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Abstract 
 

The discovery of the world class copper-gold deposit at Tumpangpitu, East Java (1.9 Gt @ 0.45% Cu, 

0.45 g/t Au), has reinforced the eastern Sunda Arc as a significant metallogenic belt, highly prospective 

for the discovery of major porphyry deposits. The arc hosts three premier porphyry copper-gold deposits 

at Batu Hijau, Elang, and Tumpangpitu (>300 t Au and >5 Mt Cu).  These giant porphyry deposits are 

confined to the eastern segment of the eastern Sunda Arc (eastern Java to Sumbawa), constructed on 

island arc crust where the Roo Rise is being subducted. By contrast, major epithermal (low-sulfidation 

dominant) deposits associated with poorly-endowed porphyry prospects occur along the western 

segment of the arc (western Java), developed on thick continental crust on the southern margin of 

Sundaland associated with subduction of typically thin Indian oceanic crust.  

Porphyry copper-gold deposits of the eastern-Sunda Arc are spatially associated with small, nested, 

dioritic to tonalitic intrusive complexes with low-K calc-alkaline to weakly alkaline signatures. 

Hypogene alteration and mineralization developed during three main temporally and spatially 

overlapping events, termed early, transitional and late.  The hypogene copper-gold mineralized zone of 

the giant deposits forms a bell-shaped body of 0.3% Cu shell greater than 1 km in both diameter and 

vertical extent, that is centered on multi-phase, elongate, pencil-like tonalite intrusions, 200 m to 1,200 

m in diameter and >2 km vertical extent. Large (>20 km2) lithocaps associated with high-sulfidation 

epithermal systems and post-porphyry mineralization diatreme breccias characterize productive 

porphyry districts at Batu Hijau, Elang and Tumpangpitu.   The known porphyry deposits with metal 

content exceeding 300 t Au and > 5 Mt Cu all formed less than 5 Ma, suggesting an important change 
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in the metallogeny of the arc at this time. These giant porphyry deposits formed relatively rapidly, 

typically over a period of 30 to 860 k.y. during the Pliocene-Pleistocene between 5 and 2.5 Ma. 

Porphyry deposits along the eastern Sunda Arc display similar characteristic geological features to 

porphyry deposits elsewhere. Significant differences include low-K systems, dominance of 

hydrothermal biotite over K-feldspar, early intense actinolite alteration associated with ore, widespread 

shreddy chlorite after secondary biotite, narrow quartz–sericite-pyrite alteration zones, lack of 

development of C veins, large overlying lithocaps and abundant chalcocite–bornite-covellite veinlets 

associated with late overprinting epithermal systems.  Hydrothermal oligoclase is also more abundant 

than K-feldspar in the central biotite-magnetite zones. 

 †Corresponding author: e-mail, adi.maryono@jresources.com 

Introduction 

The recent discovery of the world class porphyry copper-gold deposit at Tumpangpitu in 2008 

(Norris, 2011; Harrison et al., this volume) has stimulated exploration in the Sunda magmatic Arc.  The 

eastern Sunda Arc has proven itself to be an emerging economically important porphyry copper-gold 

belt after the discoveries of three giant porphyry deposits at Batu Hijau, Elang and Tumpangpitu (>300 

t Au and >5 Mt Cu; Clark, 1993; Singer, 1995) and two giant epithermal deposits at Pongkor and Kerta 

(>100 t Au; Basuki et al., 1994; Singer, 1995; Lubis et al., 2012).  

An increased understanding of lithocaps in part has driven recent discoveries in the Sunda Arc, 

which has provided an exploration tool for linked porphyry and epithermal deposits. (White, 1991; 

Sillitoe, 1995; Hedenquist et al., 1998; Chang et al., 2011). It took seven years of exploration at 

Tumpangpitu by a number of companies before the large resource of 855 t Au and 8.65 Mt Cu was 

discovered (Norris, 2011; Intrepid Mines Ltd., 2012).  A world-class porphyry resource at Elang (789.1 

t Au and 7.4 Mt Cu; Huspeni, 2012) was delineated 15 years after the discovery of the prospect 

(Maryono et al., 2005).  Similarly, it took more than 20 years of exploration to identify the large resource 

potential of porphyry copper-gold deposits concealed under thick barren lithocaps at Brambang and 

Hu’u (Maryono et al., 2016).  
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Porphyry copper-gold deposits along the eastern Sunda Arc have island-arc affinities but 

display some distinctive features when compared to other island-arc porphyry systems (c.f. Sillitoe and 

Gappe, 1984). Detailed descriptions of deposit-scale geology, alteration and mineralization have 

focused on Batu Hijau (Meldrum et al., 1994; Irianto and Clark, 1995; Maula and Levet, 1996; Ali, 

1997; Clode et al., 1999; Garwin, 2000; Garwin, 2002; Priowasono and Maryono, 2002; Arif and Baker, 

2004; Idrus et al., 2007; Setyandhaka et al., 2008). Publications are limited for Elang (Maula and Levet, 

1996; Maryono et al., 2005), Tumpangpitu (Norris, 2011; Harrison and Maryono, 2012; Harrison, 2014; 

Harrison et al., this volume), Brambang (Maryono et al., 2013); and Selogiri (Imai et al., 2007 and 

Warmada et al., 2007).   

The main objectives of this paper are to discuss the key tectonic and geologic aspects of copper-

gold mineralized systems along the eastern Sunda Arc and develop an exploration model.  A comparison 

between giant and low-grade porphyry systems is also discussed.  New geochronological data from 

206Pb/238U dating of zircons are presented that constrain absolute ages of major porphyry occurrences.   

Methodology 

Field-based data 

This paper has been compiled from data largely gathered from the authors’ considerable time 

and experience during exploration through to development of major porphyry deposits in the eastern 

Sunda Arc.  Models are based on extensive drill core logging and field mapping, geochemical and 

geophysical surveys during exploration and development of these porphyry deposits. The authors have 

collected systematic observations of crosscutting (paragenetic) relationships to confirm the relative 

timing of intrusive phases and hydrothermal evolution. The ‘Anaconda’ mapping and logging technique 

(Einaudi, 1997) was adopted and modified into a porphyry-lithocap mapping technique which was 

employed systematically during exploration. Laboratory-based studies complemented fieldwork-based 

exploration data during the development of geological and exploration models. Analyses included 

petrography, ore petrology and LA-ICPMS dating of zircons. 

 Deposit geology and exploration models have been developed through the construction of type 

cross-sections. The methodology for type cross-section construction involved selecting the most 

representative section that contains the greatest variability and complexity of geology at each deposit.  
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Regional tectonics and geology 

Regional tectonics  

The eastern Sunda Arc is part of the 3,940 km-long Sunda-Banda Arc. The east-trending eastern 

Sunda Arc constitutes the islands of Java, Bali, Lombok, and Sumbawa, measuring a total length of 

1,800 km (Fig. 1). The magmatic arc extends from the west with a northeasterly dipping oblique 

subduction system in Sumatra (the western Sunda Arc), through Java, Bali, Lombok and Sumbawa with 

a north-dipping subduction system (the eastern Sunda Arc) to the Flores and Banda islands in the east 

(the Banda Arc) with a more complex arc-trench configuration (Hamilton, 1979; Carlile and Mitchell, 

1994; Setijadji et al., 2006; Fig. 1). The recent tectonic regime (subduction vs collision) and reversal in 

Quaternary arc polarity created major differences between the eastern Sunda and Banda Arcs. The 

eastern Sunda Arc is characterized by a Quaternary volcanic chain along the northern parts of the islands 

forned as the result of subduction of the Indian oceanic crust. The Banda Arc has a Quaternary volcanic 

chain the southern parts of the islands due to the collision of the Australian crust. The subducting slab 

beneath the Sunda-Banda Arc has a pronounced curve from Sumatra, where it dips ~30o to 45o NE, 

through east Sunda, where it dips ~50 to 70o N, to Banda where it forms a concave spoon-shaped 

structure with an axis that plunges ~40o W (Garwin et al., 2005; Fig. 1). The western segment of the 

eastern Sunda Arc (western Java) developed on thick continental crust on the southern margin of 

Sundaland, whereas the eastern segment (eastern Java to Sumbawa) was constructed on thinner oceanic 

crust bounded by Australian continental crust further east (Sumba and Timor; Fig. 1; Hamilton, 1979; 

Carlile and Mitchell, 1994; Hall, 2002; Setijadji et al., 2006).  

Subduction along the eastern Sunda - Banda Arc initiated in the Paleocene-Eocene, and the arc 

underwent a period of extension related to slab rollback around 15 - 12 Ma (Hall, 2002; Smyth et al., 

2005; Fiorentini and Garwin, 2009; Spakman and Hall, 2010). This initiated a polarity shift to 

southward-directed subduction of oceanic crust of the marginal Banda Sea beneath the arc (Fiorentini 

and Garwin, 2009).  Complexities arose in the Miocene due to the subduction of the Roo Rise, a trapped 

slab of thickened oceanic crust (Fig. 1).  Alignment of earthquake epicenters defines a series of 

northeast-trending transform faults that transect an area of the Roo Rise (Garwin et al., 2005; Hall, 

2009). The transform faults are interpreted to have formed due to differences in thickness between the 
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normal and thick oceanic crusts (Garwin et al., 2005; Setijadji et al., 2006; Hall, 2009).  Important 

changes in plate motions and boundaries since 5 Ma (Audley-Charles, 2004) are thought to have caused 

local reversals in ages from north to south as magmatism migrated closer towards the trench.   

Regional geology 

 Cenozoic volcanic-magmatic rocks dominate the regional geology of the eastern Sunda Arc.  

Subduction along the Java trench initiated in the Eocene in western Java, the Oligocene to Pliocene in 

eastern Java to west Lombok, and in the Miocene to Pliocene for most of Lombok and Sumbawa (Smyth 

et al., 2005; Setijadji and Maryono, 2012; Fig. 2). Cenozoic volcanos along the arc demonstrate 

common features of island arc magmatism, such as a wide variation in SiO2 contents, high A12O3, with 

low TiO2, Na2O and MgO contents (Wheller et al., 1987; Setijadji et al., 2006). Magma alkalinity 

increases in the young volcanoes, and towards the back arc.  The arc demonstrates several distinctive 

features that differ from the idealized temporal and spatial schemes of subduction zone magmatism 

(Foden and Varne, 1980; Soeria-Atmadja et al., 1994; Setijadji et al., 2006; Fiorentini and Garwin, 

2009). The eastern Sunda Arc underwent migrations towards the hinterland during its Cenozoic history, 

which is different from a typical foreland migration of a subduction zone (Setijadji et al., 2006). 

 Basement rocks of Cretaceous age (Hamilton, 1979; Wakita, 2000; Wakita and Munasri, 1994) 

are restricted to western Java at Karangsambung and the Jiwo Hills (Fig. 2). The basement rock units 

are interpreted as slivers with affinities to arc crust and to ophiolites. Recent work by Harrison et al. 

(this volume) has identified Cretaceous basement near the Tumpangpitu district with Cretaceous zircon 

grains (98.5 ± 1.0 and 98.5 ± 0.8 Ma) found within the matrix of the Late Miocene Tanjung Jahe 

diatreme (8.52 ± 0.21 Ma).  

Paleocene-Eocene volcanic centers are poorly defined and restricted to the western segment of 

the arc. Oligocene to Early Miocene magmatic rocks are continuously distributed along the whole 

eastern Sunda Arc. Volcaniclastic rocks of Late Miocene to Pliocene age are more abundant than the 

older volcanic rocks, and are well exposed on the southern margins of the islands.  Low-K calc-alkaline 

to weakly alkaline andesitic volcanic and interbedded volcaniclastic rocks, associated low-K 
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intermediate intrusions and minor shallow water marine sedimentary rocks and limestone extend from 

Java to Bali, Lombok and Sumbawa (Meldrum et al., 1994; Suratno, 1995; Maula and Levet, 1996; 

Sjoekri, 1998; Garwin, 2002; Setijadji et al., 2006). The western and eastern segments are characterized 

by distinctive lithochemical arc sectors  (Wheller et al., 1987; Setijadji et al., 2006).  Setijadji and 

Maryono (2012) interpreted these differences as products of different crustal types and source 

components for magma generation, which appear to have affected mineralization styles.  Neogene-

Quaternary high-K to shoshonitic volcanism dominates the continental crustal setting of Western Java.  

Dominant mid-Tertiary to Pliocene, low- to moderate-K magmas with high Sr/Y affinity occupy eastern 

Java to Sumbawa, suggesting immature arc magmas with minimum crustal contamination (Setijadji et 

al., 2006). 

Geochronology Results 

U-Pb age data 

 The Centre of Excellence in Ore Deposits (CODES), University of Tasmania performed zircon 

U-Pb geochronology, using the LA-ICPMS method. Appendix Table A1 summarizes analytical results 

for each laser spot analysis for 17 of 19 samples. The remaining two samples did not have enough 

zircons.  Calculation of concordia intercept ages used the lower intercept of the zircon analyses on the 

Tera-Wasserburg plots anchoring to a common Pb composition of 0.836 ± 0.01 for the 207Pb/206Pb ratio.  

Plotting and calculating sample ages and 2σ errors of each of the zircon fractions was completed using 

the Isoplot software (Ludwig, 2001).     

Age of the porphyries and host rocks along the Sunda-Banda Arc 

  Figure 3 summarizes all of the U-Pb zircon ages compiled and determined during this study 

and places them in the context of relative age for the intrusions and host rocks as determined by field 

relationships, for the porphyry districts along the Sunda-Banda Arc. Appendix 1 describes the methods 

and results of U-Pb analyses for the porphyries and host rocks along the Sunda-Banda Arc. Figure A1 

presents the error-weighted age spectra and Concordia plots.  

Regional magmatic evolution 

Magmatic-volcanic rocks 
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 The eastern Sunda Arc consists of five magmatic belts of different ages: pre-Tertiary, 

Paleocene-Eocene, Oligocene-Early Miocene, Late Miocene-Pliocene and Quaternary (Hamilton, 

1979; Carlile and Mitchell, 1994; Garwin, 2000; Hall, 2002; Setijadji et al., 2006; Harrison et al., this 

volume; Figs. 2 and 3). Of these five, the latter three magmatic belts have the greatest spatial 

distribution. Two distinctive features of the distribution of volcanic belts can be observed in the land 

surface geomorphology derived from the Shuttle Radar Topography Mission (SRTM; Figs. 2, 4 and 5). 

The Paleocene-Eocene to Late Miocene-Pliocene and Quaternary belts overlap in the western segment 

but a clear separation of the older belts from the Quaternary arc is evident in the eastern segment.  The 

Late Miocene to Pliocene volcano-sedimentary rocks dominate throughout the Southern Mountain 

Range (Garwin, 2000; Setijadji et al., 2006; Setijadji and Maryono, 2012; Harrison et al., this volume).  

 The earliest documented volcanism in the eastern Sunda Arc is poorly understood, and appears 

to have been restricted to western Java (Figs. 2 and 4). It is thought to have developed during the 

initiation of the Java Trench in the Paleocene-Eocene (Smyth et al., 2005). The early Tertiary volcanic 

arcs occupied the southern coast of Java, and perhaps also offshore to the south, as indicated by a 

positive gravity anomaly (Setijadji et al., 2006).  In the Late Miocene, significant northward migration 

of volcanic centers occurred in eastern Java. The northward shift of volcanism towards the back arc 

ended after the Pliocene. In western Java the trench-ward volcanic migration started in the Quaternary. 

This foreland shift is demonstrated by the partial coverage of late Tertiary volcanic centers by 

Quaternary volcanoes in western Java.  Geochronological data from the Quaternary cross-arc volcanic 

chain of Merapi-Merbabu-Telomoyo-Ungaran also suggest that Quaternary volcanism gradually moved 

trench-ward (Kohno et al., 2005). The opposite direction of Quaternary volcanic migration occurred in 

eastern Java to Sumbawa where Quaternary volcanic activity migrated northward (Setijadji et al., 2006).  

Intrusive rocks 

Intrusive rock units exhibit similar temporal and spatial distribution patterns to volcanic rock 

units, younging eastward (Figs. 4 and 5). Eocene to Pliocene intrusive rocks scattered along the 

Southern Mountains from western Java to Sumbawa, have been dated from 50.9 Ma to 2.7 Ma (Fig. 4). 
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A gabbro in Ciletuh West Java (50.1 - 50.9 Ma; Setijadji et al., 2006), a dioritic dike in Karangsambung 

(37.6 Ma; Soeria-Atmadja et al., 1994), a diorite dike in Nanggulan, Central Java (42 Ma, Smyth et al., 

2005), and an andesitic dike in Pacitan, East Java (38.7 Ma; JICA-JOGMEC, 2004) are all associated 

with the oldest magmatic belts.  Younger intrusions have been dated further east at Trenggalek (18.7-

11.8 Ma) and Tulungagung (23.40 Ma; Arc Exploration Ltd., 2013). Miocene felsic intrusions include 

a quartz diorite at Ciletuh-Ciemas (13.7 Ma) and rhyolite at Cirotan (9.6 Ma).  Eocene - Miocene 

intrusive rocks are mostly confined to western Java.  Late Miocene to Pliocene intrusions were 

emplaced further to the east in eastern Java, Lombok, and Sumbawa. Harrison et al. (this volume) 

reported Late Miocene to Early Pliocene magmatic activity at Tumpangpitu associated with the 

emplacement of a large equigranular, pre-mineralization diorite batholith from 5.81 ± 0.2 Ma to 5.18 ± 

0.27 Ma, the Tumpangpitu tonalite complex, from 4.89 ± 0.40 Ma (phase 4 tonalite) to 4.03 ± 0.65 Ma 

(phase 6 tonalite).  Garwin (2000) dated late-stage quartz diorite and tonalite intrusions at 5.88 ± 0.14 

to 2.7 ± 0.14 Ma from Batu Hijau and Elang, Sumbawa.  

 There has been a remarkable evolution of intrusive rocks in the major mineralized porphyry 

districts in terms of their composition, size, and textures during the Pliocene (Garwin, 2000; Proffett, 

2004; Maryono et al., 2005; Harrison et al., this volume). The compositions of the Late Miocene to 

Early Pliocene suite of intrusive rocks become more quartz-rich with time from large volume, 

equigranular dioritic phases to small volume, more porphyritic tonalitic phases. Coarser-grained 

porphyries indicate relative slow cooling at depth, whereas fine-grained porphyries imply shallower 

levels of emplacement (Lang and Titley, 1998; Seedorff et al., 2005).   The pre-ore intrusions at Batu 

Hijau and Tumpangpitu are large, equigranular batholiths (mapped exposures of ~3 to >10 km2), that 

are more mafic than the younger phases, with rare quartz phenocrysts. The syn- to late mineralization 

intrusions comprise smaller tonalite dikes (~1 km2), with distinctive porphyritic textures consisting of 

moderately to highly-crowded phenocrysts (30 to 60 % volume; > 15 % quartz content, as 1 - 5 mm 

quartz phenocrysts).  

Gold-copper metallogeny  
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There are two distinctive patterns of distribution of gold and copper metallogeny across the 

eastern Sunda Arc (Fig. 2). A population of low- to intermediate-sulfidation epithermal gold 

occurrences defines the western segment. In contrast, the eastern segment is endowed with higher grade 

porphyry and high-sulfidation epithermal deposits. These distinctive features, to some extent reflect 

two tectonic-geologic basements and tectonic regimes (Figs. 1 and 2; Hamilton, 1979; Carlile and 

Mitchell, 1994; Hall, 2002; Setijadji et al., 2006; Setijadji and Maryono, 2012).  

A number of low- to intermediate-sulfidation epithermal gold-silver deposits have been 

discovered in the western segment of the eastern Sunda Arc (Fig. 2). The paucity of significant porphyry 

occurrences contrasts with the eastern segment. Of all the mineral deposits discovered in the western 

segment, only Pongkor and Kerta have defined resources that exceed >100 t of gold (Basuki et al., 1994; 

Lubis et al., 2012). Most of the low-sulfidation epithermal gold deposits, including active mines at 

Pongkor, Cikotok and Cibaliung, are clustered within the Bayah Dome (Van Bemmelen, 1949; 

Sujatmiko and Santosa, 1992; Sudana and Santosa, 1992; and Milesi et al., 1999).  They formed between 

5.7 and 1.5 Ma (Marcoux et al., 1994; Marcoux and Milesim, 1994); Rosana and Matsueda, 2002; 

Yuningsih et al., 2011).  

 Major porphyry deposits are spaced approximately every 80 km along the east-trending eastern 

segment of the arc from Hu’u in the east, through Elang and Batu Hijau in Sumbawa, 

Selodong/Brambang in Lombok and Tumpangpitu in East Java, to the west.  A long gap (~300 km) 

extends further west to Selogiri in Central Java (Figs. 2 and 4).  High-sulfidation epithermal deposits 

and prospects in the eastern segment occur at Empang, Sane/Rinti, Pangulir, Ladam/Elang, Sabalong 

on Sumbawa, Pelangan and Mencanggah on Lombok and Zones A, B and C (Tumpangpitu) in East 

Java (Figs. 2 and 4). The low-sulfidation epithermal vein systems in the eastern segment are minor and 

insignificant in size.  

 Radiometric age determinations suggest three mineralizing porphyry events in the eastern 

Sunda Arc; Oligocene-Miocene (> 15.0 Ma); Middle to Late Miocene (15.0 to > 5.0 Ma) and Pliocene-

Pleistocene (5.0 to 1.5 Ma; Figs. 3 and 4).  The earliest documented porphyry mineralizing event is 

restricted to Java, associated with Late Oligocene to Early Miocene volcanism which produced low-

grade porphyry systems at Tulungagung and Pacitan in East Java, and Ciemas and Cihurip in West 
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Java. The second metallogenic event extended to Central Java, Lombok and Sumbawa during the 

Middle to Late Miocene, and resulted in low-grade mineralized porphyries at Selogiri in Central Java, 

at Trenggalek and Katak in East Java, Selodong and Brambang on Lombok and Katala, and Arung Ara, 

Sepekat and Teluk Panas on Sumbawa. The metallogenic event responsible for the majority of known 

porphyry and epithermal endowment occurred during the Early Pliocene-Pleistocene, generating giant 

porphyry deposits at Tumpangpitu, Batu Hijau, Elang and possibly Hu’u. This mineralizing event also 

produced major epithermal gold deposits in western Java.  

District geology 

Volcano-sedimentary rock succession 

 Several of the mineralized districts along the eastern segment of the eastern Sunda Arc share 

many similarities in geology, especially Batu Hijau (Garwin, 2000), Elang (Maryono et al., 2005), 

Selodong and Brambang (Rompo et al., 2012), Tumpangpitu (Harrison and Maryono, 2012; Harrison 

et al., this volume) and Trenggalek (Arc exploration Ltd., 2013; Figs. 5 and 6). The districts are 

predominantly hosted by andesitic volcano-sedimentary rock units, grouped into lower and upper 

sequences.  

Volcano-sedimentary units at Batu Hijau and Elang are relatively well preserved, and exceed 

1,000 to 1,500 m in thickness.  Both districts display two main coarsening upwards stratigraphic 

sequences. The lower sequences consist of fine-grained volcanic sandstones and minor mudstone, the 

upper sequences comprise coarse crystal-rich volcanic lithic breccia, sandstone and conglomerate. 

Moderately bedded to massive interbeds of limestone (packstone and wackestone) and calcareous 

siltstones (1 to 25 m thick) are observed within the lower sequences. The limestone interbeds were 

deposited at paleodepths of 40 to 60 m below sea level from 21 to 15 Ma on the basis of benthonic 

foraminiferal assemblages (Clode et al., 1999; Garwin, 2000; Maryono et al., 2005).  At 

Tumpangpitu, the 500 m thick sequence of volcanic sandstone and siltstone interbedded with 

mudstone and minor limestone occurs as continuous beds. This volcano-sedimentary package can be 

traced in a concentric fashion, dipping towards the intrusive center (Harrison, 2009; Rohrlach, 2011; 
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Harrison and Maryono, 2012). The pre-mineralization stratigraphic package at Tumpangpitu is 

composed of a sequence of well-bedded turbidites and shallow marine sedimentary rocks of early to 

middle Miocene age (20.67 ± 0.47 to 16.68 ± 0.35 Ma; Harrison et al., this volume).  The sedimentary 

and andesitic volcanic sequence is preserved around the fringes of the composite Tumpangpitu 

porphyry stock (Fig. 6).  

Multiphase intrusive complexes 

Multiphase mineralized porphyries have been distinguished on the basis of crosscutting 

relationships, textures, grain sizes and compositions, in particular the abundance and size of quartz 

phenocrysts (Proffett, 1998; Maryono et al., 2005; Fig. 7).  Figure 3 presents a compilation of 

geochronological data for intrusive phases, which are generally consistent with relative ages 

determined by cross cutting relationships.  

Pre-mineralization intrusions: Pre-mineralization intrusive phases are typically composed of 

microdiorite, diorite and quartz diorite, with low K2O contents (less than 0.8 %; Meldrum et al., 1994; 

Clode et al., 1999; Maryono et al., 2005; Harrison et al., this volume). They form large stocks and 

batholiths exceeding 10 km2, which commonly occupy the northern parts of the mineralized intrusive 

complexes (Figs. 6, 8, 9 and 10; Table 1).  Rock textures vary from sub-porphyritic to equigranular. 

Pre-mineralization intrusions intrude the volcano-sedimentary rock successions, and define the cores 

of evolved volcanic-plutonic centers.  Most of the pre-mineralization intrusions are Miocene in age 

(5.9 Ma at Batu Hijau; 8.46 to 5.18 Ma at Tumpangpitu; Garwin, 2000; Harrison et al., this volume; 

Fig. 6). 

 Large equigranular quartz diorite and diorite stocks and batholiths (with surface exposures 

ranging from 2 to more than 10 km2) occupy the northern part of Elang (Maryono et al., 2005; Fig. 6). 

There are at least three pre-mineralization intrusions mapped and logged at Tumpangpitu: hornblende 

quartz diorite, quartz diorite and equigranular diorite (the latter locally termed “old diorite”). These 

formed a large dioritic batholith during the Late Miocene to Early Pliocene (Harrison et al., this 

volume; Fig. 6). The old diorite is characterized by an equigranular texture (2 - 4 mm grain size), 
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consisting dominantly of plagioclase (60 - 70 %) and lesser hornblende.  Quartz is less than 5 % by 

volume and rarely observable as quartz eye phenocrysts, making it distinguishable from later quartz 

diorite and tonalite intrusions.  

Intra-mineralization intrusions: The mineralizing intrusive complexes typically consist of two to five 

intrusive phases. A series of mineralizing intrusions (early, intermediate and late) have been well 

documented at Batu Hijau (Clode et al., 1999), Elang (Maryono et al., 2005), Tumpangpitu (Harrison 

and Maryono, 2012; Harrison et al., this volume), Selodong (Rompo et al., 2012) and Brambang 

(Maryono et al., 2013; Figs. 3, 7, 8, 9, and 10; Table 1). The causative intrusions are dominated by 

plagioclase (>50 %) and quartz (~10 to 20 %), and are mostly quartz diorite to tonalite. The intra-

mineralization intrusions are elongate, with pencil-like geometries, from 200 m to 1,200 m in 

diameter and with >2 km vertical extent that form the cores of copper-gold ore zones (Fig. 8). The 

interpreted depths of emplacement for the porphyry intrusions range from 1 to 5 km below the 

paleosurface (Garwin, 2000; Idrus et al., 2007). 

 Batu Hijau has three intra-mineralization tonalite phases, locally termed the Old Tonalite, 

Intermediate Tonalite and Young Tonalite (Clode et al., 1999; Table 1; Figs. 3 and 8). Garwin (2000) 

suggested the mineralizing intrusive event at Batu Hijau involved three pulses of intrusions (3.76 ± 

0.12 Ma to 3.67 ± 0.10 Ma; Figs. 3 and 8).  New age determinations during the current study have 

shown that the series of tonalite porphyries at Batu Hijau were emplaced between 3.55 ± 0.13 Ma and 

3.52 ± 0.14 Ma (Fig. 3; Appendix Table A1), slightly younger than dates presented by Garwin (2000).  

Our new 206Pb/238U age dating at Elang suggests that three mineralizing intrusions were emplaced 

from 2.51 ± 0.13 Ma to 2.38 ± 0.18 Ma (Fig. 3; Appendix Table A1). These absolute age data are 

consistent with cross-cutting relationships; Charlie Tonalite (2.49 ± 0.078 Ma), Delta Tonalite (2.47 ± 

0.17 Ma), Echo Tonalite (2.38 ± 0.18 Ma) and post mineralization-dacite dike (2.1 ± 0.11 Ma). The 

Delta Tonalite is slightly younger than the 206Pb/238U age of 2.71 Ma ± 0.14 Ma dated by Garwin 

(2000). Our zircon age dating for Selodong and Brambang in Lombok and Selogiri, Central Java 

yielded Late to Middle Miocene ages (Fig. 3; Appendix Table A1), older than those from giant 

porphyry systems.  One sample of a mineralized tonalite intrusion from Brambang yielded a Late 
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Miocene age (6.65 ± 0.31 Ma).  Mineralized tonalite intrusions at Selodong were emplaced between 

7.28 ± 0.23 Ma and 7.04 ± 0.25 Ma, over 720 k.y. Results for four samples from Selodong match well 

with crosscutting relationships observed during logging; old diorite (7.28 ± 0.31 Ma), quartz diorite 1 

(7.28 ± 0.23Ma), quartz diorite 2 (7.22 ± 0.23 Ma), and late quartz diorite (7.04 ± 0.25 Ma).  Three 

samples of syn-mineralization microdiorite intrusions from drillcore and surface exposures at Selogiri 

yielded multiple Miocene ages (13.18 ± 0.34 Ma to 13.21 ± 0.22 Ma; Fig. 3; Table 1). 

Post-mineralization intrusions and breccias: Post-mineralization phreatomagmatic activity resulted in 

the formation of diatreme breccia bodies that crosscut porphyry mineralization (Figs. 6 and 11; Table 

1).  Diatreme breccias have been mapped at Elang (Maryono et al., 2005), Rinti (Maryono and 

Setyandhaka, 2001), Batu Hijau (Priowasono and Maryono, 2000), Selodong and Brambang 

(Maryono et al., 2013), and Tumpangpitu (Harrison and Maryono, 2012; Harrison et al., this volume), 

Binglis (Rompo et al., 2014), Trenggalek (Arc Exploration Ltd., 2013) and Selogiri (Warmada et al., 

2006).  Post-mineralization intrusive activity at Elang is also marked by dacite intrusion (2.1 ± 0.11 

Ma).  

 The diatreme breccia complexes in the eastern Sunda Arc generally form circular bodies with 

varying sizes, from 0.15 km2 at Brambang to 6.8 km2 at Tumpangpitu (Figs. 6 and 11). The diatremes 

have downward tapering, inverted cone-shapes, and their subsurface conduits are sub-vertical. Small-

scale pebble dikes that are a few meters wide crosscut the surrounding wallrocks. The diatreme 

breccia at Tumpangpitu has been dated at 2.7 ± 1.0 Ma (Harrison et al., this volume). 

Ages of copper-gold and gold mineralization 

 An arbitrary upper age limit of 5 Ma (Fig. 3) represents an approximate cut off between 

significant and low-grade mineralized systems, both for epithermal and porphyry copper-gold 

mineralization styles along the eastern Sunda Arc. This 5 Ma threshold is a consistent value that 

separates the oldest main mineralized intrusions of the significant porphyry deposit at Tumpangpitu 

(4.89 ± 0.40 Ma; Harrison et al., this volume) and the youngest mineralized intrusion of the low-grade 

porphyry at Katala (4.49 ± 0.12 Ma; Garwin, 2000). Significant epithermal deposits that formed after 5 

Ma include Pongkor, Ciawitali, Cirotan, Cipangleseran, Cikidang in West Java and Tumpangpitu in 

East Java. The giant porphyry copper-deposits all formed within and/or after 5 Ma; Tumpangpitu - 4.89 



14 
 

± 0.40 to 4.03 ± 0.65Ma (Harrison et al., this volume), Batu Hijau - 3.76 ± 0.10 Ma to 3.67 ± 0.12 Ma 

(Garwin, 2000) or 3.55 ± 0.13 Ma to 3.52 ± 0.14 Ma (this study) and Elang 2.51 ± 0.13 to 2.38 ± 0.18 

Ma (this study; Fig. 3; Appendix Table A1). A short lifespan of mineralizing tonalite intrusions has 

been documented at Batu Hijau (Garwin, 2000; this study), Tumpangpitu (Harrison et al., this volume) 

and Elang (this study). Garwin (2000) suggested three mineralizing tonalite intrusions at Batu Hijau 

(the Old, Intermediate and Young Tonalites) were emplaced within 90 ± 160 k.y. New age 

determinations of the current study confirms a very short life span of causative tonalite intrusions at 

Batu Hijau (~30 k.y.) as initially proposed by Garwin, 2000. Harrison et al. (this study) propose a life 

span of tonalite intrusions at Tumpangpitu of ~ 0.86 m.y., interpreted from zircon age determinations, 

Tonalite phase 4 (4.89 ± 0.40 Ma) and phase 6 (4.03 ± 0.65; Fig. 3; Appendix Table A1). New zircon 

dating from Elang shows that mineralization developed in a nested sequence of Early Pliocene tonalite 

intrusions with a life span of 110 k.y. (Fig. 3; Appendix Table A1). Low-grade epithermal and 

porphyry prospects formed prior to 5 Ma. U-Pb zircon and 40Ar-39Ar hornblende dates from porphyries 

and host rocks at Trenggalek, East Java, along with a 40Ar-39Ar age of low-sulfidation epithermal 

mineralization from adularia (Fig. 3; Appendix Table A1), point to an Early to Middle Miocene age of 

mineralization.  The wide range of ages from the mineralized porphyry at Jerambah (13.8 ± 1.0 Ma to 

12.6 ± 0.8 Ma; Figs. 3 and 6), Singgahan (14.04 ± 0.45 Ma to 14 ± 0.44 Ma; Arc Exploration, 2013) 

and low-sulfidation epithermal mineralization at Dalangturu (16.29 ± 0.56 Ma; Takahashi et al., 2011) 

indicate that multiple Middle Miocene porphyry and epithermal events occurred in the Trenggalek 

district.  Low-grade porphyry copper-gold mineralization at Selogiri (13.18 ± 0.34 Ma), Katak (5.26 ± 

0.47 Ma), Selodong (from 7.28 ± 0.31 to 7.04 ± 0.25 Ma), Brambang (6.65 ± 0.31), Sekongkang (5.88 

± 0.14 Ma) formed before 5 Ma excluding Katala (4.49 ± 0.12 Ma; Garwin, 2000; Fig. 3; Appendix 

Table A1). 

Alteration assemblages 

Spatial and temporal relationships 

 Hydrothermal alteration assemblages that characterize porphyry deposits of the eastern Sunda 

Arc can be generalized into three temporally and spatially overlapping stages: early (biotite-magnetite), 
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transitional (chlorite–sericite-hematite), and late (sericite/illite), on the basis of alteration mineralogy 

and its association (Figs. 8, 9 and 10; Table 2).  

 Each tonalite porphyry intrusion typically produced the same sequence of alteration but with 

diminished intensity with time. Early alteration stages and copper-gold mineralization were associated 

with the early tonalite porphyry intrusions, and represent the prograde hydrothermal stage.  

Early alteration  

 The early alteration stage produced a biotite-magnetite±actinolite-oligoclase-orthoclase 

alteration assemblage that is associated with intense quartz vein stockworks and sulfide introduction 

(Figs. 8, 9 and 10; Table 2).  Replacing primary plagioclase, oligoclase (and to a lesser extent K-

feldspar) formed as part of the early alteration assemblage, especially near veinlets. Minor albite and 

epidote are present. Actinolite is a significant component of the early alteration stage and is more 

abundant than hydrothermal biotite at Elang (Fig. 9). Secondary biotite has replaced primary mafic 

minerals and is intergrown with actinolite in veinlets at the microscopic scale. Both actinolite and biotite 

have altered primary hornblende and biotite, and occur as replacements, veinlets and fine 

disseminations in an altered matrix along with magnetite. The paucity of potassium feldspars and the 

presence of actinolite in the early alteration stage is a distinctive alteration feature of porphyry systems 

along the eastern Sunda Arc that differs from the potassic alteration assemblage of Lowell and Gilbert 

(1970).  

 Pervasive early hydrothermal stages altered the tonalite porphyries and adjacent wall rocks up 

to over 1,000 m from the intrusion center for large porphyry systems (e.g. Batu Hijau, Elang and 

Tumpangpitu) and a maximum of 500 m for the small porphyry systems (e.g. Brambang, Selodong and 

Selogiri; Figs. 8, 9 and 10).    

Transitional alteration  

 Transitional-stage porphyry alteration produced widespread zones of chlorite-sericite-clay ± 

hematite assemblages at shallow levels and peripheral to the intrusive complex (Table 2). This 

retrograde hydrothermal event caused alteration of early hydrothermal minerals. Secondary shreddy 

biotite has been replaced by shreddy chlorite and vermiculite. Oligoclase was altered to albite and 

sericite±calcite.  Magnetite has been altered to hematite in the central to proximal zones, and to pyrite 
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in distal zones.  Mafic minerals are altered to chlorite, epidote and leucoxene with fine-grained 

magnetite and anhydrite. Chlorite that replaced secondary biotite preserves the distinctive shreddy 

texture, and locally has been altered to sericite. Plagioclase and secondary oligoclase have been altered 

to sericite, minor calcite and minor clay.  Tourmaline is associated with the transitional alteration stage, 

and occurs with sericite after plagioclase. At Batu Hijau, the transitional alteration mineral assemblage 

is termed ‘pale green mica’ (Clode et al., 1999; Fig. 8). Typical characteristics of this transitional 

alteration assemblage at all three giant porphyry deposits include the presence of abundant shreddy 

chlorite, green sericite and specular hematite.  

 The transitional alteration assemblage tends to form alteration shells, and represents 

transitional alteration process from early biotite-magnetite±oligoclase-orthoclase alteration mineral 

assemblages to late alteration. Transitional alteration assemblages at major porphyry deposits extend 

laterally for at least 1 by 2 km with a vertical thickness of 50 to 300 m below the near-surface argillic 

zone. Substantial copper-gold mineralization is associated with transitional alteration, particularly at 

Elang with dominant chalcopyrite.  

Late alteration  

 The Late alteration stage produced broad zones of argillic (sericite/illite±kaolinite) and 

advanced argillic (quartz-alunite-pyrophyllite-dickite-kaolinite) alteration assemblages at the three 

major porphyry deposits (Table 2). Earlier pre-existing hydrothermal alteration mineral assemblages 

have been partly replaced by sericite and clay minerals and original textures have been destroyed, 

particularly along structures. Argillic alteration zones are distributed towards the top of the sericite-

chlorite-clay zone.  Argillic alteration is also commonly developed along fault zones for up to 1 to 30 

m laterally, overprinting early biotite–actinolite-magnetite and transitional alteration assemblages in the 

deeper parts of the porphyry deposits. Pyrite is the dominant sulfide, locally up to 15 %, but generally 

between 3 % and 5 %.  Chalcopyrite is partly preserved, but has mostly been altered to pyrite. 

 Broad argillic and advanced argillic alteration zones with central silicic zones extend for more 

than 6 km along a NW-trending structural corridor at Batu Hijau and Tumpangpitu, and a NNE- trending 

alteration corridor at Elang (Figs. 8 and 9).  
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Lithocaps 

 Lithocaps are associated with a number of porphyry copper-gold deposits and epithermal Au-

Ag deposits along the eastern Sunda Arc (Fig. 11).  Lithocaps are large horizontal to sub-vertical 

blankets of residual quartz, advanced-argillic, and argillic assemblages of hypogene origin. These occur 

superjacent to intrusions and are considered to reflect paragenetically late stage alteration events (White, 

1991; Sillitoe, 1995; Hedenquist et al., 1998; Chang et al., 2011). The preserved areal distribution of 

lithocaps of major porphyry deposits along the eastern Sunda Arc can exceed 20 km2. Age 

determinations demonstrate that lithocaps are temporally and genetically related to mineralized 

porphyries. They follow structural trends and have overprinted early alteration assemblages. 

 The lateral extent of lithocaps varies from 0.3 km2 at Batu Hijau (mapped as feldspar-

destructive alteration; Clode et al., 1999), 30 km2 for Tumpangpitu (Harrison and Maryono, 2012), 24 

km2 at Elang (Maryono et al., 2005), and Brambang (Maryono et al., 2013) to 48 km2 at Hu’u 

(Pratiwinda, 2015 pers. comm.). The dimensions of these lithocaps probably relate in part, to differing 

erosion levels and exposures of the related porphyry deposits.  At Batu Hijau, the porphyry deposit is 

exposed at surface, with only deep remnants of the lithocap preserved at East Ridge (Fig. 8).  At Elang 

and Selodong, partial preservation of lithocaps is apparent (Fig. 9). At Tumpangpitu, Brambang and 

Hu’u, most of the lithocaps are preserved and the blind porphyry deposits are concealed under 150 m 

to ≥ 200 m of lithocap (Fig. 10). 

Copper-gold mineralization 

Controls and distribution of mineralization 

 Primary hypogene porphyry copper-gold mineralized zones developed in and around 

multiple, nested, tonalite intrusion bodies, distributed within the intrusive complexes and adjacent 

wallrocks (Fig. 12; Table 3). Copper and gold shells (0.3% Cu) form bell-shaped bodies, zoned 

around the main inter-mineralization tonalite center, early to intermediate phase, with a barren or 

weakly mineralized core of late tonalite (Figs. 8, 9 and 10). As marked by 0.3 % copper zones in drill 

hole projections or level plans, the distribution of primary copper minerals defines cylindrical 

mineralized bodies of more than 1 km diameter: 1.2 x 1.2 km at Batu Hijau, 1.5 x 0.8 km at Elang and 

1.2 x 1.7 km at Tumpangpitu (Fig. 12; Table 3).  Small copper zones (> 500 m diameter) have been 
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delineated at Brambang, Selodong and other low-grade mineralized porphyry systems. The copper-

gold mineralized bodies extend for more than 1 km vertically at Batu Hijau, Elang, and Tumpangpitu 

and to depths of 0.5 to 0.8 km for low-grade systems (Table 3).   

 The highest copper and gold grades, typically in excess of 1.0 % Cu and 0.8 g/t Au, occur 

around the margin of the early and intermediate tonalite bodies (Figs. 8, 9 and 10).  Early mineralized 

Old and Charlie Tonalites appear in the form of remnant dikes and breccias on the margin of the 

Intermediate and Delta Tonalites at Batu Hijau and Elang respectively. High-grade zones (≥1 % Cu and 

≥0.8 ppm Au) at Tumpangpitu follow the carapace of the Phase-5 fine-grained tonalite body, which 

surrounds the Phase-6 coarse-grained tonalite core (Harrison and Maryono, 2012; Harrison et al., this 

volume). Moderate copper grades (0.3 % - 0.6 %) characterize the intermediate tonalites and extend 

around their contacts with the andesitic volcanic wall rocks, which coexist with early biotite-magnetite± 

actinolite-oligoclase-orthoclase alteration assemblages. At small porphyry systems such as Brambang, 

Selodong, Katak and Selogiri, higher copper-gold grades (≥0.5 % Cu and ≥0.4 ppm Au) are confined 

within the early and intermediate tonalite porphyries. Low copper grades (~ 0.2 % Cu) or barren zones 

are related to the late tonalite dikes that form a low-grade core to the mineralized systems (Figs. 8, 9 

and 10).  

 Average gold values associated with porphyry deposits range from 0.3 to 0.6 g/t. Gold to copper 

ratios are around 1 or slightly higher at depth at Batu Hijau. Molybdenum values are generally low 

within main mineralized bodies (~ 20 to 40 ppm). Of the porphyry systems described for the eastern 

Sunda Arc, Tumpangpitu is the only porphyry deposit with significant Mo values (average grades of 

200 to 400 ppm).   

Porphyry-associated veining 

 At least nine different porphyry vein types are commonly recognized in the porphyry systems 

of the Sunda-Banda Arc (Fig. 13; Table 4). The vein types are early dark micaceous (EDM) or early 

biotite (EB) veins of Meyer (1965), Brimhall (1977), and Gustafson and Quiroga (1995), magnetite 

veins (M) of Clark and Arancibia (1996); Sillitoe (2000), sugary quartz-sulfide veins (A), anhydrite-

gypsum veins, sulfide-center line crystalline veins (B) of Gustafson and Hunt (1975), chalcopyrite veins 
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(C) of Dilles and Einaudi (1992), pyrite+quartz-chalcopyrite veins (D) of Gustafson and Hunt (1975) 

and quartz-enargite veins (E) and tennantite-tetrahedrite veins (TES) of Masterman et al. (2005). These 

veins can be grouped into three main stages: early porphyry veins (EDM, M, A, anhydrite), transitional 

porphyry veins (B and C) and late porphyry-epithermal veins (D, E and TES) on the basis of temporal 

order, observed during logging and mapping (Fig. 13; Table 4).  

 The copper and gold concentrations of the eastern Sunda Arc porphyry systems vary 

sympathetically with the abundance of porphyry-type sulfide-quartz veins (Figs. 8, 9 and 10). The 0.3 

% Cu zones are spatially related to a quartz-vein density of ≥ 3% vol., copper values ≥ 0.5 % Cu to ≥ 5 

% vol. quartz vein density, and copper values ≥1.0 % Cu to ≥ 15 % vol. quartz-vein density (Figs. 8, 9 

and 10).  

 The early veins, especially A veins, dominate the central parts of the porphyry copper-gold 

deposits. The early-stage veins contain various proportions of quartz, biotite, magnetite, oligoclase, 

anhydrite and copper sulfide minerals (mainly bornite and chalcopyrite), and locally have oligoclase 

selvages. B and C veins are the products of transitional hydrothermal processes (Clode et al., 1999; 

Maryono et al., 2005).  B, C and some A and anhydrite veins were produced during transitional stage 

alteration (Gustafson and Hunt, 1975; Dilles and Einaudi, 1992). Sodic plagioclase selvages are locally 

associated with late A through B veins.  D veins formed during late stage hydrothermal activity.  

Anhydrite veins that formed during the early and transitional alteration stages were hydrated to gypsum.  

Minor C veins were altered to D veins during late overprinting events.  D veins are well developed 

within argillic alteration zones peripheral to the mineralized centers. Late stage E and TES veins are 

associated with high- and intermediate-sulfidation style epithermal mineralization (Figs. 13 and 14). 

Copper sulfide assemblages 

 Porphyry copper sulfide mineralogy at major deposits and prospects is dominantly chalcopyrite 

and bornite with minor digenite, chalcocite and covellite in the forms of dissemination and veinlets 

(Fig. 8). The sulfides form bell-shaped mineralized zones around the intrusive centers. Pyrite is present 

in trace or minor amounts (<0.5 % vol.) within the main mineralized zones, but is widespread on the 

periphery of the mineralized zones (Table 5). Other sulfide minerals comprise molybdenite, galena and 

sphalerite. Chalcocite and covellite also formed as a result of supergene enrichment processes. Total 
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sulfide concentrations are typically 2 to 3 % by volume within the main mineralized centers (dominant 

chalcopyrite-bornite) and increase up to 4 to 5% near the periphery where pyrite±chalcopyrite are 

predominant. The Batu Hijau deposit displays sulfide mineralogy zonation patterns from central 

bornite-dominant zones outward to chalcopyrite-dominant envelopes and peripheral pyrite-dominant 

shells (Fig. 8).  A more complex sulfide mineralogy distribution is observed at Tumpangpitu due to 

telescoping of the high-sulfidation environment onto the early porphyry (Table 5). 

 Copper sulfide minerals formed during early, transitional and late hydrothermal events (Table 

5). Bornite-chalcopyrite-magnetite±digenite-chalcocite-covellite is characteristic of early-stage sulfide 

mineral assemblages. Bornite and chalcopyrite are the dominant sulfides at Batu Hijau. Chalcopyrite is 

the dominant copper sulfide mineral at Elang, Tumpangpitu, and other porphyry deposits in the eastern 

Sunda Arc. Chalcopyrite and pyrite are the dominant sulfide minerals at the margins of the mineralized 

zones. Pyrite is the most widely distributed sulfide mineral. It is present in all alteration stages, occurring 

in trace to minor proportions in early-stage alteration, and in abundance in late-stage alteration 

assemblages. The pyrite shells that occur peripheral to the porphyry centers contain between 3 % and 5 

% vol. pyrite. Minor amounts of molybdenite (<0.5% vol.) occur on the margins of B veins and in the 

late quartz-sulfide veins.  

 Native gold grains 1 to 12 µm in size occur within quartz veins and sulfide minerals or as free 

gold along quartz crystals or other crystal boundaries (Arif and Baker, 2004; McComb, 2005). Gold is 

dominantly associated with bornite and chalcopyrite, deposited within early A veins. Gold occurs as 

calaverite and electrum (silver-rich gold) at Elang.  The grain size for gold and electrum at Elang 

averages 2.5 x 1.9 µm.  The majority of the gold particles occur with bornite (Arif and Baker, 2004; 

McComb, 2005). Free gold is more commonly associated with chalcopyrite-rich zones at Batu Hijau.  

Epithermal mineralization  

 Late-stage high- (Einaudi et al., 2003) to intermediate-[sulfidation (Hedenquist et al., 2000) 

epithermal overprints affected the centers and the peripheries of the major porphyry mineralized 

systems in the eastern Sunda Arc (Figs. 13 and 14; Table 5). Weak high-sulfidation epithermal 

overprints at Batu Hijau produced narrow (few cm to ten cm) quartz–enargite–tennantite-tetrahedrite 

veins (Fig. 14). At Brambang, chalcocite–bornite–tennantite-tetrahedrite veins cut the early porphyry 



21 
 

veins. Intense high-sulfidation epithermal overprints developed at Elang and Tumpangpitu to form 

discrete gold deposits at Ladam (Elang) and Zones A, B and C (Tumpangpitu).  Gold and silver 

resources comprising 65.3 t Au and 2,267.4 t Ag have been reported for Zones A and C at Tumpangpitu 

(Intrepid Mines Ltd, 2012). High-sulfidation epithermal mineralization at Tumpangpitu overprinted 

earlier-formed porphyry-style veining over a vertical interval of 1.2 km. The high-sulfidation 

mineralized bodies are structurally-controlled and centered on tabular ledges of vuggy, residual quartz 

and massive quartz-alunite assemblages. These grade laterally to peripheral quartz-dickite-

pyrophyllite±kaolinite, and distal illite-smectite assemblages. Quartz-dickite±alunite selvages at 

shallow levels transition to quartz-pyrophyillite±alunite-diaspore alteration assemblages at depth, 

closer to the core of the mineralized porphyry body.  Intermediate-sulfidation gold and base metal veins 

overprinted the porphyry system at Selogiri. Hypogene gold enrichment significantly upgraded 

porphyry mineralization at Tumpangpitu (Harrison et al., this volume), Brambang (Maryono et al., 

2013), Hu’u (Pratiwindra, pers. com., 2015) and Selogiri (Imai et al., 2007).  

Weathering effects and supergene enrichment 

 Supergene oxidation and remobilization of copper is mainly restricted to relatively shallow 

levels (< 150 m) in the eastern Sunda Arc, and has typically formed weak supergene enrichment zones. 

The vertical zonation of supergene features includes leached cap, oxide and supergene-enriched sulfide 

zones above the hypogene sulfide zones at Batu Hijau and Elang (Clode et al., 1999, Maryono et al., 

2005). Rapid erosion under high-rainfall conditions (>2 to 3 m/year) have likely limited preservation 

of enriched copper blankets and oxide copper zones. Supergene enriched zones form only weak 

chalcocite blankets few meters to 100 m thick. They underlie goethitic ± hematitic leached caps at Batu 

Hijau, Elang and Brambang.  

 The copper oxide zone at Batu Hijau consists of chrysocolla, malachite, pseudomalachite, 

brochantite, cuprite, and goethite. This zone is characterized by acid soluble copper which comprises 

more than 80 % of the total copper. A small oxide resource of 57 Mt @ 0.37 % Cu has been delineated 

(Clode et al., 1999).   

Geochemical and geophysical signatures 
 
Geochemical signatures  
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Stream sediments: BLEG (bulk leach extractable gold) drainage geochemical surveys have proven to 

be an effective exploration technique, leading directly to the discovery of the Batu Hijau and Elang 

deposits (Maula and Levet, 1996).  At Batu Hijau, an outcropping porphyry system, BLEG gold 

anomalies decrease from 196 ppb Au near the deposit to about 7.4 ppb Au near the southern coast, 8 

km downstream of the deposit (Fig. 15). Another outcropping deposit, Elang, returned BLEG gold 

values decreasing from 6,480 ppb at outcrop, through 61 ppb in the secondary drainage, to 35 ppb 

near the coast (15 km downstream). Partly exposed systems (e.g. Tumpangpitu and Selodong) have 

lower BLEG signatures of around 10 to 30 ppb Au and ~50 to 100s ppm Cu. There are weak BLEG 

anomalies (~ 10 ppb Au) associated with the fully concealed porphyry targets underneath lithocaps at 

Brambang and Hu’u. 

At Batu Hijau, copper stream geochemistry signatures are stronger from <80 mesh silt samples than 

from the BLEG samples. From a maximum <80 mesh assay of 2.9 % Cu at the mineralized center of 

Batu Hijau, the stream sediment geochemical anomalism gradually decreases over 8 km down the 

Sejorong stream to 110 ppm Cu (Fig. 15). The anomalous stream geochemical patterns are marked by 

discrete gold-copper anomalies at the center with peripheral broad lead-zinc anomalies. At Elang, 

values in <80 mesh gold assays, decrease steadily from around 5,500 ppb Au near the mineralized center 

to 330 ppb Au in the secondary drainage and 110 ppb Au, 15 km downstream close to the coast. The 

<80 mesh copper values at Elang decrease from 1,300 ppm Cu at the mineralization source to 280 ppm 

in the secondary drainage and 105 ppm near the coast. There is anomalous arsenic (>100 ppm) closely 

related to the epithermal high sulfidation system at Ladam Elang, and broad lead and zinc anomalies (> 

1 km) around the mineralized porphyry centers. Weak molybdenum anomalies (~10 ppm) are associated 

with the porphyry copper-gold system. Anomalous copper and gold values from <80 mesh silt samples 

are only returned from distances of 2-3 km downstream of mineralized outcrops in the partially exposed 

systems such as Elang and no anomalous values from the porphyries concealed under lithocaps such as 

Brambang. 

Soil: Batu Hijau, Elang and Tumpangpitu have a geochemical soil anomaly pattern typical of porphyry 

deposits with a central gold and copper anomalous zone (>1 km in diameter, 250 ppm to 0.1% Cu) and 
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peripheral large zinc and lead halos (3 km in diameter; Maula and Levet, 1996). Figures 16 and 17 show 

some of the soil geochemistry at Batu Hijau and Elang. Low level molybdenum anomalies (~10 ppm) 

have outlined the mineralized systems at Elang and Tumpangpitu but not at Batu Hijau. Overprinting 

by late high-sulfidation epithermal alteration introduced complex soil copper-gold patterns at Elang and 

Tumpangpitu. A copper soil anomaly pattern (250 - 500 ppm) with a length of over one kilometer can 

be seen at Elang, and the strongest anomalies (250 - 1000 ppm) occur in areas where chlorite-green 

sericite-magnetite-clay alteration with intense vein stockworking is exposed in active drainages. By 

contrast, there are low copper values (~ 50 ppm) over the advanced argillic lithocaps.  

Geophysical signatures 

Magnetic Response: Magnetic surveys aid interpretation of lithology and structure, and can also help 

to map alteration mineral zoning.  The biotite-magnetite alteration at Batu Hijau contains magnetite 

that produces a discrete magnetic high of about 1000 nT (Fig. 16) and can be modelled using a 

vertical pipe like body with a magnetic susceptibility of 0.006 cgs (Hoschke, 2011). The copper and 

gold concentrations measured in drill core coincides with high magnetic susceptibility measurements 

comparable with the modelled susceptibility.  The magnetic high (≥700 nT) over the Elang deposit is 

within an area of low magnetic response (<100 nT) due to magnetite destructive clay alteration (Fig. 

17).  The high magnetic response is interpreted to reflect magnetite associated with the biotite-

magnetite alteration zone of the mineralized tonalite porphyries. The magnetic high at Elang is 

relatively broad to the south as the mineralization extends under the lithocap which is up to 200 m 

thick. There is no obvious magnetic response from the biotite-magnetite zone at Tumpangpitu as 

magnetite has been destroyed to a depth of about 500 by late alteration. There is evidence for a deep 

underlying intrusion with a possible stock under the deposit from an inversion of the 3D magnetic 

modeling (Rohrlach, 2011). 

Radiometric Response: Radiometric measurements are useful in helping to map rock types and 

alteration mineral assemblages. In porphyry systems, lithocaps including low- to intermediate- 

sulfidation epithermal veins may not have a radiometric response due to minerals containing the 

radioelements being depleted by acid alteration (Hoschke, 2011).  At Elang there is a subdued 
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radiometric response over the porphyry due to the advanced argillic cap. Alteration assemblages 

associated with distal epithermal veins at Elang has caused a strong potassium response (Hoschke et 

al., 2013). 

Chargeability Response: Chargeabilities in porphyry systems can be high over a broad area and are 

thought to reflect sulfide concentration (Hoschke, 2011).  Newmont conducted gradient-array 

induced-polarization (IP) surveys over Batu Hijau in 1992. Chargeability clearly shows an anomaly 

greater than 60 milliseconds (ms) over the deposit which corresponds to the large chalcopyrite-bornite 

zone (Fig. 16).  A chargeability annulus around the deposit is thought to represent a pyrite halo. There 

are areas of high chargeability (>60 ms) to the west of the Batu Hijau deposit, possibly due to pyrite 

associated with argillic alteration assemblages. Elang has comprehensive IP coverage and shows that 

the porphyry alteration is associated with very strong chargeabilities of over 50 ms (Fig. 17).  The 

limit of disseminated pyrite is well defined (~3 km x 2 km) and a 3D inversion of the IP data maps the 

complex distribution of sulfides within the system (Hoschke, 2011).  A chargeability low (<15 ms) 

immediately to the east of the deposit corresponds spatially to a late dacite intrusion, and some of the 

relative lows may be due to late intrusive phases that are less mineralized. 

Resistivity Response: Porphyry systems are typically resistivity lows due to clay alteration and sulfide 

veining.  If a lithocap is preserved, it can be highly resistive (Hoschke, 2011).  Resistivity from the 

gradient array survey at Batu Hijau shows a zone of low resistivity (~50 ohm-meters) that is about 2 

km east to west and not constrained by the survey to the north (Fig. 16). This area corresponds 

spatially to assemblages containing clays and sulfide veining. At Elang, resistivity maps the extent of 

the alteration system as a low within more resistive fresh volcanic rocks. The resistivity data shows 

the extent of the alteration system (~3 km x 2 km) with the porphyry alteration being relatively 

conductive at 10s of ohm-meters in a background of fresh volcanic rocks in the 100s of ohm-meters 

(Fig. 17). The highly resistive lithocap of 1000s of ohm-meters is well defined and the conductive 

zones are due to clay alteration and/or sulfide veining. Chalcopyrite veining in the biotite-magnetite 

zone appears to be extensive and could be a good conductor.  
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Electromagnetic response: Airborne EM is a rapid geophysical technique that can be used to identify 

conductive alteration assemblages and resistive lithocaps associated with porphyry systems.  A 

HoisTEM survey was flown over Elang and the alteration system shows up as a NE-trending 

conductive zone in relatively resistive volcanic rocks (Hoschke et al., 2013). There is a good 

correlation between the HoisTEM results compared to the resistivity from the pole-dipole IP survey.  

The lithocap at Elang is highly resistive and is clearly identified by the HoisTEM.  

Discussion and Implications for exploration 

Geodynamics, magmatism and copper-gold mineralization 

 Figure 18 summarizes important geodynamic events for mineralization in the eastern Sunda 

Arc.  Initial low-grade copper-gold mineralization events followed the Miocene Eocene northward-

dipping subduction of Indian oceanic crust. The authors infer that important changes in plate motions 

and boundaries at 5 Ma (Audley-Charles, 2004) favored the development of porphyry and epithermal 

deposits along the eastern Sunda Arc (Garwin et al., 2005). The eastern Sunda Arc is segmented by a 

series of arc-normal sinistral strike slip structures that trend north-northeast to northeast. They 

correlate with inferred underlying tears or kink zones within the downgoing slab as a result of 

collision of the arc trench and the Roo Rise oceanic plateau (Garwin et al., 2005). The authors 

speculate that these north- to northeast-trending crustal structures may have facilitated upwelling 

metal-rich magmas from the mantle as copper and gold sources for magmatic hydrothermal process 

and subsquent mineralization.  

 Giant porphyry systems (≥5 Mt Cu and ≥300 t Au) started developing in the eastern segment 

of the eastern Sunda Arc, from 4.89 ± 0.40 to 2.38 ± 0.18 Ma (Harrison et al., this volume). The Batu 

Hijau and Elang porphyry copper-gold deposits lie above the northeastern extension of the subducted 

margin of the Roo Rise. Significant epithermal deposits formed in the western segment of the eastern 

Sunda Arc from 2.4 ± 0.1 Ma to 1.5 ± 0.1 Ma at Cikidang , Cirotan, Pongkor, Cipangleseran and 

Ciawitali (Marcoux and Milesi, 1994; Rosana, 2002; Harijoko et al., 2004).  

District exploration model. 
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 A district exploration model for the eastern Sunda Arc is shown in Figure 19. It has been 

compiled from key geological elements of the major porphyry deposits along with geochemical and 

geophysical signatures. Copper and gold mineralization developed on and within small, multi-phase, 

nested tonalite intrusive complexes, with a general sequence of early, intermediate and late tonalites of 

Pliocene age (Garwin, 2000; Harrison et al., this volume). The 0.3 % Cu shells correspond to 

chalcopyrite-dominant sulfide zones with internal high-grade ≥1 % Cu zones (bornite-dominant zone) 

and are developed within early biotite-magnetite-actinolite±orthoclase-oligoclase alteration zones.  Late 

tonalite intrusions form barren or weakly mineralized cores. The relative paucity of K-feldspar 

compared to a typical potassic alteration zone of Lowell and Gilbert (1970) and the presence of 

abundant actinolite mark distinctive early alteration assemblage of porphyry systems along the eastern 

Sunda Arc.  Actinolite in the ore zone at Elang is even more abundant than secondary biotite. Pale green 

mica or sericite-chlorite-hematite±clay assemblages dominate the alteration zones exposed near the 

surface. Shreddy chlorite after secondary biotite is a key mineral to map to indicate mineralized early 

biotite-magnetite alteration. 

 Hypogene copper enrichment of the early formed mineralized porphyry systems occurred 

during late stage alteration at Tumpangpitu, Brambang and Hu’u. At these systems, bornite, chalcocite 

and covellite associated with advanced argillic alteration were introduced during the late stage high-

sulfidation epithermal events. Supergene oxidation and leaching produced kaolinite and smectites, 

leached cap, and underlying chalcocite enrichment on the upper parts of the hypogene copper-gold 

mineralization.  Post-porphyry mineralization diatreme breccia bodies are a common geological feature 

in the productive porphyry districts of the eastern Sunda Arc (Fig. 19). 

Implications for exploration 

 Delineation of Pliocene-Pleistocene volcanic complexes with nested multiphase small intrusion 

centers is a key selection criterion for discovering a fertile district.  Giant porphyry deposits at Batu 

Hijau, Elang and Tumpangpitu formed relatively rapidly, over periods of 30 to 860 k.y. (Figs. 3 and 17; 

Table A1). The productive porphyry districts are associated with large lithocaps (>20 km2; Fig. 11) and 

post-mineralization diatreme breccia bodies (Figs. 6 and 11).  Mapping the spatial locations and density 
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of mineralized porphyry clasts in the diatreme breccia bodies provided an excellent exploration tool for 

targeting mineralized porphyry at depth at Tumpangpitu (Harrison et al., this volume).  A combination 

of lithocap and porphyry mapping and logging techniques and application of spectral data has proven 

very powerful in providing vectors to ore, and for delineation of both epithermal and porphyry targets 

at Elang (Maryono et al., 2005) and Tumpangpitu (Harrison and Maryono, 2012).  Delineation of the 

lateral surface extent of lithocaps and understanding their internal alteration zoning is crucial, as they 

may be used as a proxy for the size of the underlying mineralized porphyry intrusions.  

 Geophysical exploration surveys have been succesfully employed in the discovery of porphyry 

deposits at Batu Hijau, Tumpangpitu, Elang, Hu’u and Brambang. Airborne techniques such as 

magnetics, radiometrics, and EM have proven to be cost-effective exploration tools that help map 

lithology, structure and alteration. IP is the most commonly used ground geophysical technique as it 

can map sulfides and the results obtained can map the conductive clay - sulfide alteration and resistive 

silicification.  The ideal signature of an outcropping porphyry system is a magnetic high (≥1,000 nT) 

associated with hydrothermal magnetite within a non-magnetic halo (≤100 nT) due to magnetite 

destructive alteration. Lithocaps typically produce a low radiometric response, whereas other alteration 

types may produce a potassium response as well as low- to intermediate- sulfidation epithermal veins.  

Chargeabilities (>60 ms) in porphyry systems generally reflect sulfide concentrations and can be high 

over a broad area.  

 The combination of soil geochemistry (low level Mo anomalies) and ground-airborne magnetic 

data (small discrete subtle magnetic anomalies) have provided direct tools to delineate mineralized 

porphyry zones under large lithocap bodies. The latest 3D modeling of airborne magnetic data indicates 

biotite-magnetite alteration zones at depth at Elang, Tumpangpitu, Brambang and Hu’u. Application of 

3D inversion pole-dipole resistivity modeling and airborne time domain electromagnetic (HoisTEM) 

and magnetic surveys has been very successful in mapping lithocap bodies, as well as surface 

mineralized quartz ledges and concealed porphyry targets.  
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FIGURE CAPTIONS 

 
FIG. 1. Distribution of the major porphyry and epithermal deposits-prospects and tectonic elements of 
Indonesia.  
 
FIG. 2. Regional geology and gold-copper occurrences of the eastern Sunda Arc (Hamilton, 1979; Carlile and 
Mitchell, 1994; Suratno, 1995; Metcalfe, 1996; Hall, 2002; Setijadji et al., 2006).  Five magmatic belts of the 
Eastern Sunda arc show consistent northward migration from Early Tertiary to Quaternary. The Late Miocene-
Pliocene arc reversed southward locally from East Java to Sumbawa. 
 

FIG. 3. Compilation of U-Pb age determinations from mineralized porphyry and epithermal districts along the 
eastern Sunda arc (Garwin, 2000; Harrison et al., this volume; Rosana, 2002; Takahashi et al., 2014; Marcoux and 
Milesi, 1994; Harijoko, 2004; Arc Exploration Ltd., 2013). 

FIG. 4. Remnant volcanic centers of Paleocene-Eocene age (West Java) and Oligocene to Pliocene age (Java to 
Sumbawa) along the Southern Mountains, with intrusive centers of Eocene to Pliocene age. Age determinations 
from Soeria-Atmadja et al. (1994); Marcoux and Milesi, (1994); Milesi et al. (1999); Garwin (2000); Rosana 
(2002); Pertamina-ITB (2002); Harijoko et al. (2004); JICA-JOGMEC (2004); Smyth et al. (2005); Takahashi et 
al. (2011); Arc Exploration Ltd. (2013); Harrison et al., this volume; this study. 

FIG. 5. Epithermal gold and porphyry copper-gold occurrences associated with remnants of volcanic centers of 
Paleocene-Eocene (western Java) and Oligocene to Miocene and Late Miocene to Pliocene (Java to Sumbawa) 
along the Southern Mountains, delineated from SRTM data (Hamilton, 1979; Carlile and Mitchell, 1994; Hall, 
2002; Setijadji et al., 2006).Abbreviations: HS = high sulfidation, IS = intermediate-sulfidation, LS = low-
sulfidation).  

FIG. 6. District geology of major porphyry systems at Batu Hijau, Elang and Tumpangpitu in comparison with 
low-grade porphyry systems at Trenggalek. A) Batu Hijau district geology (Garwin, 2000); B) Elang district 
geology (Maryono et al., 2005); C) Tumpangpitu district geology (Harrison et al., this volume) and D) Trenggalek 
district geology (Arc exploration Ltd., 2013). 

FIG. 7. Multiphase tonalite intrusions from major porphyry deposits and prospects; A) Batu Hijau; B) Elang; C) 
Tumpangpitu; D) Brambang E) Crosscutting relationships of early, intermediate and late intrusion phases, 
observed during core logging. 

 
FIG. 8. A) Geology and alteration of the Batu Hijau porphyry copper-gold deposit; B) Geology and alteration on 
section; C) Sulfide mineralogy; D) Porphyry vein density in correlation with copper shell at 0.3% Cu limit 
(Setyandhaka et al., 2006). 
 
FIG. 9. A) Geology and alteration of the Elang porphyry copper-gold deposit; B) Geology and alteration on 
section; C) Sulfide mineralogy; D) Porphyry vein density and copper zone at 0.3% Cu. 
 

FIG. 10. A) Geology and alteration of the Brambang porphyry copper-gold deposit; B) Supergene Fe-oxide 
distribution at Brambang, divided into hematite, goethite and jarosite; C) Porphyry vein density at Brambang; D) 
Cross-sectional geology and copper shell at 0.20 % Cu. 

FIG. 11. Lithocap surface alteration footprints at Batu Hijau, Elang, Selodong, Brambang and Tumpangpitu which 
show different erosion levels from deeply eroded at Batu Hijau, partially eroded at Elang and Tumpangpitu and 
fully preserved at Brambang. 

FIG. 12. Surface projections and footprints of multiphase nested tonalite intrusions and 0.3 % Cu zones; A.) Batu 
Hijau pit December 2007; B) Elang surface geology and surface projection Cu zone; C) Tumpangpitu 500 m level 
projection; D) Brambang surface projection geology and Cu zones. 

FIG. 13. Porphyry vein types along with late epithermal veins, summarized into 3 vein stages: A) Early veins 
(EDM/EB veins of Meyer (1965); Brimhall (1977); and Gustafson and Quiroga (1995). Magnetite veins (M) of 
Clark and Arancibia (1996); Sillitoe (2000), A, anhydrite veins; B) Transitional veins (B veins of Gustafson and 
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Hunt (1975), chalcopyrite veins (C) of Dilles and Einaudi (1992); and C) Late veins D veins of Gustafson and 
Hunt (1975) and E and TES veins of Masterman et al. (2005). Abbreviations: al = alunite, bn = bornite, cp = 
chalcopyrite, dk = dickite, en = enargite, ka = kaolinite, luz = luzonite, mo = molybdenite, py = pyrite, ten = 
tennantite. 

FIG. 14. NW- trending narrow enargite – tennantite - tetrahedrite veins that have overprinted porphyry 
mineralization at Batu Hijau, associated with major NW- trending faults: the Katala, Tongoloka and Tongloka-
Puna. 

FIG. 15. Comparison of stream geochemical signatures at Batu Hijau with the deeply eroded lithocap at Brambang 
and with a fully preserved lithocap for BLEG (bulk leach extractable gold), gold and silt copper values. Batu Hijau 
detectable by BLEG downstream as far as 8 km and Brambang detectable by low level anomalism near 
mineralized sources. 

FIG. 16. Geophysical and geochemical anomalism which highlights the 0.3% Cu mineralized porphyry zone at 
Batu Hijau; A) Magnetic response (RTP) shows a discrete anomaly over the deposit; B) Gradient array 
chargeability showing a high over the deposit with a peripheral halo C) Gradient array resistivity showing a broad 
low due to clay alteration and sulfide veining; D) Soil Cu shows a clear discrete anomaly over the deposit; E) Soil 
Au is similar to Cu with an anomaly over the deposit and F) Soil Zn showing a broad depleted zone over the 
porphyry system. 

FIG. 17. A) Soil geochemical signatures at Elang. The yellow outline shows the extent of Cu (>0.3 %) from 
drilling. High Cu anomalies correspond to drainage exposures that cut the porphyry system. Weak Cu anomaly 
over the deposit in the west is  masked by lithocap; B) A discrete Mo anomaly corresponds well with the 
mineralized porphyry body; C) Discrete magnetic RTP (reduced to pole) anomaly due to magnetite in the 
mineralized biotite-magnetite zone of the porphyry system; D) Soil Au anomaly mimics Cu anomaly over the 
deposit; NNE-trending Au anomalism correlates with HS epithermal veins at Ladam; E) Peripheral Zn anomalies 
with central depletion zone  F) 100 m resistivity depth slice from a 3D inversion; resistivity low due to clay 
alteration and sulfide veining. 

FIG. 18. Timing relationship of geodynamics, magmatism and subsequent gold-copper mineralization which 
shows a discrete main mineralizing event of 5 to 1.5 Ma along the eastern Sunda arc related to major porphyry 
and epithermal deposits. 

FIG. 19. Exploration model for porphyry and epithermal deposits along the eastern Sunda arc; A). Geology and 
alteration model; B). Magnetic signatures; C). Resistivity and chargeability signatures.
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FIG. 7.  
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FIG. 8. 
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FIG. 9.  
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FIG. 10.  
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FIG. 11.  
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FIG. 12.  
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FIG. 17.  
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FIG. 18.   
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TABLE CAPTIONS 

Table 1. Summary of intrusive phases for major porphyries along the eastern Sunda Arc. 

Table 2. Summary of spatial and temporal relationship of early, transitional and late alteration stages of major 
porphyry mineralized systems along the eastern Sunda Arc. 
 
Table 3. Dimensions of copper-gold mineralized bodies as outlined by 0.3 % Cu zones centered on nested multiple 
phase tonalite intrusions. 
 
Table 4.  Spatial and temporal porphyry veining stages, from early to transitional and late stage veining. 
 
Table 5. Early, transitional and late porphyry sulfide mineralogy.  
 

Table 1. Summary of intrusive phases for major porphyries along the eastern Sunda Arc. 
 

Table 1. Summary of intrusive phases for major porphyries along the eastern Sunda Arc. 

Deposits / 
prospects 

Causative 
intrusions 

Size 
(km2) 

Composition 
Textures and % 
phenocrysts 

Pre-mineral 
intrusions 

Post-mineral 
breccias 

References 

Batu Hijau 
3 Phases: Old, 
Intermediate and 
Young Tonalite 

0.16 Tonalite 
Porphyritic, 45-
60% phenocrysts 

Equigranular 
diorite, quartz 
diorite, andesite 

Santong 
Diatreme 

Clode et. al. (1999); 
Garwin (2002) 

Elang 
3 Phases: Charlie, 
Delta and Echo 
Tonalite 

0.24 Tonalite 
Porphyritic, 35-
55% phenocrysts, 
0.5-3mm 

Equigranular 
diorite, 
microdiorite 

Ike Diatreme, 
Dacite dike 

Proffett (2005); 
Maryono et at. (2005) 

Brambang 
3 Phases: Early, 
Intermediate and 
Late Tonalite  

0.36 
Tonalite / 
Quartz 
Diorite 

Porphyritic, 25-
45 % phenocrysts 

Fine-grained 
diorite 

Bendung 
Diatreme 

Coote (2012); 
Maryono et al. (2013)  

Selodong 
2 Phases: Quartz 
Diorite 1 and Quartz 
Diorite 2 

0.20 Diorite 
Porphyritic, 40-
60% phenocrysts 

Diorite 
Polymictic 
Breccia 

Maryono (2007); 
Southern Arc 
Minerals (2012)  

Sori Onto 
(Hu'u) 

3 Phases: Early, 
Intermediate, Late 
Diorite Porphyries 

0.05 Diorite 
Porphyritic, 40-
50 phenocrysts, 
2-3mm 

Equigranular 
diorite 

Diatreme 
Breccia 

Pratiwinda, pers. com. 
(2015) 

Tumpangpitu 
5 Phases: Fine, 
Medium and Coarse-
grained Tonalite 

0.64 Tonalite 

Porphyritic, 50-
70 % 
phenocrysts, 2-
3mm 

Hornblende 
quartz diorite, 
old diorite 

Diatreme 
Breccia 

Coote (2009, 2010); 
Harrison and Maryono 
(2012)  

Selogiri 

3 Phases: 
Hornblende andesite, 
diorite porphyry and 
microdiorite 

0.40 Diorite Porphyritic, 60 % 
Microdiorite, 
equigranular 
diorite 

Diatreme 
Breccia 

Warmada et al. 
(2007); Imai et al. 
(2007); Suasta and 
Sinugroho (2011) 
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Table 2. Summary of spatial and temporal relationship of early, transitional and late alteration stages of major porphyry mineralized systems along 
the eastern Sunda Arc. 

Deposits / 
prospects 

Early phase Transitional phase Late phase References 

Batu Hijau 
Biotite–magnetite±oligoclase–
orthoclase–actinolite-anhydrite 

Chlorite-sericite±clay-albite-
hematite-anhydrite 

Sericite-paragonite-quartz-
kaolinite-pyrophyllite-smectite- 
chlorite 

Clode et al. (1999);  
Garwin (2000) 

Elang 
Actinolite–biotite–magnetite± 
oligoclase–anhydrite-pyrrhortite 

Chlorite-sericite-clay±albite-
hematite-anhydrite-epidote 

Sericite-paragonite-quartz-
kaolinite-pyrophyllite-smectite-
covellite-chalcocite 

Proffett (2005); 
Maryono et at. 
(2005) 

Tumpangpitu 
Biotite–magnetite±K-feldspar-
oligoclase-anhydrite±actinolite 

Chlorite-sericite-hematite±clay 
Paragonite-quartz-kaolinite-
dickite-pyrophyllite-alunite± 
topaz 

Harrison and 
Maryono (2010)  

Brambang 
Biotite–actinolite–magnetite± 
K-feldspar-anhydrite 

Sericite/illite-chlorite-epidote-
hematite-carbonate-rutile. 

Illite/sericite-pyrophyllite-
alunite-diaspore-kaolinite 

Coote (2012); 
Maryono et al. 
(2013)  

Selodong 
Biotite-actinolite-oligoclase-
magnetite 

Chlorite-sericite±clay-hematite Sericite/illite-kaolinite-smectite 
Maryono (2007); 
Southern Arc 
Minerals (2012) 

Selogiri 
Actinolite-biotite-
magnetite±chlorite-K-feldspar 

Chlorite-tremolite/actinolite-albite-
sericite 

Smectite-illite-kaolinite 

Warmada et al. 
(2007); Imai et al. 
(2007), Suasta and 
Sinugroho (2011) 

Sori Onto 
(Hu'u) 

Biotite-K-feldspar-actinolite-
magnetite±anhydrite 

Sericite/illite-chlorite-epidote-
hematite-carbonate-rutile 

Sericite-pyrophyllite-alunite-
diaspore-kaolinite 

Pratiwinda, 
pers.com. (2015) 

 
 

 
Table 3. Dimensions of copper-gold mineralized bodies as outlined by 0.3 % Cu zones centered on nested multi-phase intrusions 

Deposits / 
prospects 

Lateral extend 
(0.3% Cu) 

Vertical extend 
(0.3% Cu) 

References 

Batu Hijau 1.2 x 1.2 km 1.5 km 
Meldrum et al. (1994); Clode et al. 
(1999) 

Elang 1.5 x 0.8 km 1.2 km Maryono et at. (2005) 

Tumpangpitu 1.5 x 1.2 km 1.2 km 
Rohrlach (2011); Harrison and 
Maryono (2012) 

Brambang (Central) 0.5 x 0.5 km 0.8 km Maryono et al. (2013) 

Selodong 2 zones (0.35 x 0.4 km) 0.45 km 
Maryono (2007); Schmeider and 
Clode (2009) 

Selogiri not available not available - 

Sori Onto (Hu'u) not available not available - 

 
  



 

56 
 

 

Table 4.  Spatial and temporal porphyry veining stages, from early to transitional and late stage veining. 

Deposits / 
prospects 

Early phase Transitional phase Late phase References 

Batu Hijau 
A, EDM/EB, magnetite, 
anhydrite 

B, C, anhydrite D, E, TES, galena-sphalerite 
Clode et al. (1999); 
Garwin (2002) 

Elang 
A, EDM/EB, magnetite, 
actinolite, anhydrite 

B, C, anhydrite 
D, E, TES, quartz-arsenopyrite, 
late gypsum 

Proffett (2005); 
Maryono et at. (2005) 

Tumpangpitu A, EB, magnetite, anhydrite B, C, molybdenum veins 
D, TES, bornite-covellite-
chalcocite, E, TES, alunite, 
dickite 

Coote (2009, 2010); 
Harrison and Maryono 
(2010) 

Brambang 
A, magnetite, biotite, actinolite, 
anhydrite 

B, C, molybdenum, anhydrite 
D, chalcocite-covellite,  late 
gypsum 

Coote (2012); 
Maryono et al. (2013)  

Selodong 
A, EB, magnetite, actinolite, 
anhydrite 

B, C, molybdenum, anhydrite D  
Maryono (2007); 
Southern Arc Minerals 
(2012) 

Selogiri Early quartz vein, magnetite unknown 
Late pyrite, quartz veins, 
sphalerite-galena-chalcopyrite 

Warmada et al. (2007); 
Imai et al. (2007); 
Suasta and Sinugroho 
(2011) 

Sori Onto 
(Hu'u) 

A, EDM/EB, magnetite, 
actinolite, anhydrite 

B, C, molybdenum, anhydrite D  
Pratiwinda, pers. com. 
(2015) 

 
 
 

  

Table 5. Early, transitional and late porphyry sulfide mineralogy.  

Deposits / 
prospects 

Early phase Transitional phase Late phase References 

Batu Hijau 
Bornite-digenite-
chalcocite 

Chalcopyrite-pyrite±bornite-
molybdenite 

Pyrite±chalcopyrite-galena-
sphalerite±enantite-tetrahedrite-
enargite 

Clode et al. (999); Arif and 
Baker (2004), McComb 
(2005), Priowasono and 
Maryono (2006) 

Elang 
Chalcopyrite±bornite-
digenite 

Chalcopyrite-pyrite-
molybdenite 

Pyrite-sphalerite-galena-tenantite- 
tetrahedrite 

Proffett (2005); Maryono et. 
at. (2005) 

Tumpangpitu 
Chalcopyrite-bornite-
chalcocite 

Chalcopyrite-pyrite-
molybdenite 

Pyrite-tenantite-tetrahedrite-
enargite-chalcocite-bornite-
covellite 

Harrison and Maryono 
(2010); Coote (2009, 2010) 

Brambang Chalcopyrite±bornite 
Chalcopyrite-molybdenite-
pyrite 

Pyrite-covellite-bornite-
chalcocite-tenantite-tetrahedrite-
enargite-idaite 

Coote (2012); Maryono et al. 
(2013) 

Selodong Chalcopyrite±bornite 
Chalcopyrite-molybdenite-
pyrite 

Pyrite 
Maryono (2007); Southern 
Arc Minerals (2012) 

Selogiri Chalcopyrite±bornite Chalcopyrite Pyrite-sphalerite-galena 
Warmada et al. (2006); Imai 
et al. (2007); Suasta and 
Sinugroho (2011) 

Sori Onto 
(Hu'u) 

Chalcopyrite±bornite 
Chalcopyrite-pyrite-
molybdenite 

Pyrite-sphalerite-galena 
Pratiwinda, pers. com. 
(2015) 
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APPENDIX 
 
Appendix 1:  

U-Pb Analyses and Methods 

Appendix 2:  

FIG. A1. Representative U-Pb ages for drillcore and rockchip samples from the host rocks and porphyries along 
the Sunda-Banda arc.  Ages are calculated based on the weighted mean 207Pb-corrected 206Pb/238U histograms.  
Analyses excluded from the age calculation shown in grey. (A) Selogiri, central Java; ARM-RK-01/153.7 m; 
drillcore sample.  Weakly mineralized porphyritic microdiorite.  (B) Selogiri, central Java; ARM-RK-02/126.65 
m; drillcore sample. Weakly mineralized porphyritic microdiorite.  
 
FIG. A1. (Cont.). (C) Singgahan, Trenggalek, East Java; ARMTRDD-055-1/174 m; drillcore sample. Medium-
grained tonalite.  (D) Singgahan, Trenggalek, East Java; ARMTRDD-057-1/156 m; drillcore sample. Fine-
grained tonalite.  
 
FIG. A1. (Cont.). (E) Katak, Tujuh Bukit, southeast Java; KTD-10-001/185.8 m; drillcore sample.  Tonalite 
porphyry (F) Brambang, southwest Lombok; ARM BBG-02/655 m; drillcore sample. Intermediate tonalite 

FIG. A1. (Cont.). (G) Selodong, southwest Lombok. ARM1_SLD.001/22 m; drillcore sample.  Old Diorite.  (H) 
Selodong, southwest Lombok. ARM2_SLD.001/81.3 m; drillcore sample.  Fine-grained phase 1 quartz diorite.  

FIG. A1. (Cont.). (I) Selodong, southwest Lombok. ARM3.SLD.001/182.5 m; drillcore sample.  Coarse-grained 
phase 2 quartz diorite.  (J) Selodong, southwest Lombok. ARM6_SLD.004/112.6 m; drillcore sample.  Coarse-
grained phase 3 quartz diorite.   

FIG. A1. (Cont.). (K) Selodong, southwest Lombok. ARM5_SLD.004/445.5 m; drillcore sample.  Fine-grained 
phase 2 quartz diorite. (L) Batu Hijau, Sumbawa. ARM-BH-02D/183 m; drillcore sample. Intermediate tonalite 

FIG. A1. (Cont.). (M) Batu Hijau, Sumbawa. ARM-BH-01D/334.7 m; drillcore sample. Old tonalite.  (N) Batu 
Hijau, Sumbawa. ARM-BH-03D/830.30 m; drillcore sample. Young tonalite. 

FIG. A1. (Cont.). (O) Elang, Sumbawa. ARM-EL-01D/662 m; drillcore sample. Delta tonalite. (P) Elang, 
Sumbawa. ARM-EL-02D/675.70 m; drillcore sample. Charlie tonalite.   

FIG. A1. (Cont.). (Q) Elang, Sumbawa. ARM-EL-03D m; drillcore sample. Diorite (R) Elang, Sumbawa. ARM-
EL-04D/100.70 m; drillcore sample. Echo tonalite 

FIG. A1. (Cont.). (S) Elang, Sumbawa. ARM-EL-05D/415.70 m; drillcore sample. Dacite porphyry 

Appendix 3:  

TABLE CAPTIONS 

TABLE A1. Summary of geochronological age determinations from selected porphyries, host rocks and alteration minerals 
ranked by age from west to east along the Sunda-Banda magmatic Arc. 

Appendix 4:  

TABLE CAPTIONS 

TABLE A2. List of significant epithermal and porphyry deposits with resources along the Sunda-Banda magmatic Arc. 
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Appendix 1:  

U-Pb Analyses and Method 

Zircon U-Pb geochronology was undertaken at the Centre of Excellence in Ore Deposits 

(CODES), University of Tasmania, using the LA-ICP MS method.  Nineteen core and rock samples of 

intrusions from major porphyry copper-gold deposits at Batu Hijau and Elang, and low-grade porphyry 

deposits at Selodong, Brambang and Selogiri were selected for zircon dating. Sample selection was 

based on the units defined from field relationships, assay data support and section construction.  In order 

to constrain the absolute timing and duration of magmatism, samples were collected from each logged 

or mapped intrusive phase, specifically for pre-mineralization, intra-mineralization (early, intermediate 

and late) and post-mineralization intrusive phases. Approximately 1 to 2 kg of samples were taken from 

drillcore and rock chips for each intrusive phase. Approximately 100 to 400 g of rock was repeatedly 

sieved and crushed in a Cr-steel ring mill to a grain size less than 400 microns.  Non-magnetic heavy 

minerals were then separated using a gold pan and a Fe-B-Nd hand magnet.  The zircons were hand-

picked from the heavy mineral concentrate under the microscope in cross-polarised transmitted light.  

Each sample contained between 7 and 15 euhedral to subhedral, doubly-terminated zircon crystals, with 

a variety of sizes (30 µm and 100 µm) and morphologies.  The selected crystals were placed on double 

sided sticky tape and epoxy glue was then poured into a 2.5 cm diameter mould on top of the zircons. 

The mount was dried for 12 hours and polished using clean sandpaper and a clean polishing lap.  The 

samples were then washed in distilled water in an ultrasonic bath.  

The U-Th-Pb isotopic compositions of zircons were analysed on an Agilent 7500 cs quadrupole 

ICPMS with a 193 nm Coherent Ar-F gas  laser and the Resonetics S155 ablation cell at CODES, 

University of Tasmania.  Isotopic masses collected were 49Ti, 56Fe, 90Zr, 178Hf, 202Hg, 204Pb, 206Pb, 207Pb, 

208Pb, 232Th and 238U, with each element being measured every 0.18 seconds.  Longer counting times 

were used for the Pb isotopes (0.02 seconds) and for U, Th, Hg and Ti (0.01 seconds), compared to the 

other elements (0.002 seconds).  Between 7 and 22 spot analyses were collected per sample (not 

including reference zircons).  Spot analyses generally focused on the younger zircon rims of larger 

crystals (> 40 µm), and only on cores of crystals smaller than the 32 µm beam diameter.  Each analysis 

on the zircons began with a 30 second blank gas measurement followed by a further 30 seconds of 
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analysis time when the laser was switched on.  Zircons were analysed with a 32 micron beam using the 

laser at 5 Hz and a density of approximately 2 J/cm2.  For zircon rim-core analysis, the spot size was 

reduced to 17 microns to target specific zones of small zircon grains.  A flow of helium carrier gas at a 

rate of 0.35 litres/minute carried particles ablated by the laser out of the chamber to be mixed with argon 

gas and carried to the plasma torch.   

The downhole fractionation, instrument drift and mass bias correction factors for Pb/U ratios 

on zircons were calculated using two analyses on the primary standard (91500 standard of Wiendenbeck 

et al., 1995) and one analysis on each of the secondary standard zircons (Temora standard of Black et 

al., 2003; JG1 of Jackson et al., 2004).  The standards were analysed at the beginning of each session, 

and after every fifteen unknown zircons (every half an hour) using the same spot size and conditions as 

used on the samples.  Additional secondary standards (Mud Tank Zircon of Black and Gulson, 1978; 

Penglai zircons of Li et al., 2010; Plesovice zircon of Slama et al., 2008) were also analysed.  The 

correction factor for the 207Pb/206Pb ratio was calculated using large spots of NIST610 analysed every 

30 unknowns and corrected using the values recommended by Baker et al. (2004).  Analyses indicating 

significant amounts of common Pb were excluded from the calibrations and final age determinations. 

Data reduction was based on the method outlined in detail in Meffre et al. (2008) and Sack et al. 

(2011).  Element abundances on zircons were calculated using the method of Kosler (2001) using Zr 

as the internal standard element, assuming stoichiometric proportions, and using the NIST610 

standard to correct for mass bias and drift.  

Selogiri porphyry, Central Java: Zircons from two drillcore samples of weakly mineralized 

microdiorite from Selogiri form a single age population, plotting close to concordia (Table A1; Figs. 

A1A and A1B) for the Middle Miocene period, with Concordia intercept ages of 13.18 ± 0.34 Ma and 

13.21 ± 0.22 Ma.  One Carboniferous zircon grain was found, suggesting that the intrusion sampled 

Carboniferous basement. 

Singgahan porphyry, Trenggalek, East Java: Zircons from two drillcore samples of fine- and medium- 

grained tonalite porphyry from Singgahan in the Trenggalek district yielded single age populations, 
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plotting close to concordia (Table A1; Figs. A1C and A1D) with Concordia intercept ages of 14.00 ± 

0.44 Ma and 14.04 ± 0.45 Ma.   

Katak porphyry, Tujuh Bukit district, East Java: Zircons from one drillcore sample of coarse-grained 

tonalite, form a single age population for the Late Miocene period, having a Concordia intercept age of 

5.26 ± 0.47 Ma (Table A1; Fig. A1E). 

Brambang porphyry, southwest Lombok: Zircons from one drillcore sample of fine-grained tonalite, 

form a single age population for the Late Miocene period, having a Concordia intercept age of 6.65 ± 

0.31 Ma (Table A1; Fig. A1F). 

Selodong porphyry, southwest Lombok: Zircons from five drillcore samples of porphyries and host 

rocks from Selodong all form single age populations, plotting close to concordia (Table A1; Figs. A1G 

to and A1K) for the Late Miocene period, whereas a sample of host rock (old diorite) has a Concordia 

intercept age of 7.28 ± 0.23 Ma (Fig. A1G).  One sample of Phase 1 quartz diorite has a Concordia 

intercept age of 7.28 ± 0.31 Ma (Fig. A1H).  Two samples of phase 2 quartz diorite form single age 

populations, plotting close to concordia (Table A1; Figs. A1I and A1K) with intercept ages of 7.22 ± 

0.23 Ma and 7.04 ± 0.25 Ma.  A sample of phase 3 quartz diorite has a Concordia intercept age of 7.21 

± 0.27 Ma (Table A1; Fig. A1J). 

Batu Hijau porphyry, Sumbawa: Zircons from three drillcore samples from the main ore-bearing 

tonalites at Batu Hijau returned Concordia intercept ages for the Late Pliocene period of 3.55 ± 0.13 

Ma (Intermediate tonalite; Table A1; Fig. A1L) and 3.52 ± 0.14 Ma (both Old tonalite and Young 

tonalite; Table A1; Figs. A1M and A1N).  Four zircons from the Old tonalite sample that plotted away 

from the main zircon population were excluded from the final age calculation due to inherited zircon 

grains (Fig. A1M). 

Elang porphyry, Sumbawa: Zircons from four drillcore samples from the main ore-bearing tonalites 

form single age populations, plotting close to Concordia (Table A1; Figs. A1O to A1R) for the Late 

Pliocene period of 2.51 ± 0.13 Ma (Delta tonalite; Table A1; Fig. A1O), 2.490 ± 0.078 Ma (Charlie 

tonalite; Table A1; Fig. A1P), 2.47 ± 0.017 Ma (Elang diorite; Table A1; Fig. A1Q), 2.38 ± 0.018 Ma 

(Echo tonalite; Table A1; Fig. A1R). One drillcore sample from the post-mineralization dacite at Elang 

also returned a Concordia intercept age for the Late Pliocene period of 2.10 ± 0.11 Ma (dacite; Table 
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A1; Fig. A1S).  One zircon with high common Pb was included in the Concordia intercept age 

calculation as it provided a constraint on the common Pb composition, allowing for less reliance on 

common Pb evolution models (e.g. Stacey and Kramers, 1975) for the common Pb isotope composition. 

(Fig. A1S). 
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Appendix 2:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. A1. 

 

 

A 

Selogiri microdiorite 
porphyry: 13.18 ± 0.34 Ma 

data‐point error 
symbols are 2σ 

data‐point error crosses are 1σ 

B 

Selogiri microdiorite 
porphyry: 13.21 ± 0.22 Ma 

data‐point error 
symbols are 2σ data‐point error crosses are 1σ 
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FIG. A1. (Cont.). 

B 

Singgahan Trenggalek 
medium‐grained tonalite 
porphyry: 14.00 ± 0.44 Ma 

data‐point error 
symbols are 2σ 

data‐point error crosses are 1σ 

Singgahan Trenggalek fine‐
grained tonalite porphyry: 
14.04 ± 0.45 Ma 

data‐point error crosses are 1σ 
data‐point error 
symbols are 2σ 

C 

D 
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FIG. A1. (Cont.). 

Brambang tonalite 
porphyry: 6.65 ± 
0.31 Ma 

data‐point error crosses are 1σ 

data‐point error 
symbols are 2σ 

Katak tonalite 
porphyry: 5.26 ± 
0.47 Ma 

data‐point error crosses are 1σ 
data‐point error 
symbols are 2σ 

E 

F 
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FIG. A1. (Cont.).  

 

Selodong old diorite: 
7.28 ± 0.23 Ma 

data‐point error crosses are 1σ 
data‐point error 
symbols are 2σ 

G 

Selodong phase 1 
quartz diorite: 7.28 ± 
0.31 Ma 

data‐point error crosses are 1σ 
data‐point error 
symbols are 2σ 

H 
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FIG. A1. (Cont.). 

Selodong phase 2 
quartz diorite: 7.22 ± 
0.23 Ma 

data‐point error crosses are 1σ data‐point error 
symbols are 2σ 

I 

Selodong phase 3 
quartz diorite: 
7.21 ± 0.27 Ma 

data‐point error crosses are 1σ data‐point error 
symbols are 2σ 

J 
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FIG. A1. (Cont.).  

Selodong phase 2 
quartz diorite: 
7.04 ± 0.25 Ma 

data‐point error crosses are 1σ 

data‐point error 
symbols are 2σ 

K 

Batu Hijau 
Intermediate 
tonalite: 3.55 ± 
0.13 Ma 

data‐point error crosses are 1σ 

data‐point error 
symbols are 2σ 

L 



 

68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. A1. (Cont.).  

 

 

Batu Hijau Old 
tonalite: 3.52 ± 
0.14 Ma 
 

data‐point error 
symbols are 2σ 

M 

Batu Hijau 
Young tonalite: 
3.52 ± 0.14 Ma 
 

data‐point error 
symbols are 2σ 

N 
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FIG. A1. (Cont.). 

 

Elang Delta 
tonalite: 2.51 ± 
0.13 Ma 
 

data‐point error 
symbols are 2σ 

O 

Elang Charlie 
tonalite: 2.490 
± 0.078 Ma 
 

data‐point error 
symbols are 2σ 

P 



 

70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. A1. (Cont.). 

 

Elang diorite: 
2.47 ± 0.017 
Ma 
 

data‐point error 
symbols are 2σ 

Q 

Elang Echo 
tonalite: 2.38 ± 
0.018 Ma 
 

data‐point error 
symbols are 2σ 

R 
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FIG. A1. (Cont.). 

Elang dacite: 
2.10 ± 0.11 Ma 

data‐point error 
symbols are 2σ 

S 



 

72 
 

Appendix 3:  

 
TABLE A1. Summary of geochronological age determinations from selected porphyries, host rocks and alteration minerals ranked by age from west to east along the 
Sunda-Banda magmatic arc. 

Deposit/prospect Sample ID/depth (m) Coordinates/ 
RL (m) 

Sample type U-Pb zircon Re/Os 
molybdenite 

K-Ar 
alunite 

K-Ar 
adularia 

Relationship to alteration 
and mineralization 

West Java 
      

Ciawitali - NA Au-Ag LSE 
veins 

- - - 1.5 ± 0.1 Syn-LSE mineralization 

Cirotan - NA Au-Ag LSE 
veins 

- - - 1.7 ± 0.1 Syn-LSE mineralization 

Gunung Pongkor                         - NA Au-Ag LSE 
veins 

- - - 2.05 ± 0.05 40Ar-39Ar age; syn-LSE 
mineralization 

Cipangleseran                              - NA Au-Ag LSE 
veins 

- - - 2.1 ± 0.6 Syn-LSE mineralization 

Cikidang - NA Au-Ag LSE 
veins 

- - - 2.4 ± 0.1 Syn-LSE mineralization 

Cibaliung - NA Au-Ag LSE 
veins 

- - - 11.14 ± 0.06 - 
11.1 ± 0.09 

Syn-LSE mineralization 

Central Java 
Selogiri ARM-RK-01/153.7 NA Microdiorite 13.18 ± 

0.34 
- - - Syn- Au-Cu porphyry 

mineralization 
Selogiri ARM-RK-02/126.65 NA Microdiorite 13.21 ± 

0.22 
- - - Syn- Au-Cu porphyry 

mineralization 

East Java 
Jerambah, 
Trenggalek 

TRDD054/136.2 E569933 
N9088734 / 
640 

Andesite 
porphyry 

11.8 ± 1.2 - - - Post-porphyry 
mineralization 

Jerambah, 
Trenggalek 

TRDD054/188.5 E569933 
N9088734 / 
640 

Quartz 
diorite/tonalite 

12.6 ± 0.8 - - - Syn-porphyry 
mineralization 

Jerambah, 
Trenggalek 

TRDD054/501 E569933 
N9088734 / 
640 

Tonalite 13.8 ± 1.0 - - - Syn-porphyry 
mineralization 

Jati, Trenggalek 090329-01/0 E567486 
N9105658 / 
415 

Hornblende 
from crystal tuff 

- 15.6 ± 0.5 - - Pre-mineralization; crystal 
tuff/sandstone interbedded 
with limestone capping the 
epithermal system 

Jerambah, 
Trenggalek 

TRDD054 
/576.6 

E569933 
N9088734 / 
640 

Fine-grained 
diorite 

17.2 ± 0.7 - - - Pre-mineralization  
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TABLE A1. (Cont.)               

Sample 
ID/depth (m) 

Sample ID/depth (m) 
Coordinates/ 
RL (m) 

Sample type 
U-Pb 
zircon 

40Ar-39Ar 
hornblende 

40Ar-39Ar 
adularia 

40Ar-39Ar 
sericite 

Relationship to alteration 
and mineralization 

Reference 

 

Jerambah, 
Trenggalek 

TRDD054 
/576.6 

E569933 N9088734 
/ 640 

Fine-grained 
diorite 

17.2 ± 0.7 - - - Pre-mineralization  Arc Exploration 
(2013) 

Bogoran, 
Trenggalek 

ARXBOG-03/0 E571264 N9096636 
/ 313 

Diorite 18.7 ± 1.0 - - - Pre-mineralization  Arc Exploration 
(2013) 

Singgahan, 
Trenggalek 

ARMTRDD-055-1/174 E574956 N9088554 
/ 351 

Medium-
grained tonalite 

14.00 ± 
0.44 

- - - Syn-porphyry 
mineralization; weak 
quartz stockwork veining, 
quartz - magnetite - pyrite, 
minor magnetite - 
chalcopyrite; late calcite 
veining  

This study 

Singgahan, 
Trenggalek 

ARMTRDD-057-1/156 E574956 N9088554 
/ 351 

Fine-grained 
tonalite 

14.04 ± 
0.45 

- - - Syn-porphyry 
mineralization; quartz - 
magnetite-pyrite-
chalcopyrite stockwork 
veining 

This study 

Dalangturu, 
Trenggalek 

YS080519-11/0 E568906 N9107365 
/ 305 

Quartz-adularia 
Au-Ag LSE 
veins 

- - 16.29 ± 
0.56 

- Syn-LSE mineralization; 
gold-bearing banded 
chalcedony –adularia - 
sulfide 

Takahashi et al. 
(2014) 

Tulungagung ARX-TA-01/0 E609486 N9093540 
/ 289 

Quartz feldspar 
porphyry 

23.40 ± 
1.0 

- - - Syn-HSE mineralization Arc Exploration 
(2013) 

Pulau Merah, 
Tujuh Bukit 

GT003/489.2 
E173106 
N9047573/10 

Coarse-grained 
tonalite 

3.98 ± 
0.21 

- - - Syn-porphyry Cu-Au-Mo 
mineralization 

Harrison et al. (in 
press) 

Tumpangpitu, 
Tujuh Bukit 

GTD-12-292/1012 E174082 
N9046550/257 

Phase 6 coarse-
grained tonalite 

4.33 ± 
0.61 

- - - Syn-porphyry Cu-Au-Mo 
mineralization 

Harrison et al., this 
volume 

Tumpangpitu, 
Tujuh Bukit 

GTD-10-172/12 E174240 
N9046440/290 

Upper facies 
diatreme 
breccia 

2.7 ± 1.5 - - - Post porphyry Cu-Au-Mo 
mineralization, pre- syn- 
and post HSE 
mineralization 

Harrison et al., this 
volume 

Katak, Tujuh 
Bukit 

KTD-10-001/185.8 E176226 
N9047930/45 

Coarse-grained 
tonalite 

5.26 ± 
0.47 

- - - Syn-porphyry Cu-Au-Mo 
mineralization 

This study 
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TABLE A1. (Cont.)           

Deposit/prospect Sample ID/depth (m) 
Coordinates/ 
RL (m) 

Sample type U-Pb zircon  
40Ar-39Ar 
biotite  

40Ar-39Ar 
sericite  

Relationship to alteration and 
mineralization 

Southwest Lombok 
Brambang ARM BBG-02/655 NA Intermediate 

tonalite 
6.65 ± 0.31 - - Syn-porphyry mineralization; 

chlorite - biotite - magnetite ± 
leucoxene; qtz vein stockwork 
10 - 15 veins/m; total sulfide 2 
%, py : cp : bn = 8 : 1.5 : 0.5 

Selodong ARM1_SLD.001/22.7 NA Diorite 7.28 ± 0.23 - - Pre-porphyry mineralization 

Selodong ARM2_SLD.001/81.3 NA Phase 1 fine-
grained quartz 
diorite  

7.28 ± 0.31 - - Syn-porphyry mineralization; 
chlorite - sericite - magnetite; 
high grade Au; qtz stockwork 
A veins dominant; cp - bn - py 

Selodong ARM3.SLD.001/182.5 NA Phase 2 coarse-
grained quartz 
diorite 

7.22 ± 0.23 - - Syn-porphyry mineralization; 
Shreddy chlorite - magnetite – 
biotite - feldspar (± sericite 
overprint) > 20 qtz - cp 
stockwork A veins/m  

Selodong ARM6_SLD.004/112.6 NA Phase 3 coarse-
grained quartz 
diorite 

7.21 ± 0.27 - - Syn-porphyry mineralization; 
weak chlorite alteration; weak 
cp; < 5 veins/m 

Selodong ARM5_SLD.004/445.5 NA Phase 2 fine-
grained quartz 
diorite 

7.04 ± 0.25 - - Syn-porphyry mineralization; 
chlorite – biotite - magnetite 
(sericite overprint) 15 veins/m 

Southwest Sumbawa 
Batu Hijau SBD15/36 NA Quartz - sericite - 

pyrite D vein in 
porphyritic dacite 

- - 3.65 ± 0.02 Syn-porphyry mineralization; 1 
cm wide D vein cutting 
porphyritic dacite 

Batu Hijau SBD04/157 NA Intermediate 
tonalite 

3.76 ± 0.10 3.73 ± 
0.08 

- Syn-porphyry mineralization; 
quartz rinds; cut by A and B 
veins 

Batu Hijau SBD41/414 NA Young tonalite 3.74 ± 0.14 - - Late-porphyry mineralization; 
cut by B and D veins 
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TABLE A1. (Cont.) 

Deposit/prospect Sample ID/depth (m) 
Coordinates/ 

Sample type 
U-Pb 
zircon  

40Ar-39Ar 
biotite  

40Ar-39Ar 
sericite  

Relationship to alteration and 
mineralization RL (m) 

Batu Hijau 
 

SBD91/416 NA Old tonalite 3.67 ± 0.12 - - Early-porphyry mineralization; cut by A 
and B veins 

Batu Hijau 
 

SBD91/416 NA Old tonalite 3.67 ± 0.12 - - Early-porphyry mineralization; cut by A 
and B veins 

Batu Hijau ARM-BH-02D/183 NA Intermediate tonalite 3.55 ± 0.13 - - Syn-porphyry mineralization; biotite - 
magnetite alteration 

Batu Hijau ARM-BH-01D/334.7 NA Old tonalite 3.52 ± 0.14 - - Syn-porphyry mineralization; biotite - 
magnetite alteration; 2 to 3 % total 
sulfides, bn:cp:py = 3:6:1, A, A-fam, mag, 
EDM veins 

Batu Hijau ARM-BH-
03D/830.30 

NA Young tonalite 3.52 ± 0.14 - - Syn-porphyry mineralization; biotite - 
magnetite alteration 

Batu Hijau SBD91/444 NA Hornblende-phyric 
andesite 

- 3.74 ± 0.12 - Pre-porphyry mineralization 

Batu Hijau SBD10/279 NA Equigranular 
hornblende quartz 
diorite 

- 3.72 ± 0.06 - Pre-porphyry mineralization 

Batu Hijau SBD12/329 NA Porphritic dacite 3.89 ± 0.08 - - Pre-porphyry mineralization; cut by A and 
B veins 

Katala, Batu Hijau 97101030 NA Equigranular 
hornblende-biotite 
quartz diorite 

4.43 ± 0.14 - - Early-to syn-porphyry mineralization; cut 
by aplite veins and local A and B veins 

Katala, Batu Hijau 97100808A NA Equigranular biotite 
granodiorite dyke 

4.49 ± 0.12 - - Syn-to late porphyry mineralization; cut 
by D veins 

Katala, Batu Hijau SKD01/276 NA Porphyritic 
hornblende tonalite 

4.70 ± 0.16 4.48 ± 0.08 - Pre-porphyry mineralization; cut by A 
veinlets 

Katala, Batu Hijau SKD01/468 NA Porphyritic 
hornblende tonalite 

- 4.37 ± 0.08 - Pre-porphyry mineralization; cut by A 
veinlets 

Arung Ara SRD02/305 NA Porphyritic 
hornblende tonalite 

4.99 ± 0.16 - - Syn-porphyry mineralization; cuts A 
veinlets and is cut by B and D veins 

Sekongkang 97091713A NA Equigranular biotite 
granodiorite dyke 

5.88 ± 0.14 5.47 ± 0.08 - Syn-porphyry mineralization: contains 
quartz rinds; magmatic biotite forms 
clusters with pyrite;  biotite alteration of 
wallrock 
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TABLE A1. (Cont.) 

Deposit/prospect Sample ID/depth (m) 
Coordinates/ 

Sample type 
U-Pb 
zircon  

40Ar-39Ar 
biotite  

40Ar-39Ar 
sericite  

Relationship to alteration and 
mineralization RL (m) 

Sekongkang SAD05/296 NA Sub-porphyritic biotite 
tonalite 

- 5.47 ± 0.06 - Syn-porphyry mineralization: shreddy 
hydrothermal biotite with pyrite - ilmenite 
- chalcopyrite 

Tongoloka 98100401 NA Fault-volcanic lithic 
breccia 

- - 5.92 ± 
0.06 

Syn-base metal mineralization 3 m wide 
sericite zone from 0.1 - 0.5 m quartz - 
sphalerite- galena - chalcopyrite - pyrite 
vein 

Teluk Puna 98112302 NA Dacitic volcaniclastic 
breccia 

6.84 ± 0.16 - - Pre-mineralization; cut by Teluk Puna 
quartz veins 

Tongoloka 98111802 NA Fault-volcanic lithic 
breccia 

- - 7.05 ± 
0.11 

Pre-mineralization; 50 cm wide fault 
gauge breccia zone internal to quartz 
diorite 

Elang SGDLD08/423 NA Delta tonalite 2.71 ± 0.14 - - Syn-porphyry mineralization 

Elang ARM-EL-01D/662 NA Delta tonalite 2.51 ± 0.13 - - Syn-porphyry mineralization; actinolite 
alteration;  2 % sulfide ratio cp : py = 5:5; 
3 % qtz stockwork veining ratio A : AB : 
B : C : D = 4 : 1 : 2 : 1 : 2 

Elang ARM-EL-
02D/675.70 

NA Charlie tonalite 2.49 ± 
0.078 

- - Syn-porphyry mineralization; pale green 
mica alteration; 3% sulfide ratio cp : py : 
bn = 4 : 6 : 0,  10 % qtz vein ratio A : AB : 
B : C : D = 4 : 3 : 3 : 0 : 0, Actinolite ± qtz 
vein cut by A veins 

Elang ARM-EL-03D NA Diorite 2.47 ± 0.17 - - Syn-porphyry mineralization; illite - 
chlorite alteration; 1% sufide ratio cp : py 
: bn = 3 : 7 : 0; 3 % qtz vein ratio A : AB : 
B : C : D = 2 : 1 : 4 : 0 : 3 

Elang ARM-EL-
04D/100.70 

NA Echo tonalite 2.38 ± 0.18 - - Syn-porphyry mineralization; illite-
chlorite alteration; trace sulfide < 0.2 % 
ratio cp :py : bn = 0 : 10 : 0; quartz veins < 
0.3 % ratio A : AB : B : C : D = 0 : 0 : 2 : 
0 : 8 

Elang ARM-EL-
05D/415.70 

NA Dacite porphyry 2.1 ± 0.11 - - Post-mineralization; chlorite - illite 
alteration 

All ages are quoted in Ma ± 2σ.  Abbreviations: Au = gold, Ag = silver, bn = bornite, cp = chalcopyrite, HSE = high-sulfidation epithermal, LSE = low-sulfidation epithermal, py = pyrite, qtz = 
quartz, EDM = early dark micaceous veins (EDM) of Meyer (1965), Brimhall (1977), and Gustafson and Quiroga (1995), magnetite veins (M) of Clark and Arancibia (1996); Sillitoe (2000), A, B 
and D veins of Gustafson and Hunt (1975), chalcopyrite veins (C) of Dilles and Einaudi (1992), and quartz - enargite veins (E) and tennantite - tetrahedrite veins (TES) of Masterman et al. (2005)..  
NA = data not available. 
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Appendix 4:  

Appendix A2. List of significant epithermal and porphyry deposits with resources along the Sunda-Banda magmatic Arc. 

Deposit / Prospect 
Deposit 
Type 

Region/Island 
Tonnage 

(mt) 

Grade Contained Metals 
References  Au 

(g/t) 
Ag 

(g/t) 
Cu 

(%) 
Au  
(t) 

Ag 
(t) 

Cu 
(mt) 

Abong SHG North Sumatra 8.49 1.49 10.7 - 12.65 90.81 - Barisan Gold Cooperation, 2012, 2014 

Arinem ISE West Java 2.00 5.70 41.5 - 11.40 83.00 - Yuningsih et al., 2012 

Balimbing LSE West Sumatra NA - - - 0.49 0.30 - Van Bemmelen, 1949 

Batu Hijau PCG Sumbawa 1,640.00 0.35 - 0.44 574 - 7.22 Clode et al., 2005 

Beutong PCG North Sumatra 505.00 0.13 1.21 0.47 66.19 612.18 2.37 Tigers Realm Group, 2014 

Cibaliung LSE West Java 1.30 10.42 60.79 - 13.55 79.03 - Harijoko et. al., 2007 

Cikondang ISE West Java 0.70 10.90 - - 8.00 - - Marcoux and Milesi, 1994 

Cikidang LSE West Java 0.20 14.30 79.90 - 2.86 15.98 - Rosana and Matsueda, 2002 

Cirotan LSE West Java 0.97 6.02 148.30 - 5.84 143.89 - Milési et al., 1994; Wagner et al., 2005. 

Dairi SHX North Sumatra 11.05 - 7.50 - - 82.88 - PT BMR Tbk., 2011 

Elang PCG Sumbawa 2,267.00 0.46 1.0 0.36 1,042.82 2,267.13 8.16 Huspeni, 2012 

Gunung Arum ISE West Sumatra NA - - - 0.90 106.00 - Van Bemmelen, 1949 

Kerta, Cisadang LSE West Java 247.69 0.43 - - 106.51 - - Lubis et al., 2012; Sutami, 2016 

Lebong Donok LSE Bengkulu, Sumatra 2.90 14.30 79 - 41.47 229.10 - Kavalieris, 1988; Henley and Etheridge, 
1995 

Lebong Simpang LSE Bengkulu, Sumatra NA - - - 0.5 0.30 - Van Bemmelen, 1949 

Lebong Sulit LSE Bengkulu, Sumatra NA - - - 6.81 10.30 - Van Bemmelen, 1949 

Lebong Tandai ISE Bengkulu, Sumatra 2.80 15.60 175 - 43.68 490.00 - Jobson (1994); SCG Plc., 2009 

Mangani LSE West Sumatra 0.90 6.50 265 - 5.85 238.50 - Kieft and Oen, 1974; Kavalieris et al., 1987 

Martabe HSE North Sumatra 190.00 1.20 11.0 - 230.17 2,177.24 - G-Resources Group Ltd., 2015 

Miwah HSE North Sumatra 103.90 0.94 2.68 - 97.67 278.45 - Centurion Minerals Pty Ltd., 2011 
East Asia Minerals Co., 2011 

Ojolali, Bukit Jambi LSE South Sumatra 6.50 0.80 4.80 - 5.44 31.20 - Finders Resources Ltd., 2014 

Pangulir ISE Sumbawa 21.86 0.66 16.90 - 14.43 369.43 - SRK, 2012 in Dahlius et.al., 2012 

Pongkor LSE West Java 6.90 17.1 154.30 - 103.22 929.16 - Basuki et. al., 1994 

Pelangan-Mencanggah HSE / ISE Lombok 11.78 1.52 4.80 - 17.94 56.64 - Southern Arc Mineral, 2013 

Rawas/Tembang LSE South Sumatra 7.20 2.10 27.00 - 14.87 194.61 - Sumatra Copper Gold Plc., 2015 

Salida LSE West Sumatra NA - - - 3.00 97.99 - Van Bemmelen, 1949 
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Deposit / Prospect 
Deposit 
Type 

Region/Island 
Tonnage 

(mt) 

Grade Contained Metals 
References  Au 

(g/t) 
Ag 

(g/t) 
Cu 

(%) 
Au  
(t) 

Ag 
(t) 

Cu 
(mt) 

Selodong PCG Lombok 66.75 0.43 - 0.27 28.70 - 0.18 Southern Arc Mineral, 2013 

Selogiri PCG Central Java 81.56 0.38 - 0.11 31.00 - 0.09 Augur Resources, 2016 

Sihayo SHG North Sumatra 16.90 2.60 - - 44.32 - - Sihayo Gold Ltd. Annual Report, 2013 

Soripesa ISE Sumbawa NA - - - 1.00 - - Carlile and Mitchell, 1994 

Tambang Sawah LSE Bengkulu, Sumatra NA - - - 2.33 181.00 - Van Bemmelen, 1949 

Tangse PCG North Sumatra 600.00 - - 0.30 - - 1.80 Van Leeuwen et.al., 1987; EAM Corp., 
2007  

Tengkereng (Upper) PCG North Sumatra 276.00 0.63 0.43 - 173.88 118.68 - Hamid et.al., 2014 

Tumpang Pitu Oxide HSE East Java 99.25 0.80 24.80 - 79.40 2,461.40 - PT Merdeka Copper Gold Tbk, 2016 
 

Tumpang Pitu Porphyry PCG East Java 1,900.00 0.45 - 0.45 855.00 - 8.55 Intrepid Mine Ltd, 2012 
 

Way Linggo LSE South Sumatra 1.60 7.89 14.60 - 12.33 108.55 - Kingrose Mining Ltd., 2012 

Woyla LSE North Sumatra NA - - - 62.20 - - Tigers Realm Group, 2014 

Abbreviations: 
LSE = low sulfidation epithermal, ISE = intermediate sulfidation epithermal, HSE = high sulfidation epithermal, PCG = porphyry copper gold, SHG = sediment hosted gold, SHX = 
sedimentary exhalative, NA = data not available, mt = million tonnes, t = tonnes  
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