.1 Ma; De 
Keyser and Rustandi, 1993; Fig. 2c). Mineralogical and geo-
chemical evidence shows that these intrusions are classified 
as I-type and magnetite-series granitoids (Widyastanto et al., 
2019; Dana et al., 2022a). The main intrusions, mostly found 
in the Gojo and Southwest Gossan zones, consist of granodio-
rite, monzonite, and quartz diorite. The more mafic intrusions 
include several types of diorite (quartz diorite, diorite, diorite 
porphyry, and microdiorite) and dolerite. Apart from dolerite 
dikes and younger diorite that intruded all other lithological 
units/suites, including the orebodies, there is no field evidence 
of crosscutting relationships between the quartz diorite, mon-
zonite, or granodiorite.

The Ruwai skarn deposit consists of four mineralized 
zones (Fig. 2): (1) Gojo, (2) Karim, (3) Central Gossan, and 
(4) Southwest Gossan. Based on their mineralogy and metal 
zoning, Gojo-Karim can be considered as the proximal zone, 
while Central Gossan and Southwest Gossan are the distal 
zones (J.M.R. Ayson, unpub. report, 1997; D. Cooke and P. 
Kitto, unpub. report, 1997; Simbolon et al., 2019). These zones 
are distributed along a NE-SW–trending thrust fault, which 
acted as the main structural control for mineralization (Idrus 
et al., 2011; Setijadji et al., 2011; Simbolon et al., 2019). In 
the Central Gossan zone, the thrust fault is manifested as a 
mineralized fault breccia. Near-surface exposures of each 
orebody have mostly been affected by supergene argillic alter-
ation, which caused pervasive replacement by swelling clays 
and moderate-intense oxidation. Below the weathered part, 
chlorite-calcite-epidote (propylitic alteration) is common, and 
secondary K-feldspar and biotite (potassic alteration) has al-
tered the volcanic rocks locally. 

The prograde skarn mineral assemblage at Ruwai is domi-
nated by garnet, diopside, and wollastonite (Fig. 3). Accessory 

minerals include the rare earth element (REE)- and high 
field strength element (HFSE)-bearing minerals, zircon, tho-
rite, monazite, and cerite (App. Fig. A1). These typically fine 
grained (0.5–20 µm) phases have euhedral (prismatic) shapes 
and can be found either as inclusions of single crystals or 
clusters within garnet. Retrograde phase minerals consist of 
epidote, amphibole, and phyllosilicate group minerals (Fig. 4). 
Epidote group minerals, the most common retrograde phases, 
consist of epidote sensu stricto and allanite. Other abundant 
retrograde minerals include phyllosilicates, among which the 
most abundant is chlorite, in addition to corrensite (interstrat-
ified chlorite and smectite), stilpnomelane, and illite. In the 
amphibole group minerals, ferroactionolite and manganese 
actinolite are most common. Calcite, quartz, titanite, rutile, 
and apatite are other retrograde phases, with some calcite, 
quartz, and apatite also associated with the prograde phase. 
Retrograde titanite and rutile are typically associated with 
epidote.

At Ruwai, the orebodies can be subdivided into three main 
groups based on mineralogical assemblages, including mas-
sive magnetite, massive sulfides, and massive pyrrhotite (Fig. 
5). Magnetite mineralization is commonly found in Gojo- 
Karim and is mostly associated with garnet skarn. The mag-
netite bodies vary in thickness (1–15 m), with grades up to  
1.0 m at 53.8% Fe and 0.02% Cu (PT Kapuas Prima Coal, 
Tbk., unpub. data, 2020). Massive sulfide mineralization ex-
tends from the western part of Karim to the southwestern 
part of the Southwest Gossan zones. It is characterized by 
sphalerite and galena and minor amounts of pyrrhotite and 
pyrite and is the main source of Zn-Pb-Ag ore, with average 
grades of 14.6% Zn, 6.4% Pb, 0.5% Cu, and 360.8 g/t Ag in 
1.0 m of massive sulfide (PT Kapuas Prima Coal, Tbk., un-
pub. data, 2020). The last type of mineralization, massive 
pyrrhotite, is only found in the Central Gossan and South-
west Gossan zones. It is characterized by abundant pyrrhotite 
with fine-grained disseminated sphalerite and trace amounts 
of chalcopyrite. The average grades are typically 0.05% Pb,  
5% Zn, and 15 g/t Ag in 1.0 m, and it is a secondary lead-zinc 
source (Simbolon et al., 2019).

In Ruwai, the ore minerals generally can be divided into 
four groups: (1) sulfides, (2) oxides, (3) arsenides, and (4) Bi-Ag 
bearing minerals. The sulfide group consists of pyrite, sphal-
erite, galena, pyrrhotite, chalcopyrite, and marcasite (Fig. 6). 
Pyrite has commonly been partially to completely replaced 
by galena, pyrrhotite, or magnetite. Pyrrhotite and chalcopy-
rite commonly occur as exsolution phases within sphalerite. 
The oxide group consists of magnetite, hematite, and ilmenite. 
Hematite has typically replaced magnetite (Fig. 6b), and both 
are mostly found in massive magnetite bodies, although some 
minor disseminated magnetite occurs in the surrounding 
wall rocks. In contrast, ilmenite was only identified in trace 
amounts in massive pyrrhotite. The arsenide group consists 
of arsenopyrite, cobaltite, and glaucodot. Minor arsenopyrite 
occurs in association with other sulfides. Cobaltite and glau-
codot typically occur in solid solution with arsenopyrite. The 
Bi-Ag–bearing minerals consist of at least nine different spe-
cies including tetrahedrite, native bismuth, cosalite, tsumoite, 
bismuthinite, joseite, Bi-Te-S, Bi-Te-Ag, and Bi-Ag-S (Dana et 
al., 2022b). The Bi-bearing minerals typically occur as inclu-
sions in galena or pyrite, although fine disseminated grains 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/118/6/1341/5951174/5009_dana_et_al.pdf
by guest
on 20 September 2023



	  RUWAI SKARN DEPOSIT, INDONESIA	 1345

have also been observed. Tsumoite was identified as rare infill 
between pyrite grains and associated with magnetite miner-
alization.

The skarn and orebodies are typically found along the contact  
of the intrusion with siltstone and marble and are controlled 
by a NW-trending anticline (Fig. 7). The endoskarn mostly 
occurs around Gojo and Karim in the form of massive gar-
net-epidote-magnetite with some relict igneous textures pre-
served (Simbolon et al., 2019). Toward the distal zone (Central 
and Southwest Gossan zones), the intrusions mostly occur as 
a smaller dike in which endoskarn is not well developed, al-
though some partial replacement by garnet-epidote has oc-
curred. Exoskarn is not continuous along the contact between 
marble and intrusions at Ruwai because of to the composition 
of the marble, which locally contains abundant siliciclastic 
impurities, presumably a marl/calcareous siliciclastic protolith 
(Idrus et al., 2011; Setijadji et al., 2011). 

Structures in the ore field have been revealed by ground 
magnetic and very low frequency (VLF) geophysical surveys 
and include mainly NE-NNE–trending, NW- or SE-dipping 
faults and crosscutting NNW-trending dextral strike-slip faults  
(locally WSW-trending in the Ruwai ore zone). The NE-
NNE–trending faults are related spatially and temporally to 
skarn mineralization (pre-/syn-ore), whereas the NNW- and 
WSW-trending ones may have formed post-ore and dissected 

and/or transposed the orebody into four ore zones (Idrus et 
al., 2011; Simbolon et al., 2019). A prominent NNE-trending, 
steeply SE-dipping, and sinistral fault (300- to 350-m dis-
placement) located between the Ruwai and Southwest Gos-
san zones terminates the mineralization to the west (D. Cooke 
and P. Kitto, unpub. report, 1997; Simbolon et al., 2019). 

Samples and Analytical Methods

Petrography (optical microscope and scanning electron  
microscopy-energy dispersive X-ray spectrometry; 
SEM-EDS)

A total of 60 samples consisting of skarn, massive ores, intru-
sions, and marble collected from drill core and outcrop were 
prepared as thin and polished sections for mineralogical char-
acterization. Petrographic observations were performed on a 
Nikon Eclipse LV100N POL polarizing microscope. Several 
representative polished rock mounts were prepared for the 
advanced mineral identification and characterization system 
(AMICS) at the Central Science Laboratory, University of 
Tasmania. The analysis used a tungsten source FEI MLA650 
scanning electron microscope equipped with a Bruker Quan-
tax Esprit EDS system and two XFlash 5030 SDD detectors 
with 133-eV energy resolution. Analytical conditions include 
20-kV accelerating voltage and 7-nA beam current, which 

Fig. 2. Geologic maps (a, b) and schematic lithological column (c) of the Ruwai skarn deposit (modified after J.N.R. Ayson, 
unpub. report, 1997; D. Cooke and P. Kitto, unpub. report, 1997; Simbolon, et al., 2019). VLF = very low frequency.
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yielded ~600,000 cps total EDS X-ray intensity and 30% dead 
time on quartz. Automated mineral identification was done 
with the Bruker AMICS software package (version 3.0.0.249) 
and the following setting: block sample mode, particle mea-
surement mode, 1,024- × 1,024-pixel single-frame resolution, 
1.536-mm single-frame field of view (equiv 1.5- × 1.5-µm 
pixel size), 16-µs backscattered electron (BSE) imaging pixel 
dwell time, 2% frame intersect, 5-ms EDS acquisition time, 
3-µm EDS minimum segment size, 95 segmentation gray-lev-
el factor, 70 segmentation area factor, 50% classification reli-
ability factor. A representative area of 3 × 3 frames (total nine 
frames) on each sample was mapped.

Electron probe microanalysis (EPMA) 

Electron probe microanalysis was carried out on garnet and 
titanite selected for geochronological and trace element anal-
ysis, as well as on pyroxene, chlorite, and epidote. Garnet, epi-
dote, and titanite analysis was performed using a JEOL JXA-
8230 SuperProbe at Akita University, whereas pyroxene and 
chlorite analysis was performed using a JEOL JXA-8900R 
electron probe microanalyzer at RWTH Aachen University. 
The analytical conditions were set as follows: voltage 15 kV, 
beam current 20 nA, beam size 5 µm, and peak-background 
measurement time 20 and 10 s; the X-ray used was Kα for all 
elements. Several natural minerals were used as standards, 
including quartz (Si), periclase (Mg), hematite (Fe), wollaston-
ite (Ca), orthoclase (K), corundum (Al), albite (Na), rhodonite 
(Mn), pyrophanite (Ti), and eskolaite (Cr). The lower detec-
tion limits are below 0.02 wt %. The raw results were pro-
cessed using ZAF correction. Iron speciation (Fe2+ and Fe3+) 
was computed following the procedure of Droop (1987). 

Laser ablation-inductively coupled plasma-mass  
spectrometry (LA-ICP-MS)

Zircon analysis: Fifteen intrusions and volcanic rocks were 
prepared for whole-rock geochemical and zircon U-Pb-Hf iso-
tope analyses. Zircons were separated by conventional density 
and magnetic separation techniques. After imaging with op-
tical microscopy and cathodoluminescence (CL), the zircons 
were U-Pb dated at the Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences (GIGCAS). The analyses 
were performed on a RESOlution S-155 laser ablation system 
coupled with an Agilent 7900 ICP-mass spectrometer, using a 
29-μm spot size. The analytical conditions include repetition 
rate of 5 Hz and laser fluence of 4 J cm–2. Each analysis con-
sisted of a 20- to 30-s background signal acquisition (laser off), 
followed by a 50-s sample data acquisition (laser on). Helium 
was used as the carrier gas (0.8 L min–1), with NIST 610 glass 
used for element quantification and Si (69.7 ± 0.5 wt %) as the 
analyte of known concentration (internal standard). The pri-
mary 91500 zircon (Wiedenbeck et al., 1995) and secondary 
Plesovice zircon (Sláma et al., 2008) reference materials were 
analyzed between every five unknowns, and our Plesovice zir-
con analyses yielded a weighted mean 206Pb/238U age of 342.1 
± 1.1 Ma (mean square of weighted deviates [MSWD] = 0.66, 
n = 181) consistent (<3% error) with the recommended value 
(isotope dilution-thermal ionization mass spectrometry [ID-
TIMS]: 337.13 ± 0.37 Ma; Sláma et al., 2008). Offline selec-
tion, background and analyte signal integration, quantitative 
calibration, and time-drift correction were performed with 

Fig. 3. Mineral paragenesis of the Ruwai skarn deposit, composed of three 
main mineralization stages including prograde, retrograde, and supergene 
phases. The main mineralization occurred during the retrograde phase. 
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the ICPMSDataCal v.10.1 software (Lin et al., 2016). Only 
zircon spots with (nearly) concordant ages (<15% discordance) 
were used for the age calculation, and the data were plotted 
on Wetherill concordia plots using IsoplotR v.4.2 (Vermeesch, 
2018). The weighted mean 206Pb/238U age is reported to repre-
sent the crystallization age. 

Zircon Hf-isotope analyses (details of results are provided in 
App. Table A1) were performed at GIGCAS on a RESOlution  
M-50 193-nm laser ablation system coupled with a Thermo 
Scientific Neptune Plus multicollector (MC)-ICP-mass spec-
trometer. The spot analysis was done on or near the U-Pb spot 
in the same age domain (with no inherited core or growth 
rim shown in CL images), with 4-J cm–2 energy density, 6-Hz 
repetition rate, 45-μm spot size, and helium carrier gas (0.8 
L min–1). Each spot analysis consisted of 400 cycles (integra-
tion time = 0.131 s/cycle), comprising 28 s of gas blank back-
ground measurement (laser off) and 30 s of sample signal 
collection (laser on). The zircon standard Penglai (Li et al., 
2010) was analyzed twice every hour to check the reliability 

of the method, and its results were within ±1.5 εHf unit error 
of the recommended values (Li et al., 2010). Plesovice zircon 
was analyzed as unknown for quality control. The 180Hf gas 
blank was below 0.2 mv, with 173Yb and 175Lu used to correct 
the isobaric interference of 176Yb and 176Lu on 176Hf. Natural 
176Yb/173Yb (0.79381) and 176Lu/175Lu (0.02656) ratios were 
used in the correction (Segal et al., 2003). The mass bias fac-
tor of Yb was calculated from the measured 173Yb/171Yb and 
the natural ratio (1.13268), while those of Lu and Yb are as-
sumed to be the same. The 176Hf/177Hf mass bias was normal-
ized to 179Hf/177Hf (0.7325) with an exponential law. All the 
uncertainties reported in absolute values for both U-Pb and 
Hf data and detailed instrumentation, and for the final age 
calculation (weighted mean 206Pb/238U age) the uncertainty 
was reported as 2σ without | with σsys. Analytical procedures 
and data processing protocols followed those described by Xu 
et al. (2019, and references therein).

Garnet and titanite analysis: Three types of garnet and two 
types of titanite from five representative samples of garnet-

Fig. 4. Photomicrographs of skarn minerals assemblages. (a-d) Mode of occurrence of garnet in prograde stage. (e) Replace-
ment of garnet and pyroxene by chlorite-corrensite. (f-h) Mode of occurrence of titanite in retrograde stage. (i, j) Advanced 
mineral identification and characterization system (AMICS) mapping images of retrograde skarn assemblages with coexis-
tence of sulfide minerals. Abbreviations: Act = actinolite, Ap = apatite, Cal = calcite, Chl = chlorite, Cor = corrensite, Di = 
diopside, Ep = epidote, Grt = garnet, Mag = magnetite, Qz = quartz, Ttn = titanite. 

200 µm

GGrrtt--IIII

CCaall

(c) CDP-019-XPL

200 µm

(a) CDP-019-XPL

GGrrtt--II

GGrrtt--IIII

CCoorr

(e) CDP-014-PPL

GGrrtt--II

CChhll

CCoorr

DDii

CChhll

GGrrtt--II

200 µm

200 µm

GGrrtt--II

GGrrtt--II

MMaagg

MMaagg
(d) CDP-022-XPL

CChhll

CChhll

AApp

AApp

QQzz

EEpp

EEpp

AApp

CChhll

TTttnn--II

100 µm

(f) CDP-023-PPL

EEpp

AAcctt

CCaall
TTttnn--IIII

200 µm

(g) CDP-008-PPL

TTttnn--IIII
AAcctt

EEpp

QQzz
200 µm

(h) CDP-008-PPL

200 µm

(b) CDP-024-XPL

GGrrtt--IIIIII

GGrrtt--IIIIEEpp

Quartz

Actinolite

Chlorite

Titanite

Magnetite
Pyrite

Chalcopyrite

Sphalerite

Galena

Calcite

Fe-Mn-silicate 500 µm500 µm

Plagioclase

Epidote

Quartz

Chlorite

Titanite
Pyrite

Calcite

Chalcopyrite

Apatite

Low counts

(i) (j)

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/118/6/1341/5951174/5009_dana_et_al.pdf
by guest
on 20 September 2023



1348	 DANA ET AL. 

epidote skarn were selected for in situ geochronological and 
geochemical analysis. They were analyzed by LA-ICP-MS at 
the Institute of Geochemistry and Petrology, ETH Zurich, 
Switzerland, using a RESOlution S-155 (ASI/Applied Spec-
tra) 193-nm ArF excimer laser ablation system attached to an 
Element XR (Thermo) sector-field ICP-mass spectrometer. A 
total of 244 points for garnet and 130 points for titanite were 
selected for U-Pb dating and simultaneous trace element anal-
ysis. For garnet analysis, the same garnet type from different 
samples is combined for age calculation. The laser beam diam-
eters were set at 51 µm for garnet and 29 µm for titanite. The 
laser fluence and repetition rate for garnet were set at 2 J/cm2  
and 5 Hz, whereas for titanite they were set at 2 J/cm2 and  

4 Hz. The trace element compositions of the garnet were cali-
brated against the GSD-1G standard reference, using Si as the 
internal standard, whereas Mali grandite (Seman et al., 2017) 
was used as primary reference material for U-Pb dating. Ac-
curacy was assured by analyzing the following as unknowns: 
Jaco Lake (Seman et al., 2017; 35 ± 2 Ma, 206Pb/238U age) and 
QC04 (Deng et al., 2017; 130 ± 1 Ma, 206Pb/238U age), with 
the results from this study for QC04 being weighted average 
of 206Pb/238U age = 129.5 ± 3 Ma (2s, MSWD = 0.68, n = 
40). The trace elements of titanite were calibrated against the 
NIST-610 standard, using Ca as the internal standard, where-
as MKED1 titanite (Spandler et al., 2016) was used as primary 
reference material for U-Pb dating. Accuracy of titanite ages 

Fig. 5. Representative core samples from the Ruwai skarn deposit. (a) The occurrence of stilpnomelane associated with type 
I garnet and diopside. (b) Coexistence of type I and type II garnet. (c) Massive fine-grained type III garnet. (d) Magnetite 
mineralization associated with type I garnet. (e) Type II garnet represents the prograde stage and is overprinted by epidote-
chlorite-calcite from the retrograde stage. (f) Disseminated chalcopyrite-sphalerite within marble. (g) Massive pyrrhotite ore 
with minor occurrence of chlorite-pyrite. (h) Massive magnetite ore with minor occurrence of calcite. (i) Massive sulfide ore 
consists of pyrite-pyrrhotite-sphalerite-galena. (j) Early Cretaceous andesite with fine-grained plagioclase. (k) Late Creta-
ceous quartz diorite with coarse-grained plagioclase-hornblende and chlorite stringers. (l) Late Miocene silicified diorite with 
fine-grained plagioclase relicts. Mineral abbreviations: Cal = calcite, Ccp = chalcopyrite, Chl = chlorite, Di = diopside, Ep = 
epidote, Gn = galena, Grt = garnet, Hb = hornblende, Mag = magnetite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Qz = 
quartz, Sp = sphalerite, Stp = stilpnomelane. 
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Fig. 6. Photomicrographs of ore mineral assemblages. (a) Massive magnetite mineralization with minor occurrences of chal-
copyrite and pyrite. (b) Replacement of magnetite by hematite. (c) Replacement of pyrite by pyrrhotite. (d) Pyrite replace-
ment by galena. (e) Lamellar marcasite with euhedral pyrite associated with galena-magnetite and actinolite. (f) Oxidation of 
pyrite by magnetite which then enveloped by pyrrhotite. (g) Coexistence of pyrrhotite-galena-sphalerite-chalcopyrite in mas-
sive sulfide. (h) Coexistence of bismuth-bearing minerals-galena-pyrrhotite with exsolution texture. Mineral abbreviations: 
Act = actinolite, Bi = native bismuth, Ccp = chalcopyrite, Cos = cosalite, Ep = epidote, Gn = galena, Hem = hematite, Mag 
= magnetite, Mrc = marcasite, Po = pyrrhotite, Py = pyrite, Sph = sphalerite. 
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was assured by analyzing the following as unknowns: 94-35 
(51.5 ± 0.7 Ma) and BLS (same locality as BLR-1; 1049.9 ± 
1.3 Ma; Aleinikoff et al., 2007), Otter West (147.9 ± 1.2 Ma; 
Butler et al., 2002), and Ecstall West (91.5 ± 1.0 Ma; Butler et 
al., 2002) with the result of this study for Otter West being a 
Tera-Wasserburg intercept age of 150.5 ± 5.5 Ma (MSWD = 
2, n = 7). All data are available in Appendix Tables A2 and A3, 
including metadata tables with all relevant parameters after 
Horstwood et al. (2016). All the uncertainties are reported as 
absolute values both for garnet and titanite. 

Data reduction was completed using Iolite 4.0 software 
(Paton et al., 2011; Petrus and Kamber, 2012). Common Pb 
corrections were not applied due to the heterogeneous dis-
tribution and high variability of common Pb. Garnet and ti-
tanite U-Pb ages were determined using linear regressions on 
Tera-Wasserburg concordia plots constructed using IsoplotR 
v.4.2 (Vermeesch, 2018), and the lower intercept is reported 
to represent the crystallization age. For trace element quan-
tification, Iolite 4.0 was used with Si (18.7% for garnet) and 
Ca (19.25 wt % for titanite) as the known element (internal 
standard) for the same integration intervals used for dating. 
All geochemical data visualization including those obtained 
from EPMA analysis were constructed using ioGAS software. 

Re-Os analysis

In this study, both sulfides (i.e., pyrite, pyrrhotite, chalco-
pyrite, and sphalerite) and magnetite were used. About 4 g 
of each mineral were manually separated and crushed using 
an agate mortar and pestle. Sulfides and magnetite were col-

lected from both massive and disseminated ore samples. For 
Re-Os isotope measurements, this study employed MC-ICP-
MS combined with the sparging introduction method that 
introduced vaporized OsO4 into the instrument by bubbling 
Ar sample gas in the sample solution (Hassler et al., 2000; 
Schoenberg et al., 2000; Norman et al., 2002; Nozaki et al., 
2012; Kimura et al., 2014). This method achieved high sample 
throughput and low blanks. However, it was important to en-
sure that the sample matrix and Os and Re in the sample were 
perfectly oxidized for accurate analysis by MC-ICP-MS with 
the sparging method. Re-Os analysis of sulfides requires more 
oxidants than other oxide-dominated geologic materials (e.g., 
pelagic sediment) because a large amount of oxidant is con-
sumed in the oxidative decomposition of sulfides. Therefore, 
we added HClO4 to inverse aqua regia (Gao et al., 2019; Ohta 
et al., 2022). Our analytical method followed those previously 
reported (Kimura et al., 2014; Ohta et al., 2022) with some 
modification for use of HClO4. The powdered sample was 
dried at 40°C for at least 24 h before weighing. Approximately 
0.4 g of powdered sample was weighed and spiked with 185Re 
and 190Os in a thick-walled Carius tube (Shirey and Walker, 
1995). Then 1 mL HCl, 1 mL HClO4, and 3 mL HNO3 (Ohta 
et al., 2022) were added, in this order. The Carius tube was 
sealed and then heated in an oven at 220°C for 24 h. After 
cooling, the solution was transferred to a 15-mL centrifuge 
tube and centrifuged at 3,000 rpm for 5 min. The superna-
tant was filtered and diluted with Milli-Q water to bring the 
total volume to 15 mL. The Os isotope ratios were measured 
with MC-ICP-MS (Neptune Plus; Thermo Fisher Scientific) 

Fig. 7. Schematic cross section along the Southwest Gossan zone (SWGZ) shows the stratigraphically and structurally con-
trolled occurrences of orebodies (data from PT Kapuas Prima Coal, Tbk., 2020).
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at Ocean Resources Research Center for Next Generation 
(ORCeNG) of Chiba Institute of Technology (CIT) combined 
with sparging sample introduction. The instrumental mass 
bias was corrected by normalizing with 192Os/188Os = 3.08271 
(Luck and Allègre, 1983) based on the exponential law. Mea-
surements of sphalerite and magnetite samples, which con-
tained relatively high concentration of Os, were performed 
by multiple Faraday cup detectors, and those of chalcopyrite, 
pyrite, pyrrhotite, which contained low concentration of Os, 
and procedural blank sample were performed by multiple ion-
counting detectors (Ohta et al., 2022). Os concentrations were 
determined by the isotope dilution method and corrected for 
Os in the blank sample, which was 0.033 ± 0.003 pg with a 
187Os/188Os ratio of 0.345 ± 0.005 (1 standard error [S.E.]).

After the Os measurements were completed, the solutions 
were heated to remove remaining Os. Rhenium in the sam-
ple solutions was purified by two-step chromatography with 
Muromac AG1-X8 anion exchange resin (Morgan et al., 1991; 
Kato et al., 2005) and then dissolved in 1 mL 3% HNO3 solu-
tion. Finally, 15 µL 10 ng/g Ir standard solution was added for 
the correction of mass bias effect (Ohta et al., 2022). For Re 
isotope analysis, the Re-bearing solution was introduced into 
the glass ICP torch through a self-aspirating PFA nebulizer 
and a glass spray chamber. The instrumental mass bias effect 
was corrected by external correction method using 193Ir/191Ir 
ratio with empirical calibration of mass bias coefficient of 
187Re/185Re (Ohta et al., 2022). Concentrations of Re were de-
termined by isotope dilution and corrected for Re in the blank 
samples, the average of which was 1.66 ± 0.02 pg (1 S.E.). The 
Re-Os ages were determined using linear regressions (model 
3: maximum likelihood with overdispersion) constructed us-
ing IsoplotR v.4.2 (Vermeesch, 2018).

Whole-rock geochemical analysis

In this study, both Cretaceous (n = 7) and Miocene (n = 4) 
samples of intrusions were selected for geochemical analysis 
at the Bureau Veritas Laboratory in Vancouver, Canada. The 
rock samples were crushed and pulverized to 200 mesh, and 
powdered samples were digested by Li borate fusion (details 
of results and detection limits are provided in App. Table A4). 
Concentrations of 10 major element oxides and 56 trace el-
ements (including REEs) were measured with ICP-atomic 
emission spectroscopy (AES) and ICP-MS, respectively. The 
ioGAS-REFLEX program (version 7.4.2) was used for data 
analysis and visualization.

Stable isotopic analysis

Sulfur isotope data were obtained from sulfides (pyrite, ga-
lena, sphalerite, chalcopyrite, and pyrrhotite) and one sulfate 
(chalcanthite) sample. A total of 13 sulfide samples were sent 
to the Laboratory of Geochemistry and Mineral Resources, 
Karlsruhe Institute of Technology (KIT), Germany, for in situ 
S isotope analyses. The analyses were done using an IRMS 
Isoprime with EA Eurovector instrument. Three calibration 
standards were used including silver sulfide of IAEA-S-1 and 
IAEA-S-3 as well as barium sulfate of NBS-127. Additional 
sulfur isotope analyses from 18 samples were conducted by 
conventional procedures at Akita University, Japan. About  
20 mg of sulfides (n = 17) and 300 mg of sulfate (n = 1) were 
separated by handpicking. Sulfide minerals were prepared 

with the procedure of Yanagisawa and Sakai (1983). In the 
case of chalcanthite, the preparation was similar to the pro-
cedure for anhydrite/gypsum including dilution with HCl and 
then addition of BaCl2. The sulfur isotope compositions were 
measured using a Thermo Fisher Scientific Delta V Advantage 
isotope ratio monitoring mass spectrometer. Three standards 
were used including barium sulfate of IAEA-SO-5, IAEA-
SO-6, and NBS-127 for calibration. All results were reported 
with respect to Vienna-Canyon Diablo Troilite (V-CDT) with 
the accuracy for sulfide of ±0.2‰ and for sulfate of ±0.4‰. 

A total of 15 calcite samples including those from marble 
host rock and prograde and retrograde skarn were prepared 
for C-O isotope analysis. Carbon and oxygen isotopes were 
measured in manually separated samples of calcite (about  
20 mg). The isotopes were analyzed at GNS Isotope Labora-
tory, New Zealand, with the GVI IsoPrime carbonate prepa-
ration system at a reaction temperature of 25°C for 24 h and 
run via dual inlet on the IsoPrime mass spectrometer. All 
results are reported with respect to Vienna-Pee Dee Belem-
nite (V-PDB), normalized to internal standards GNS Marble 
with reported values of 2.04‰ for δ13C and –6.40‰ for δ18O. 
The external precision for these measurements is better than 
0.1‰ for δ13C and 0.2‰ for δ18O.

Chemical Composition of Skarn Minerals

Garnet

At least three texturally and chemically different gar-
nets were observed (Fig. 8): (1) type I—isotropic andradite  
(Ad41–98Gr0–48, where Ad = andradite and Gr = grossular), 
(2) type II—anisotropic andradite-grossular (Ad60–96Gr0–33), 
and (3) type III—isotropic grossular (Ad8–30Gr62–86). Details 
of chemical compositions are provided in Appendix Tables 
A2 and A5. Type I garnets are characterized by andradite-
rich cores (Ad71–98Gr0–21) and more grossular-rich rims  
(Ad41–70Gr18–48). Type II garnets are birefringent and charac-
terized by oscillatory compositional zoning toward the rim. 
Generally, the cores of type II garnets have similar composi-
tions to the rims of type I garnets (Ad51–76Gr20–42). The tran-
sition to the rim is marked by the occurrence of a distinct, 
narrow andradite-rich band that is compositionally similar to 
the core of type I garnets (Ad90–92Gr1–3). Type III garnets are 
characterized by relatively homogeneous grossular-rich com-
positions (core: Ad10–24Gr68–82; rim: Ad8–30Gr62–86) from cores 
to rims, although BSE images indicate the occurrence of a fine 
zoning pattern that was not resolved by our chemical traverses. 

In terms of trace element contents, the total REE and 
HFSE contents vary between types of garnet, with type III 
garnets having the highest and type I having the lowest to-
tal REEs and HFSEs (Fig. 9). In C1 chondrite-normalized 
plots (Fig. 10), the cores of type I garnets are enriched in light 
(L)REEs over heavy (H)REEs and have strong positive Eu 
anomalies, whereas the rims are typically depleted in LREEs 
compared to HREEs and have negative Eu anomalies. Simi-
lar to the rims of type I, the cores of type II are also depleted 
in LREEs with negative Eu anomalies, and the HREE pat-
terns are relatively flat. In andradite bands of type II garnets, 
the REE patterns are similar to those of the cores of type I. 
The rims of type I show strongly depleted LREEs and more 
enriched HREE patterns without any significant Eu anoma-
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lies. Strong LREE depletions were also observed in type III 
garnets. Type III garnets also have relatively flat HREE pat-
terns and lack Eu anomalies. Overall, the Eu anomalies are 
negatively correlated with total HREEs but are positively cor-
related with Fe/Al ratios.

Pyroxene

Diopside was the only pyroxene observed in this study. De-
tailed chemical compositions are provided in Appendix Table 
A6. Although most pyroxene at Ruwai has been replaced by ac-
tinolite and/or chlorite because of retrograde alteration, some 
perfectly zoned pyroxene was observed locally (Fig. 11a-d). 
Generally, the pyroxene cores are characterized by higher Mg/
Fe and lower Mn, Ti, Al, and Na than the rims (Fig. 11a-d).

Titanite

In this study we observed two types of titanite (Fig. 4f-h): (1) 
type I titanite is associated with Pb-Zn mineralization and (2) 
type II titanite is associated with Fe mineralization. Type II 
has lower MgO and higher Fe2O3 contents than type I (App. 
Table A3). The two titanite types have similar total HFSE and 
REE contents, although in C1 chondrite-normalized plots 
(Fig. 10d-e), they have different REE patterns. Type I titanite 
is characterized by LREE depletion, relatively flat HREE 
patterns with slight depletion from Er to Lu, and strong Eu 
anomalies. In comparison, type II titanite is characterized by 
depleted LREEs with flat HREE patterns and minor or no 
Eu anomalies.

Epidote

Two types of epidote group mineral have been identified at 
Ruwai, including allanite and epidote sensu stricto. Only 

epidote sensu stricto was chemically analyzed by EPMA 
(App. Table A7), and it can be divided compositionally into 
two types: (1) Al epidote, which has been irregularly over-
grown by (2) Fe epidote (Figs. 11f, 12d). The Al epidote is 
mostly associated with Pb-Zn (galena-sphalerite) mineral-
ization, whereas Fe epidote is associated with Fe (magnetite)  
mineralization. 

Chlorite

Based on the classification of Zane and Weiss (1998), chlo-
rite in this study can be divided into Fe chlorite (chamosite: 
avg FeO = 36.4 wt %, avg MgO = 3.0 wt %) and Mg chlorite 
(clinochlore: avg FeO = 21.0 wt %, avg MgO = 16 wt %; Fig. 
12c). Chamosite is typically associated with massive sulfide 
mineralization, whereas clinochlore is associated with mag-
netite mineralization. Details of chemical compositions are 
provided in Appendix Table A8. 

U-Pb Geochronology

U-Pb zircon ages and Hf isotopes

In this study, the 15 dated samples fall into several age groups, 
i.e., pre-Cretaceous, Early Cretaceous, Late Cretaceous, and 
late Miocene. The results are plotted in Figure 13 with all 
uncertainties reported at the 2σ level. Details of the isoto-
pic ratios are provided in Appendix Table A9. In this study, 
the zircon Th/U ratio of all samples ranges from 0.13 to 3.61 
with one zircon having anomalously high Th/U up to 8.44 (avg 
1.20, n = 301).

Pre-Cretaceous basement: The oldest sample from Ruwai is 
the hornfels metavolcanic rock of the Matan Complex (CKL-
12). The 10 zircons analyzed are medium to fine grained (20–

Fig. 8. Traverse spot analysis of three garnet types found in the Ruwai skarn deposit, showing gradual changes of garnet major 
and trace elements composition from andradite rich to grossular rich.
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80 μm long), are mostly subhedral-anhedral with rounded 
corroded margins, and display oscillatory or sector zoning in 
CL images (Fig. 14). The zircons are predominantly Siluro-
Devonian (422.0–378.7 Ma; ɛHf(t)

 = –1.9 to 6.3) and yielded a 

weighted average 206Pb/238U age of 403.3 ± 6.7 | 13.8 Ma (n = 
9, MSWD = 2.2). As shown below, Siluro-Devonian zircons 
are present in many of the Cretaceous and Miocene igneous 
samples from the ore field. 

Fig. 9. Variation diagrams of trace elements in garnet. (a) Positive correlation of Eu anomaly with Fe/Al ratio. (b) Negative 
correlation of Fe/Al ratio with total high field strength elements (HFSEs: Sc, Y, Th, U, Pb, Zr, Hf, Ti, Nb, Ta). (c) Nega-
tive correlation of Eu anomaly with total heavy rare earth elements (HREEs). (d) Positive correlation of U with total REE 
contents. 
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Fig. 11. Backscattered electron image and elemental maps of zoned clinopyroxene (a-d). Backscattered electron images of 
Fe and Al epidote (e, f) as well as Mg and Fe chlorite (g, h). Abbreviations: Ap = apatite, Cal = calcite, Di = diopside, Ep = 
epidote, Fe-Chl = Fe chlorite, Mg-Chl = Mg chlorite, Ttn = titanite. 
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Early Cretaceous (ca. 144.6 and 107.6–106.2 Ma): The 
second oldest sample is an Early Cretaceous mineralized an-
desite (CKL-2). The zircons (n = 20) cluster around a Late Ju-
rassic-Early Cretaceous age (150.6–141.3 Ma, ɛHf(t)

 = 5–11.7, 
n = 8) and Siluro-Devonian age (424.0–392.1 Ma, ɛHf(t)

 = 
–0.5 to 7.1, n = 9), with weighted average 206Pb/238U ages of 
144.4 ± 2.7 | 5.1 Ma (MSWD = 0.7) and 411.8 ± 6.8 | 14.1 
Ma (MSWD = 1.4), respectively. These ages likely re� ect the 
andesite emplacement and crustal inheritance, respectively. 
Two Kerabai Volcanics samples, including a crystal-lithic an-
desitic tuff (CKL-7) and a dacite porphyry (CKL-8), yielded 
Early Cretaceous ages. Despite their different size (20–100 
μm) and morphology (euhedral prismatic/tabular to subhe-
dral; Fig. 14), all the zircons have similar Albian ages: CKL-7 
has ages of 106.7 to 102.5 Ma (weighted avg 206Pb/238U age of 
106.2 ± 0.6 | 3.3 Ma, n = 50, MSWD = 0.7), and ɛHf(t)

 = –2.0 
to 8.6, and CKL-8 has ages of 112.5 to 105.1 Ma (weighted 
avg age 107.8 ± 1.2 | 3.5 Ma, n = 20, MSWD = 0.4), with ɛHf(t)
= 2.4 to 6.3. These are interpreted as the andesite crystal-
lization ages. 

Late Cretaceous (ca. 99.8–97.0 Ma): A total of � ve samples 
belong to this group, including two granodiorites (CKL-4 
and CKL-9), one monzonite (CKL-10), one quartz diorite 
(CKL-6), and one altered acid volcanic rock (CKL-13). Zircon 
grains from the granitoid samples (granodiorite, monzonite, 
and quartz diorite) are predominantly latest Early Creta-
ceous-Late Cretaceous (App. Table A9). Zircons of these ages 
are commonly coarse grained (many >100 μm) and display 
well-developed, occasionally multiphase oscillatory zoning 
(Fig. 14). The quartz diorite (CKL-6) has weighted average 
206Pb/238U age of 100.0 ± 1.0 | 3.2 Ma (n = 20, MSWD = 1.1), 
and ɛHf(t)

 = 4.9 to 10.3. The granodiorite samples have weight-
ed average 206Pb/238U ages of 99.3 ± 1.1 | 3.2 Ma (n = 22, 
MSWD = 0.7, ɛHf(t)

 = 4.1 to 10.9; CKL-9) and 96.9 ± 1.1 | 3.1 
Ma (n = 21, MSWD = 0.6, ɛHf(t)

 = 4.1 to 9.9; CKL-4), which 
are interpreted as magmatic ages; neither sample has inher-
ited zircons. The monzonite sample has a weighted average 
206Pb/238U age of 98.8 ± 1.2 | 3.2 Ma (n = 17, MSWD = 1.0, 
ɛHf(t)

 = –2.8 to 11.0; CKL-10), interpreted as the magmatic 
age, and two xenocrystic zircons (155.3 and 1687.4 Ma). The 

Fig. 12. Ternary classi� cation diagrams of several minerals at Ruwai. (a, b) Garnet and clinopyroxene at Ruwai compared 
with typical garnet and clinopyroxene end members in skarn deposits (modi� ed after Meinert et al., 2005). (c) Chlorite 
end-member classi� cation (after Zane and Weiss, 1998). (d) Epidote end-member classi� cation (after Franz and Liebscher, 
2004). Abbreviations: Ad = andradite, Di = diopside, Gr = grossular, Hd = hedenbergite, Jo = johannsenite, Sp = sphalerite.
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Fig. 13. Zircon U-Pb concordia plots with insets showing the weighted mean 206Pb/238U ages (all uncertainties are reported 
at the 2σ level including σsys) for metasedimentary basement, intrusive, and volcanic rocks at Ruwai. (a) Devonian hornfels 
metavolcanic as basement rock. (b-d) Early Cretaceous volcanic rocks. (e-i) Late Cretaceous granitoids and dacite porphyry. 
(j-o) Late Miocene diorite and dolerite dikes. MSWD = mean square of weighted deviates. 
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altered dacite porphyry sample yielded similar weighted av-
erage 206Pb/238U ages to the granitoid samples, i.e., CKL-13: 
98.7 ± 1.0 | 31. Ma, n = 19, MSWD = 0.6, ɛHf(t)

 = 5.2 to 10.8, 
with one inherited zircon (152.0 Ma). 

Late Miocene (ca. 11.09–9.21 Ma): The youngest magma-
tism at Ruwai is represented by five dioritic dike samples: 
CKL-1 (11.08 ± 0.64 | 0.72 Ma, n = 1), CKL-3 (10.43 ± 1.16 | 
1.20 Ma, n = 1; ɛHf(t)

 = 3.9), CKL-11 (9.21 ± 1.01 | 1.05 Ma, n 
= 1), CKL-15 (9.87 ± 0.17 | 0.34 Ma, n = 9; MSWD = 0.7), and 
CKL-5 (9.44 ± 0.36 | 0.46 Ma, n = 2, MSWD = 0.8), as well 
as one dolerite dike (CKL-14) that cut the orebody and Keta-
pang Complex limestone wall rocks in the Southwest Gossan 
open pit (9.66 ± 0.64 | 0.70 Ma, n = 1, ɛHf(t)

 = 0.6). The abun-
dance of Cretaceous and Devonian zircons in these Miocene 
dikes reflects wall-rock contamination from the Kerabai Vol-
canics, Matan Complex, and syn-ore intrusions. Miocene zir-
cons found in these samples have similar features, including 
fine to medium grain size, bright CL, and oscillatory zoning 
patterns (Fig. 14). Most of the Miocene zircons show varying 
degrees of corrosion; only a few are euhedral and prismatic. 
The inherited zircons, especially the Paleozoic-Precambrian 
ones, are characterized by dull CL (Fig. 14). 

U-Pb garnet ages

Uranium-lead garnet ages were measured from each garnet 
type (types I–III; Fig. 15a-c; Table 1). The uncertainty (2σ 

without | with σsys) in age estimates is in the range of 1.8 to 
4% relative for type I and type II garnet, while for type III it 
is about 10%. On a Tera-Wasserburg concordia plot (Fig. 15), 
type I garnet yields a lower intercept U-Pb age of 97.0 ± 1.2 
| 1.8 Ma (MSWD = 1.1, n = 117), and type II garnet yields a 
lower intercept U-Pb age at 95.0 ± 3.6 | 3.9 Ma (MSWD = 
0.43, n = 77). Type III overlaps in age with type I and type II 
garnet with a lower intercept U-Pb age of 94.2 ± 10.2 | 10.3 
Ma (MSWD = 0.33, n = 36; Fig. 15; Table 1). 

U-Pb titanite ages 

Uranium-lead titanite ages were measured from type I and 
type II titanite (Table 1; Fig. 15d, e). The uncertainty at the 
2σ level without and including σsys in age estimates is less than 
3% relative for both types of titanite. Type I titanite yielded 
a lower intercept U-Pb age of 96.0 ± 2.2 | 2.9 Ma (MSWD = 
2.4, n = 24). Type II titanite has an overlapping age with a 
lower intercept U-Pb age of 95.0 ± 0.8 | 2.0 Ma (MSWD = 
1.7, n = 106).

Re-Os Geochronology

Re-Os sulfide ages

Chalcopyrite has the highest Re concentration of the ana-
lyzed samples, whereas the lowest Re-Os concentration was in 
pyrrhotite (Table 2). The 187Re/188Os values have a wide range 

Fig. 14. Representative cathodoluminescence images of zircon from each group of ages (i.e., pre-Cretaceous: CKL-12; Early 
Cretaceous: CKL-7; Late Cretaceous: CKL-4; and late Miocene: CKL-15). Note: red circle is U-Pb isotope laser point; yellow 
circle is Hf isotope laser point.

CKL-4
98.9 ± 2.6 Ma
ɛ  (t) = +7.5Hf   

95.6 ± 2.4 Ma
ɛ  (t) = +6.8Hf   

98.5 ± 2.5 Ma
ɛ  (t) = +6.1Hf   

97.7 ± 2.5 Ma
ɛ  (t) = +5.7Hf   

95.0 ± 2.4 Ma
ɛ  (t) = +6.8Hf   

99.2 ± 2.4 Ma
ɛ  (t) = +6.2Hf   

100 µm

CKL-1510.05 ± 0.24 Ma
ɛ  (t) = +3.1Hf   

9.86 ± 0.24 Ma
ɛ  (t) = -8.1Hf   

9.73 ± 0.24 Ma
ɛ  (t) = +0.5Hf   

10.31 ± 0.24 Ma
ɛ  (t) = +1.4Hf   

363.5 ± 7.5 Ma
ɛ  (t) = +1.4Hf

inherited zircon 

9.93 ± 0.24 Ma
ɛ  (t) = +2.8Hf   

50 µm

CKL-12

398.6 ± 9.9 Ma
ɛ  (t) = +2.6Hf   

394.1 ± 9.8 Ma
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422.0 ± 10.5 Ma
ɛ  (t) = +3.0Hf   

420.1 ± 10.4 Ma
ɛ  (t) = -1.9Hf  

410.0 ± 10.3 Ma
ɛ  (t) = +2.1Hf   

50 µm

CKL-7105.4 ± 2.2 Ma
ɛ  (t) = +6.8Hf  

104.5 ± 2.2 Ma
ɛ  (t) = +7.7Hf  

106.2 ± 2.3 Ma
ɛ  (t) = +6.5Hf  

104.7 ± 2.2 Ma
ɛ  (t) = +6.6Hf  

103.9 ± 2.2 Ma
ɛ  (t) = +3.8Hf  

107.1 ± 2.3 Ma
ɛ  (t) = +8.1Hf  

100 µm
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from 425 to 61,000, whereas the 187Os/188Os values are mostly 
low and in the range of 2.02 to 7.61, except for two samples of 
chalcopyrite (20.80) and pyrite (97.6). The 187Osradiogenic from 
these two samples comprises 73.7 and 92.9% of the total Os, 
respectively. Radiogenic Os concentrations higher than 90% 
and high 187Re/188Os values are diagnostic features of low-
level highly radiogenic sulfides (Stein et al., 2000). A maxi-
mum likelihood with overdispersion regression (Vermeesch, 
2018) of sulfides yields an isochron age of 96.1 ± 2.4 | 2.5 Ma 
(187Os/188Os-dispersion = 0.320 +0.176/–0.094) with an initial 
187Os/188Os of 1.34 ± 0.19. This age is also consistent with the 
single model age obtained from that low-level highly radio-
genic sulfide, which is 95.0 ± 1.5 Ma. Note that the uncertain-
ties for Re-Os analysis are reported in two standard errors, 
while uncertainties for the isochron are reported in the 95% 
confidence interval. 

Re-Os magnetite ages

Magnetite grains from four samples were dated by Re-Os, 
and the results are shown in Table 2. Rhenium concentra-
tions in magnetite range from 0.193 to 44.268 ppb, whereas 
the Os range from 22.83 to 149.27 ppt. The 187Re/188Os val-
ues have a wide variation from 7.0 to 3,237.2, whereas the 
187Os/188Os values range from 1.09 to 6.53. A maximum like-
lihood with overdispersion regression (Vermeesch, 2018) on 
these magnetites yielded an isochron age of 99.3 ± 3.6 | 3.7 Ma 
(187Os/188Os-dispersion= 0.082 +0.123/–0.038) with an initial 
187Os/188Os of 1.07 ± 0.13.

Whole-Rock Geochemistry
The chemical composition and age of the intrusions at Ruwai 
were compared with data from previous studies (e.g., Widyas-
tanto et al., 2019; Dana et al., 2022a) in the immobile element-
based Zr/Ti versus Nb/Y plot (Pearce, 1996; Fig. 16a). Both 
Cretaceous and Miocene samples from the current study have 
compositions similar to those of samples described by previ-
ous studies (e.g., Widyastanto et al., 2019; Dana et al., 2022a; 
App. Table A1) with felsic-intermediate samples mainly plot-
ting in the andesite (diorite) and trachyandesite (monzonite) 
fields, with the exception of one sample that falls into the rhy-
olite-dacite (granite-granodiorite) field. The mafic sample has 
a basaltic (gabbro-dolerite) composition, consistent with mafic 
samples from previous studies. The samples are largely calc-
alkaline metaluminous, although a few are peraluminous. 
The intrusions have low Sr/Y (<40) but high Y (>14.1 ppm)  
and plot in the normal arc (nonadakitic) volcanic field (Han-
sen et al., 2002; Fig. 16b, c). On the chondrite-normalized 
REE plot (McDonough and Sun, 1995; Fig. 16e), most sam-
ples (regardless of the age or lithology) have similar elevated 
LREE/HREE enrichment patterns with negative Eu anom-
alies. When normalized to the primitive mantle (Sun and 
McDonough, 1989; Fig. 16f), most samples are enriched in 
large-ion lithophile elements (LILEs, e.g., K, Rb, and U) and 
LREEs and have variable degree of depletion of HFSEs (e.g., 
Hf and Y) and HREEs. The rocks have distinct negative Ba 
and Nb anomalies (in relationship to Th and U) and positive 
anomalies in U-Th and Pb (relative to K). 

Fig. 15. Concordia plots of garnet (a-c) and titanite (d, e) U-Pb dating are reported at the 2σ level including σsys. MSWD = 
mean square of weighted deviates. 
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Stable Isotopes

Sulfur isotopes

The sulfur isotope data for sulfides from Ruwai have a wide 
range of δ34SV-CDT, from –1.9 to 18.5‰ (Fig. 17; Table 3). The 
sulfur isotope values of proximal samples are typically lower 
than distal samples. For instance, pyrite from the proximal 
area has a δ34SV-CDT range of –0.3 to 3.7‰, whereas from the 
distal part δ34SV-CDT is 4.4 to 18.5‰. Similarly, proximal chal-
copyrite has δ34SV-CDT values of –1.9 to 0.4‰, which increase 
to 3.4‰ in the distal position. In addition, galena and sphal-

erite have δ34SV-CDT values of 1.2 to 2.9‰ and –0.5 to 2.2‰, 
respectively, from proximal mineralization, and 2.9 to 3.8‰ 
and 3.6 to 4.5‰ in the distal part. Distal chalcanthite sample 
has a δ34SV-CDT value of 3.2‰. 

Carbon-oxygen isotopes

Calcite carbon and oxygen isotopes were analyzed from mar-
ble and from prograde- and retrograde-stage skarn. The car-
bon and oxygen isotope values decrease gradually from the 
marble to the retrograde skarn (Fig. 17; Table 4). The δ13CPDB 
for marble is –0.7 to 1.4‰ (avg 0.4‰), whereas the values 

Fig. 16. Geochemical characteristics of intrusions at Ruwai. (a) Nb/Y versus Zr/Ti rock classification (after Pearce, 1996). 
(b) Alumina saturation index (ASI) diagram (after Maniar and Piccoli, 1989). (c) Y versus Sr/Y diagram (after Hansen et al., 
2002). (d) Nb + Y versus Rb tectonic discrimination for granitoid rocks (after Pearce et al., 1984). (e) Chondrite-normalized 
rare earth element spider diagram (normalization values from McDonough and Sun, 1995). (f) Primitive mantle-normalized 
multielement spider diagram (normalization values from Sun and McDonough, 1989).
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from prograde and retrograde calcite are –1.6 to –1.3‰ (avg 
–1.5‰) and –6.1 to –3.5‰ (avg –5.1‰), respectively. The av-
erage δ18OPDB for marble is –19.0‰ (ranging from –21.3 to 
–16.2‰), whereas the values from prograde and retrograde 
stages are –20.9 (–21.8 to –20.2‰) and 21.63‰ (–22.1 to 
–20.9‰), respectively. The oxygen isotope composition of 
hydrothermal fluids in equilibrium with calcite (δ18Ofluid) was 
calculated based on the equation for calcite water of O’Neill 
and Taylor (1967) assuming temperatures of 511° and 297°C 
for prograde and retrograde stages, respectively, as inferred 
from garnet-pyroxene thermometry and chlorite thermome-
try. The calculated δ18Ofluid in the prograde stage ranges from 
7.3 to 9.0‰ and from 3.0 to 4.2‰ in the retrograde stage.

Discussion

Mineralization age and regional metallogenic implications

Determining the age of the mineralization is important 
for understanding the tectonic setting for ore formation at 
Ruwai and to potentially guide future exploration (Chelle-
Michou et al., 2017; Fu et al., 2018; Waffron et al., 2018; 
Burisch et al., 2019). Previous workers have considered min-
eralization in the Central Borneo metallogenic belt to be 
associated with Cenozoic magmatism (e.g., Garwin, 1997; 
Setijadji et al., 2010; van Leeuwen, 2018). Our results show 
that Cretaceous mineralization is also present in the belt, 
as was first noted at the Late Cretaceous Lamandau Fe-Cu 

Fig. 17. Carbon-oxygen-sulfur stable isotope variations of Ruwai skarn deposit and several isotopic reservoir references (iso-
topic data compiled from Seal, 2006; Hoefs, 2015, and references therein). V-CDT = Vienna-Canyon Diablo Troilite, V-PDB 
= Vienna-Pee Dee Belemnite, V-SMOW = Vienna-standard mean ocean water.
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Table 3. Sulfur Isotope Composition of Sulfides and Sulfate from the Ruwai Skarn Deposit

Sample code

Coordinates
(UTM) Elevation  

(m) 
Proximity to  
the intrusion Ore type Mineral

δ34SV-CDT

(‰)Easting Northing
CDP-019 531880 9829600 135 Proximal Disseminated Pyrite 3.7
AI-009 531557 9829265 186 –0.3
AI-011 531428 9829341 141 0.9
AI-001 531429 9829341 140 1.0
AI-003 531406 9829386 138 1.1
CDP-012 531398 9829380 139 1.3
CDP-011 531148 9829343 144 2.5
AI-010 531438 9829302 155 2.5
CDP-013 531368 9829462 159 3.4

AI-013 531778 9829479 175 Distal Massive 4.4
CDP-015 531851 9829605 134 4.9
AI-002 531659 9829551 146 5.2
AI-017 531619 9829433 162 5.5
AI-008 531659 9829551 146 9.8
AI-015 531678 9829508 154 18.5

AI-014 531480 9829355 147 Proximal Disseminated Chalcopyrite –1.9
AI-012 531503 9829378 144 –0.4
CDP-012 531398 9829380 139 3.4

CDP-012 531398 9829380 139 Proximal Disseminated Galena 1.2
CDP-011 531148 9829343 144 2.0
CDP-013 531368 9829462 159 2.6
CDP-018 531880 9829600 135 Distal Massive 2.9
CDP-015 531851 9829605 134 3.8

CDP-003 530570 9829180 146 Distal Massive Pyrrhotite 3.5
CDP-018 531880 9829600 135 3.5

AI-009 531557 9829265 186 Proximal Disseminated Sphalerite –0.5
CDP-012 531398 9829380 139 0.4
CDP-011 531148 9829343 144 2.2
CDP-018 531880 9829600 135 Distal Massive 3.6
CDP-015 531851 9829605 134 4.5

CDP-025 531815 9829350 153 Not defined Chalcanthite 3.2

V-CDT = Vienna-Canyon Diablo Troilite 

Table 4. Carbon and Oxygen Isotope Compositions of Calcite from the Ruwai Skarn Deposit

Sample code Rock type
Coordinates (UTM) Elevation  

(m)
Proximity to 

the intrusion
Measured  

δ13CPDB (‰)
Measured  

δ18OPDB (‰)
Calculated  

δ18OV-SMOW (‰)
Calculated  

δ18OFluid (‰)Easting Northing
CDP-005A Marble 530505 9829365 162 Distal –0.7 –20.9 9.4 n.a.
CDP-016A 531851 9829605 134 1.4 –20.8 9.5
CDP-020A 532013 9829618 133 0.1 –16.2 14.3
CDP-301 531561 9829405 155 Proximal 1.2 –17.7 12.7
CDP-307 531532 9829324 161 0.5 –21.3 8.9
CDP-308 531360 9829348 143 –0.4 –17.2 13.2

CDP-019 Prograde  
skarn

531880 9829600 135 Proximal –1.3 –21.8 8.5 7.3
CDP-022 531981 9829689 155 Distal –1.6 –20.8 9.5 8.4
CDP-023 531981 9829688 155 –1.5 –20.2 10.1 9.0

CDP-009 Retrograde  
skarn

531066 9829284 152 Proximal –5.2 –21.5 8.7 3.5
CDP-013 531368 9829462 159 –6.1 –21.9 8.4 3.2
CDP-014 531368 9829462 159 –6.0 –21.8 8.5 3.3
CDP-014A 531368 9829462 159 –4.4 –21.6 8.6 3.5
CDP-007 530505 9829365 162 Distal –3.5 –22.1 8.1 3.0
CDP-020 532013 9829618 133 –5.3 –20.9 9.4 4.2

Note: The δ18OFluid is calculated based on formula from O’Neill and Taylor (1967) 
Abbreviations: n.a. = not analyzed, PDB = Pee Dee Belemnite, V-SMOW = Vienna-standard mean ocean water
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deposit (Fig. 18; Li et al., 2015). At Ruwai, garnet, titanite, 
magnetite, and sulfides yielded Late Cretaceous ages (ca. 
99.3–94.2 Ma; Figs. 15, 19), which is consistent with our 
U-Pb zircon ages of associated intrusive bodies. Magmatism 
at Ruwai generally can be divided into three phases: (1) Early 
Cretaceous (pre-ore), (2) Late Cretaceous (syn-ore), and (3) 
Miocene (post-ore; Figs. 13, 18). Although broadly similar, 
the three magmatic phases have some geochemical and iso-
topic differences. Syn-ore intrusions have relatively low to-
tal LILEs (avg 750 ppm), HFSEs (avg 238 ppm), and REEs 

(avg 131 ppm) contents compared to pre-ore (LILEs: avg  
1,263 ppm; HFSEs: avg 296 ppm; REEs: avg 161 ppm) and 
post-ore (LILEs: avg 1,105 ppm; HFSEs: avg 249 ppm; REEs: 
avg 200 ppm). The εHf isotopic compositions are mostly posi-
tive and decrease from pre- to post-ore stages (Fig. 20a, b), 
consistent with melting of crustal material (which was de-
rived from the depleted mantle) during the Mesoproterozoic 
to Neoproterozoic. Minor zircon grains with either low ɛHf 
values or Neo- to Mesoproterozoic age indicate reworking 
of older crust, possibly of Paleoproterozoic and Neoarchean 

Fig. 18. Regional geochronology of igneous rocks and mineral deposits in Borneo (data compiled from Thompson et al., 1994; 
Imai, 2000; Davies et al., 2008; Baharuddin, 2011; Li et al., 2015; Percival et al., 2018; Breitfeld et al., 2019; Lai et al., 2021). 
The Ruwai skarn deposit formed during the Cretaceous along with the Lamandau Fe-Cu deposit, whereas epithermal gold 
mineralization was associated with Oligo-Miocene magmatism. Note: the uncertainties are reported at 2σ level.
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age. Three prograde garnet types yielded U-Pb ages of 97.0 
± 1.8, 95.0 ± 3.9, and 94.2 ± 10.3 Ma, respectively. These 
ages overlap with the U-Pb ages of retrograde-stage titanite, 
i.e., 96.0 ± 2.9 and 95.0 ± 2.0 Ma. Rhenium-Os ages of the 
retrograde-stage sulfides and magnetite are 96.0 ± 2.3 and 
99.3 ± 3.6 Ma, respectively. 

Cretaceous magmatism at Ruwai was likely associated with 
Paleo-Pacific subduction after the accretion of the Southwest 
Borneo block to Sundaland (e.g., Davies et al., 2014; Hen-
nig et al., 2017). Miocene magmatism was associated with 
the subduction of the South China Sea plate, followed by the 
collision of the Luconia block with Sundaland (Soeria-Atm-
adja et al., 1999). The chemical compositions of Cretaceous 
and Miocene magmatic rocks at Ruwai are consistent with a 
volcanic-arc origin (Fig. 16d). Early Cretaceous magmatism 
produced the andesitic-dacitic Kerabai Volcanics, whereas 
Miocene magmatism was dominated by the dioritic Sintang 
Suite. Late Cretaceous magmatism evolved to more felsic (i.e., 
quartz diorite, monzonite, and granodiorite) with time, with 
the more evolved magma associated with skarn mineraliza-
tion at Ruwai. Although the regional geologic map attributes 
the granitoids around Ruwai to the Sukadana granite (Mar-
gono et al., 1995), Breitfeld et al. (2020) showed that this gran-
itoid is younger (ca. 80 Ma) than the granitoids at Ruwai, as 
also shown in our results (ca. 99.7–97.1 Ma). Breitfeld at al. 
(2020) also demonstrated that the Sukadana granitoids were 
associated with within-plate magmatism, whereas mineraliza-
tion at Ruwai is subduction related (Fig. 16d). We therefore 
propose that the granitoids at Ruwai represent an older suite 
of Sukadana granitoids that formed at the end of subduction, 
before the start of within-plate magmatism, as proposed by 
Breitfeld et al. (2020). 

Physicochemical conditions of skarn mineralization at 
Ruwai

Prograde and retrograde temperature: Temperatures are con-
strained by mineral and sulfur isotope geothermometry (Table 
5). The temperature of the prograde stage (401°–673° ± 66°C, 
avg 511°C) was estimated based on the garnet-clinopyroxene 
geothermometer of Powell (1985). These temperatures are 
consistent with other prograde stages (Meinert, 1992; Meinert 
et al., 2005). On average, the temperature estimates decrease 
from type I to type III garnet (type I: 406°–673°C; type II: 
401°–646°C; type III: 414°–543°C). The temperatures of the 
retrograde stage have been estimated using the chlorite ther-
mometer of Hillier and Velde (1991) and are around 195° to 
377° ± 56°C (avg 297°C). These temperature ranges are con-
sistent with the results from a previous fluid inclusion study 
that suggested retrograde temperatures of 190° to 260°C 
(Idrus et al., 2011). Although slightly lower than those ob-
tained from chlorite geothermometry (195°–377°C) and fluid 
inclusion microthermometry (190°–260°C; Idrus et al., 2011), 
the temperature from pyrite-chalcopyrite pairs (162°–217° 
± 40°C) is similar to the late retrograde-stage temperature 
and likely indicative of the true equilibration temperature. 
The temperatures from galena-pyrrhotite pairs (410°–460° 
± 25°C) are consistent with the temperature estimated from 
arsenopyrite geothermometry (428°–493°C; Dana et al., 
2022b). The results from pyrite-sphalerite pairs (264°–349° ± 
55°C), are consistent with those results, although they slightly 
higher than those obtained from the pyrite-chalcopyrite pair 
in the same sample. 

Redox evolution: Early formed garnets have high andradite 
contents and strong positive Eu anomalies, whereas Eu anom-

Fig. 19. Isochron plots of 187Re/188Os versus 187Os/188Os for sulfides and magnetite from the Ruwai skarn deposit (all uncer-
tainties are reported at the 2σ level including σsys).
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alies are negative or absent, and andradite contents are lower 
in later garnet (Fig. 9), consistent with decreasing ƒO2 with 
time in the prograde stage (Jamtveit et al., 1993; Crowe et 
al., 2001; Smith et al., 2004). Narrow andradite bands, which 
have positive Eu anomalies in type II garnet (Fig. 8b), how-
ever, suggest a transient increase of ƒO2

 from the early to pro-
grade stage within an overall decreasing trend. The mode of 
occurrence, as well as the chemical composition, of titanite in 
this study indicates a hydrothermal origin (e.g., REE content, 

Fe/Al), and it can be used to monitor the redox conditions in 
the hydrothermal fluids (Horie et al., 2008; Song et al., 2019). 
At Ruwai, a strong negative Eu anomaly characterizes type I 
titanite, whereas type II titanite mostly lacks this negative Eu 
anomaly (Fig. 10d, e), implying that oxidized conditions pre-
vailed during the retrograde stage. This is consistent with the 
retrograde overgrowth of Al epidote by Fe epidote (Fig. 11e, 
f) and the replacement of pyrite by magnetite (Fig. 6f) and of 
magnetite by hematite (Fig. 6b). The extensive formation of 

Fig. 20. (a, b) Plots of epsilon hafnium values of zircon against the U-Pb ages for the basement rock and pre-ore, syn-ore, and 
post-ore intrusions at Ruwai (diagram modified after Kostrovitsky et al., 2016; hafnium isotope data of Semitau schist from 
Zhu et al., 2022; Raya volcanic rocks and Mensibau granitoids from Wang et al., 2022b; Sabah mafic rocks from Tsikuouras 
et al., 2021; Jurassic igneous and sedimentary rocks at Kuching and Schwaner from Wang et al., 2022a). CHUR = chondritic 
uniform reservoir. 
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pyrrhotite after pyrite (Fig. 6c, f) suggests that the sulfidation 
state decreased in the retrograde stage. 

Source of ore-forming fluids and metals

Source of sulfur: Lead-zinc skarn deposits tend to have wide 
ranges of δ34S values (Fig. 17), suggesting that the sulfur is 
likely derived from various sources (e.g., Palinkas et al., 2013; 
Gao et al., 2020). Sulfur in skarn deposits commences from a 
magmatic source, with a component of sedimentary-derived 
sulfur acquired in distal zones (e.g., Megaw et al., 1988; Mein-
ert et al., 2005). At Ruwai, proximal disseminated sulfide ores 
have lower δ34S (–1.9 to 3.4‰), whereas distal massive ores 
have higher δ34S values (2.9–18.6‰). Sphalerite, galena, and 
pyrite in the disseminated ores have lower δ34S (sphaler-
ite: –0.5 to 2.2‰; galena: 1.2–2.6‰; pyrite: –0.3 to 3.4‰) 
than those from massive ores (sphalerite: 3.6–4.5‰; galena: 
2.9–3.8‰; pyrite: 4.4–18.5‰). This increase in δ34S values 
from proximal to distal zones could indicate mixing of two 
sulfur sources or transition from oxidizing to reducing con-
ditions (Wilson et al., 2007). Alternatively, a contribution of 
seawater-derived sulfate from marble host rock could explain 
the elevated δ34S values (Choi et al., 2018; Zhong et al., 2018). 

Source of carbon and oxygen: Magmatic hydrothermal flu-
ids play an important role in the skarn formation, particularly 
during the prograde stage (Einaudi et al., 2003; Meinert et 
al., 2005). Meteoric water can play a significant role during 
the retrograde stage (Meinert et al., 2003; Baker et al., 2004). 
Generally, hydrothermal calcite from Fe and Pb-Zn skarns has 
a wider δ13C range with more negative values compared to 
other skarn types (e.g., Demir and Disli, 2020; Im et al., 2020). 
Lead-zinc skarns typically have wider δ18O ranges than other 
skarn types, both in the carbonate host rock and in the hydro-
thermal calcite (e.g., Shimazaki and Kusakabe, 1990; Vazquez 
et al., 1998; Jansson et al., 2021). At Ruwai, the δ13C and δ18O 
values of calcite decrease from the marble host rock to the 
skarn (Fig. 17). The δ13C and δ18O values in the prograde stage 
are similar to those from the marble host rock (Fig. 17), clearly 
suggesting that both carbon and oxygen in the prograde calcite 

were derived from calcite of the marble through carbonate dis-
solution and/or incomplete replacement. 

Source of metals: Calculated initial 187Os/188Os values from 
sulfides (1.34 ± 0.19; n = 15) and magnetite (1.07 ± 0.13; n 
= 4; Table 2) consistently show much higher values than the 
mantle (0.11–0.15; Shirey and Walker, 1998), indicating sig-
nificant contribution of ore-forming metals from the crust 
(Peucker-Ehrenbrink and Jahn, 2001). Granitoid intrusions 
around the Schwaner mountains, where the deposit is locat-
ed, are interpreted to have formed by partial melting of the 
mantle wedge with some input of crustal material or recycled 
sediments based on multiple isotopic signatures (Sr-Nd-Pb-
Hf-O; Breitfeld et al., 2020; Wang et al., 2022a, b). At Ruwai, 
zircon Hf isotope compositions (Table 1; Fig. 20) imply that 
the causative intrusions have a juvenile mantle origin with mi-
nor crustal inheritance (Fig. 20a, b). The dominantly crustal 
initial Os isotope signature of sulfides and magnetite (Table 2; 
Fig 19) from Ruwai suggests that the ore-forming fluids sub-
stantially reacted with a high Re and/or Os unit, possibly the 
Kuayan Formation or Ketapang Complex, before depositing 
ore minerals. 

Conclusions
The Ruwai skarn deposit formed in the Late Cretaceous (ca. 
99.3–94.2 Ma) during the emplacement of Sukadana gran-
ite, as subduction of the Paleo-Pacific plate under Sundaland 
ceased. Magmatism at Ruwai occurred in three phases: Early 
Cretaceous (ca. 145.7–105.7 Ma; pre-ore), Late Cretaceous 
(ca. 99.7–97.1 Ma; syn-ore), and Miocene (ca. 10.94–9.51 Ma; 
post-ore). The Ruwai skarn deposit formed from oxidized and 
weakly acidic to near-neutral pH hydrothermal fluids of mag-
matic origin together with a meteoric water fluid component 
during the retrograde stage. 

Our geochronological data also confirmed that the Creta-
ceous suites within the Central Borneo metallogenic belt are 
fertile for mineralization, which further opens the opportu-
nity to explore other Mesozoic suites. Yet, more geochrono-
logical studies are necessary to confirm the age of gold and 

Table 5. Estimated Ore-Forming Temperature of the Ruwai Deposit Based on Multiple Mineral Geothermometry

Thermometry Stage
Temperature1

(°C) Formula References
Garnet-pyroxene geothermometry Type I garnet Prograde 406–673 (±66) Powell (1985) This study

Type II garnet 401–646 (±66)
Type III garnet 414–543 (±66)

Chlorite geothermometry Retrograde 195-377 (±56) Hillier and Velde (1991)

Sulfur isotope geothermometry Pyrite-chalcopyrite pair 162–217 (±40) Ohmoto and Rye (1979)
Galena-pyrrhotite pair 410–460 (±25)
Pyrite-sphalerite pair 264–349 (±55)

Sphalerite geothermometry Low Fe sphalerite 245–315 (±18) Keith et al. (2014) Idrus et al. (2023)
High Fe sphalerite 316–432 (±32)

Arsenopyrite geothermometry Arsenopyrite-pyrite-pyrrhotite 
assemblages

428–493 Kretschmar and Scott (1976) Dana et al. (2022b)

Fluid inclusions on quartz and calcite 190–260 Not applicable Idrus et al. (2011)

1Accuracy for garnet-pyroxene, chlorite, and sphalerite geothermometry represents the standard deviation of mean value (1 SD), while that for sulfur isotope 
geothermometry represents the uncertainty caused by the analytical error in δ34S of ± 0.2‰
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base metal mineralization in other deposits across the Central 
Borneo metallogenic belt.
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