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Abstract

The eastern Sunda arc is one of the most prospective Cu-Au magmatic belts in the
world with four world class copper-gold porphyry deposits: Batu Hijau (1.64 Gt at 0.44%
Cu, 0.35 g/t Au), Elang (2.42 Gt at 0.31% Cu, 0.33 g/t Au), Tumpangpitu (1.90 Gt at 0.45%

Cu, 0.45 g/t Au ) and Hu'u (1.70 Gt at 0.89% Cu, 0.49 g/t Au).

Magmatism along the belt spans the late Oligocene to Pliocene, with the majority of
giant porphyry systems forming in the last 5 m.y. New geochronology confirms a consistent
east-younging in central and eastern Java from Trenggalek (~15 Ma) through Salakan
(~8.5 Ma) and Jember (~7 Ma), to the pre-mineralization phases (~6.5 Ma) and syn-
mineralization phases (~4 Ma) at Tumpangpitu. ). New ages on Lombok show a westward
younging in SW Lombok from Kuta, Plambik and Lembar in the east (20-17.5 Ma) through
Songkang (~10-8 Ma), Selodong (~7.5 Ma) and Brambang (~7 Ma). On Sumbawa, there is a
general younging from west to east from Nangka (~6.5 Ma), Naga Emas (~5 and 3.5 Ma) to
Batu Hijau (~4.5-3.5 Ma) and the Elang district (~3.0 to 2.5 Ma). Middle-Micoene
intrusions on Lombok (Lembar, Plambik, Kuta) were previously unknown, and extend the

limit of Middle-Miocene magmatism to Lombok.

All mid-Miocene and younger (< 15 Ma) intrusions in the eastern Sunda arc have a
prospective zircon Eu/Eu* and Ce/Ce* signature related to high water content and
oxidation state. These signatures are similar for all intrusions of this age, and do not
significantly vary based on the known metal endowment. All Oligocene to mid-Miocene
intrusions (> 15 Ma) have zircon Eu/Eu* and Ce/Ce* signature consistent with drier and

less oxidized magmas that are less conducive to economic porphyry mineralization. The



pronounced change in zircon prospectivity signatures at approximately ~15 Ma likely
marks a significant change in arc-scale geodynamics possibly related to initiation of
subduction of the Roo Rise and demonstrates the potential of zircon as a regional
discriminatory tool for evaluation of porphyry systems within the eastern Sunda arc. All
east Java to Sumbawa sites have zircon Hf isotopes (average eHf(t) ~14.5) with a very
depleted or juvenile melt source signature with minimal input from older lithosphere. This
signature is in strong contrast to west Java, low-sulfidation epithermal-dominated regions

that show strong crustal contamination negative eHf(t) signatures.

Apatite textures and compositions are incredibly diverse. Elevated values of Cl and S
in magmatic apatite have potential to be useful indicators for eastern Sunda arc porphyry
prospectivity; however, those signatures are not ubiquitous to large, mineralized porphyry
Cu-Au deposits within the region. Trace elements of both magmatic and hydrothermal
apatites do not show systematic or consistent changes between strongly and poorly
mineralized porphyry systems. Within the eastern Sunda arc, hydrothermal apatite
compositions are strongly tied to primary magmatic composition, and are influenced, but

not entirely a result of, hydrothermal fluid characteristics.

The majority of BSE-zoned rutile grains with high-W are associated with <5 Ma
world-class porphyry deposits at Elang, Batu Hijau, and Tumpangpitu. There is a transition
from prevalent high-W, zoned rutile at large porphyry deposits, to low-W, unzoned rutile at
sub-economic or small porphyry systems. Within the eastern Sunda arc, W-rich zoned
rutile has the potential to be an effective proxy for porphyry-Cu mineralization, especially

pertaining to regional exploration, such as in detrital stream sediment surveys.
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Chapter 1: Introduction

1.1 - Objectives

This study was completed as part of Amira Global project P1202 “Far-field and near-
mine footprints” sponsored by 14 mining and exploration companies that include: Anglo
American, BHP, Boliden, Codelco, Fortescue, Freeport-McMoRan, Merdeka Copper Gold,
Mount Isa Mines, Newcrest Mining, Newmont, Northparkes, Rio Tinto, Teck and Vale. The
P1202 project expanded on and applied techniques developed in previous Amira Global
programs (P1153, P1060, P765A, P765) that focused on, and were successful in developing

mineral chemistry vectors within porphyry copper and epithermal environments.

The main objective of this study was to investigate magma fertility and prospectivity
indicators in zircon, apatite, titanite and rutile (Porphyry Indicator Minerals or PIMs, e.g.
Cooke et al,, 2020) from several porphyry Cu-Au deposits and prospects along the eastern
Sunda arc, Indonesia. The breadth of study sites within this study is unique in that it
contains systems across a full spectrum of known mineralization; from untested prospects,
through poorly endowed or sub-economic systems, to world-class deposits and their
satellites. As such, it provided an excellent opportunity to investigate PIMs, or prospectivity
indicators within a range of porphyry environments. A second objective was to contribute
to the understanding of the tectonomagmatic evolution of this arc segment using U-Pb

geochronology and zircon Hf isotopes.



1.2 - Study location

This study contains samples from 25 different localities throughout the Indonesian
islands of Java, Lombok, and Sumbawa (Fig. 1.1). They include a mix of established
exploration sites and mines with access to major roadways and proximity to cities as well
as unexplored prospects with more limited access. Location details for individual samples
are described further in Chapter 4 and sample location data and UTM co-ordinates are

listed in Appendix A.

10 km 10 km

* le si Lembar (2) : Sl 2 6.
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Figure 1.1: Sample sites within the eastern Sunda arc at central and east Java, Lombok, and Sumbawa.
Satellite image obtained from Google Earth (Image © TerraMetrics, 2023).



Chapter 2: Regional Geology

2.1 - Introduction

The Sunda-Banda arc is approximately 3,900 km in length, stretching from Sumatra
southeast through the islands of Java, Bali, Lombok, Sumbawa and continues east to the
Flores and Damar islands (Carlile and Mitchell, 1994; Setijadji et al., 2006; Maryono et al.,
2018; Fig. 2.1). The islands of Java, Lombok and Sumbawa are dominated by Oligocene to

Quaternary volcanic and magmatic complexes, associated with porphyry Cu-Au and low-,

intermediate- to high-sulfidation epithermal Ag-Au systems.

Deposit Type
®  Porphyry
A Low-sulfidation epithermal

¥ 5 /. High-suffidation epithermal
l"\ Luconia Block b \ 4 e [ Sediment-hosted

N Rt Skam
VMS
Eastern Sunda Are

Sunda Land

Kelian - &

Mount, .
Muger' s

BASEMENT TYPE
[+ o« IslandAre Crust
7 Luconia Block

1237 Australian Continent

~ Indian Oceanic Crust
Sunda Land %
AmAses ’ Australian Continent
v Active Subduction Zone

Roo Rise

(>4
WOSR

Figure 2.1: Distribution of major porphyry and epithermal deposits and prospects and tectonic features of
the Sunda-Banda arc. The eastern Sunda arc (Java to Sumbawa) is highlighted in white. From Maryono et al.
(2018).

2.2 - Regional setting

The eastern Sunda arc is one of the most prospective Cu-Au magmatic belts in the

world (Maryono et al., 2018) with four world class copper-gold porphyry deposits: Batu



Hijau (19.9 Moz Au; 19.6 Blbs Cu; Clode et al., 1999), Elang (25.4 Moz Au; 16.3 Blbs Cu;
Newmont, 2012), Tumpangpitu (29.9 Moz Au; 19 Blbs Cu; Intrepid Mines Ltd., 2012), and
Hu'u (27 Moz Au; 30 Blbs Cu; Burrows et al., 2020) comprising the main Cu-Au resources
within the region. West Java is host to several low-sulfidation epithermal and porphyry Au
systems whereas east Java, Lombok, and Sumbawa are dominated by porphyry Cu-Au
systems, a feature which has been attributed to differences in the underlying crust

(Setijadji et al., 2006; Setijadji and Maryono, 2012).

The eastern Sunda arc (Java to Sumbawa) contains predominantly four east-west
parallel magmatic belts of Paleocene to Eocene, Oligocene to Early Miocene, Late Miocene
to Pliocene and Quaternary ages (Carlile and Mitchell, 1994; Garwin, 2000; Setijadji et al.,
2006; Maryono et al., 2018; Fig. 2.2). The western portion of the eastern Sunda arc (west
Java) developed on Sundaland continental crust, with the eastern portion on thinner
oceanic crust (east Java to Sumbawa; Carlile and Mitchell, 1994; Hall, 2002; Setijadji et al.,
2006). The magmatic belts cross the boundary between continental and oceanic crust
basement, with central and east Java likely built on crust of a transitional character
(Garwin, 2000). Smyth et al. (2007) found inherited Archean-Cenozoic zircons in Cenozoic
rocks of east Java. Until recently, Cretaceous basement was thought to be restricted to
western Java; however, Cretaceous zircons have been identified in samples from the
Tanjung Jahe diatreme at Tujuh Bukit, suggesting that continental crust extends further

east than previously thought (Harrison, 2017).

Subduction along the eastern Sunda arc is steeply north-dipping approximately 50

to 70 degrees, in contrast to shallower and oblique subduction within other sections of the



Sunda-Banda arc (Garwin, 2000; Garwin et al., 2005). The Roo Rise, an oceanic plateau
constructed on Early Cretaceous oceanic crust, is inferred to have begun colliding in the
Miocene-Pliocene (Garwin, 2002; Garwin et al., 2005). The arc contains a series of NE-
trending transform faults coincident with the boundaries of the Roo Rise, which have been
interpreted to be a result of subduction of this thickened oceanic crust (Garwin et al., 2005;

Setijadji et al., 2006; Hall, 2009).
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Figure 2.2: Digital elevation map (SRTM) of the eastern Sunda arc with epithermal Au and porphyry Cu-Au
occurrences within remnant volcanic centres of Paleocene-Eocene, Oligocene-Miocene and Late Miocene-
Pliocene age (Hamilton, 1979; Carlile and Mitchell, 1994; Hall, 2002; Setijadji et al., 2006). From Maryono et
al.,, 2018.

Within the eastern Sunda arc, detailed studies of deposit geology, alteration, and
mineralization have largely focused on Batu Hijau (Meldrum et al., 1994; Maula and Levet,
1996; Ali, 1997; Clode et al., 1999; Garwin 2000, 2002; Arif and Baker, 2004; Idrus et al.,

2007; Fiorentini and Garwin, 2010; Large et al., 2020; Schirra et al., 2022). Publications are



limited for Tumpangpitu (Norris, 2011; Maryono et al., 2013; Harrison, 2017; Harrison et
al,, 2018), Elang (Maula and Levet, 1996; Maryono et al., 2005; Hoschke, 2012), Selogiri
(Imai et al,, 2007; Warmada et al., 2007; Sutarto et al.,, 2016), and Brambang (Maryono et
al., unpub. report, 2013). Maryono et al. (2018) provides comprehensive descriptions of
geology, alteration, geochronology and mineralization characteristics of Batu Hijau, Elang,
Tumpangpitu, Brambang, Selodong and other significant porphyry Cu-Au systems
throughout the eastern Sunda arc. Consequently they will not be discussed in detail here,

with only key features highlighted.

The eastern Sunda arc mainly consists of Cenozoic low-K calc-alkaline andesitic
volcanics and interbedded volcaniclastic rocks with minor clastic and carbonate
sedimentary rocks that extend from Java to Sumbawa (Meldrum et al., 1994; Suratno, 1995;
Maula and Levet, 1996; Garwin, 2000; Setijadji et al., 2006). In general, intrusive rocks

young to the east, from Eocene to Pliocene (Maryono et al.,, 2018).

The eastern Sunda arc islands of Java, Lombok and Sumbawa are host to numerous
variably endowed porphyry systems. These deposits and prospects share a number of
characteristics, including association with remnant Miocene volcanic centres, low- to
moderate-K calc-alkaline magmas, pre-mineralization equigranular felsic batholiths,
formation in clusters at intersections of major structural corridors, Neogene magmatism
associated with porphyry Cu-Au style mineralization, and the occurrence of low-,
intermediate-, and high-sulfidation epithermal style mineralization (Meldrum et al., 1994;
Garwin, 2000; Maryono et al., 2005, 2018; Harrison et al., 2018). These porphyry-

epithermal districts are mainly hosted within andesitic volcanic complexes that comprise



the majority of exposed rock throughout the region. Mineralized porphyry systems within
the Sunda arc consist of multiphase intrusive complexes, often occurring as clusters within

districts and vary in scale from 0.16 to 0.64 km? (Maryono et al., 2018).

In broad terms, pre-mineralization intrusive units are generally Miocene in age and
consist of microdiorites, diorites, or quartz diorites, often exhibiting low K20 contents less
than 0.8 wt. % (Meldrum et al., 1994; Clode et al., 1999; Maryono et al., 2005, 2018). These
pre-mineralization intrusions generally form a large footprint of several square kilometers,
for example the diorite at Tujuh Bukit that exceeds 10 km? in lateral extent at depth
(Harrison, 2017). The units intrude the volcanic-sedimentary rock assemblages often

within remnant volcanic-plutonic centres.

The mineralizing intrusive complexes generally consist of two to five phases such as
those that have been well documented at Tumpangpitu (Harrison and Maryono, 2012;
Harrison, 2017), Selodong (Rompo et al.,, 2012), Brambang (Maryono et al., 2013, 2018),
Batu Hijau (Clode et al., 1999; Garwin, 2002; Maryono et al., 2018), and Elang (Maryono et
al,, 2005). The causative intrusions are generally quartz diorite to tonalite and dominated
by plagioclase (>50 vol. %) and quartz (10-20 vol. %). These mineralized complexes are
largely elongate and generally follow regional NW-trending structures, 200 m to 1,200 m in
diameter with > 1 km vertical extent and comprise the cores of the Au-Cu porphyry

orebodies (Maryono et al., 2018).

Several of the deposits host late, post-mineralization diatreme breccias that
intersect porphyry mineralization. Diatreme breccias have been mapped at Elang

(Maryono et al., 2005), Batu Hijau (Clode et al., 1999; Priowasono and Maryono, 2000),



Brambang and Selodong (Maryono et al., 2013), Tujuh Bukit (Harrison and Maryono, 2012;
Harrison, 2017), Trenggalek (Arc Exploration Ltd, 2013), and Selogiri (Warmada et al.,
2007). Diatremes within the region are often contain andesitic magma and occur as cone-
shaped circular bodies with varying sizes, from 0.15 km? at Brambang to 7.0 km? at Tujuh
Bukit (Maryono et al., 2013; Harrison, 2017). These diatremes generally post-date
porphyry mineralization, but can host late-stage epithermal alteration, as at Tujuh Bukit.
Tujuh Bukit is unique as it also contains a pre-mineralization diatreme breccia at Tanjung

Jahe (Harrison, 2017).

Limited information is available for other smaller systems and prospects within the
study region. There are minor, poorly endowed porphyry, low- and high-sulfidation
systems in Java at Trenggalek, Tulungagung and Jember; Lombok at Songkang, Kuta,
Plambik, and Lembar; and Sumbawa at Nangka, Naga Emas, Gerbang and Sepekat.
Trenggalek district consists of a series of epithermal and porphyry Cu prospects, including
Singgahan, Jerambah, Kali Petang, and Kebo Gemulung (PT Sumber Mineral Nusantara,
2019). Tulungagung contains a poorly-endowed porphyry/HSE system at Sinawang (Arc
Exploration, 2013). Jember and Lombok prospects (Songkang, Kuta, Plambik, Lembar) have
no mapping or detailed studies, but are samples from prospective, mineralized tonalite and
quartz diorite outcrops. Sumbawa sites (Nangka, Naga Emas, Gerbang and Sepekat) are
peripheral to deposits at Batu Hijau and Elang deposits, respectively, but have no formal
studies or company reports available. Despite this, these prospects share similar geology

and alteration features to the well-endowed systems mentioned previously.



Chapter 3: Methodology

3.1 Sample collection

Sampling within Indonesia was completed over the northern hemisphere summer of
2020, with various delays and complexities due to COVID-19 lockdowns within the region.
PT Amman Mineral provided twenty-four samples from Sumbawa within the Batu Hijau
district (Batu Hijau, Nangka, and Naga Emas) and Elang district (Elang, Gerbang, and
Sepekat). Merdeka Copper Gold provided twenty samples from the Tujuh Bukit district in
Eastern Java (Tumpangpitu and Salakan). PT ]. Resources collected 29 samples from
Brambang, Selodong, Songkang, Plambik, Kuta, and Lembar prospects on Lombok and 25
samples from Eastern Java sites, including Selogiri, Tulungagung, Trenggalek, Pacitan,
Ponorogo, Malang, and Jember. In total, 97 samples were collected throughout Java,
Lombok, and Sumbawa from 29 different deposits and prospects (Fig. 3.1). Fifty-seven
samples are from drill-core and 40 samples are rock chip samples from outcrop or open-pit

walls.

The objectives of sampling were to collect samples representative of magmatic
minerals including zircon, apatite, and titanite as well as hydrothermal rutile rather than

focusing on representative mineralization of the respective sites.

3.2 Whole-rock geochemistry

A total of 97 samples were analysed for their major and trace element whole-rock

compositions. Sample sites are shown in Figure 3.1 and data provided in Appendix A. All
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Figure 3.1: Sample sites within the eastern Sunda arc at central and east Java, Lombok, and Sumbawa.
Satellite image obtained from Google Earth (Image © TerraMetrics, 2023).

samples selected for whole rock geochemistry are fragments of larger samples, the
remainder of which was retained for petrographic analysis and mineral separation. Whole
rock geochemical analyses were completed at ALS Canada Laboratories in Thunder Bay,
Ontario, Canada. Samples were prepared for analysis by being weighed, dried, and crushed
to 70% under 2 mm. Up to 250 g of the sample was then split and pulverized to 85%
through a 75 pm mesh. Loss on ignition (LOI) was calculated from changes in sample
weight before and after heating to 1,000°C. Major element oxides SiOz, Al203, Fe203, CaO,
MgO, Naz0, K20, Cr203, TiO2, MnO, P20s, SrO and BaO (ME-ICP06) and trace elements Ba, Ce,
Cr, Cs, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W,
Y, Yb, and Zr were analysed using lithium borate fusion package ME-ICP06/ME-MS81.
Samples were prepared for analysis by taking 0.20 g of each sample and mixed with 0.90 g

of a lithium borate flux and fusing at 1000°C. The melt was dissolved in a 100 mL aqueous
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solution of 2% hydrochloric acid and 4% nitric acid. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was used to determine major element oxide
concentrations and inductively coupled plasma mass spectrometry (ICP-MS) for trace and
rare earth elements (REEs). During both major and trace element analysis reagent blanks,
verification standards, and calibration standards were included in the sample sequence.
Values for standards SY-4, OREAS 146, and AMIS0167 were less than 5% of reference
values, often less than 2%. Other trace elements including chalcophile elements (As, Bi, Hg,
In, Re, Sb, Se, Te, Tl, Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Zn) were analysed by aqua regia
digestion with ICP-MS. Total sulphur and carbon concentrations were obtained by taking a
0.01 to 0.1 g portion of each sample and heating to approximately 1350°C in an induction
furnace while oxygen was being passed through the sample. A Leco analyser was used to
determine the amount of sulphur dioxide and carbon dioxide being released from each

sample.

3.3 - Mineral separation

Samples were crushed at Lakehead University with a SPEX ShatterBox using a
tungsten carbide grinding container. Approximately 1 kg samples were repeatedly sieved
and crushed to a grain size passing a 250 micron mesh. Heavy mineral separations were
performed at the Centre of Excellence in Ore Deposits (CODES), University of Tasmania,
Australia. Heavy minerals were separated using a gold pan and magnetic minerals
separated using a Fe-B-Nd magnet. The final concentrated fractions were placed on double-
sided sticky tape and epoxy glue was then poured into a 2.5 cm diameter mould on top of

the grains. Between two and four ~3 x 10 mm sample concentrations were mounted in
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each epoxy puck. The mount was dried for 12 hours and polished using silica carbide
sandpaper and a 0.3 micron alumina polishing lap. The sample mounts were then washed

in distilled water in an ultrasonic bath.

3.4 - Advanced mineral identification and characterization system (AMICS)

All sample mounts were analysed at the Central Science laboratory, University of
Tasmania, Australia using their FEI MLA 650 ESEM equipped with Bruker AMICS software
package. The AMICS consists of fully automated energy-dispersive X-ray spectroscopy
(EDS) that maps grain composition and matches with a database of over 2,000 mineral

phases.

3.5 - Scanning electron microscopy (SEM) and imaging

Scanning electron microscopy was used for the acquisition of backscatter electron
(BSE) and cathodoluminescence (CL) images and was conducted at the Central Science
laboratory (CSL), University of Tasmania. All grains analysed in the study were BSE or CL
imaged prior to analysis. Scanning electron microscopy work was conducted on polished
blocks of mounted heavy mineral separates. A Hitachi SU-70 analytical field emission SEM
was used for apatite imaging, equipped with a Gatan ChromaCL2 colour
cathodoluminescence imaging system for simultaneous acquisition of SE, iBSE, and colour
CL images for apatite grains. The Hitachi SU-70 had a beam current and accelerating
voltage of 3 + 0.3 nA and 20 kV, respectively. A FEI MLA 650 ESEM, equipped with a Gatan
PanaCLF panchromatic CL detector was used for zircon CL imaging, and had a beam

current and accelerating voltage of 2 + 0.3 nA and 20 kV, respectively. Rutile and titanite

12



BSE imaging was acquired simultaneous with microprobe analysis on a JEOL JXA-8530F

Plus field emission electron microprobe.

3.6 - Electron microprobe analysis (EMPA)

Electron microprobe analysis data for apatite, titanite, and rutile are presented in
this study. All compositional analyses were acquired on a JEOL JXA-8530F Plus field
emission electron microprobe equipped with 5 wavelength dispersive spectrometers at the
Central Science Laboratory, University of Tasmania, Australia. EDS spectra were acquired
and processed using a Thermo Pathfinder Pinnacle EDS system equipped with an UltraDry

Extreme 30 mm? solid state detector.

3.6.1 - Apatite

Electron microprobe analyses of apatite were carried out with an accelerating
voltage of 15 kV, a beam current of 10 nA, and a beam size of 10 um. Apatites were
analysed for Si, Al, La, Ce, Nd, Fe, Mn, Mg, Ca, Sr, Na, K, P, S, As, Cl, and F. Durango apatite
(McDowell et al.,, 2005) was analysed and a commercial apatite standard used for Ca and P

calibration (Fluor-Apatite P&H Developments, UK).

3.6.2 - Titanite

Electron microprobe analyses of titanite were carried out with an accelerating
voltage of 20 kV, a beam current of 200 nA, and a beam size of 5 um. Titanites were
analysed for Si, Ca, Ti, Na, Mg, Al, V, Cr, Mn, Fe, Sr, Y, Zr, Nb, La, Ce, Nd, Sm, Gd, Dy, Er, Yb,

and F. Five standards were analysed: Titanite OLT1(Kennedy et al., 2010), Titanite YILT,
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synthetic titanite from Memorial University, synthetic rutile from P&H Developments, UK;

and Natural Wollastonite CaSiOs3, University of Tasmania.

3.6.3 — Rutile

Electron microprobe analyses of rutile were carried out with an accelerating voltage
of 20 kV, a beam current of 200 nA, and a beam size of 2 um. Rutile were analysed for Al, Si,
Ca,V, Cr, Mn, Fe, Cu, Zr, Nb, Mo, Sn, Ta, W, and Ti. Two standards were analysed: synthetic

rutile from Geo Block MKII, P&H Developments, UK and Rutile R632 (Axelsson et al., 2018).

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

Zircon, apatite, titanite, and rutile trace element compositions were determined by
LA-ICP-MS at the CODES Analytical Laboratories, University of Tasmania, Australia. The
analyses were performed with an Applied Spectra/ASI RESOLution S-155 ablation system
with ATL ATLEX ArF excimer laser operating at a 193 nm wavelength and a pulse width of
5 ns. The laser system was coupled to an Agilent 7900 quadrupole ICP-MS. Ablation was
performed in He atmosphere using carrier gas flow at a rate of 0.35 litres/minute which
was mixed with Ar flowing at 1.05 litres/minute and N2 flowing at 2.5 ml/minute which
carried ablated particles to the plasma torch. The analysis time for all minerals and samples
was 90s, with the initial 30s to measure gas background with laser turned off and
remaining 60s of signal analysis with the laser switched on. Spot sizes used ranged
between 20 and 30 um with laser frequency of 5 Hz. For zircon, apatite and titanite laser
beam fluence of 2.1 ] /cm? was used, while for rutile 5 ] /cm? was used (Jenkins et al., 2023).
Isotopes measured for zircon included 31P, 4°Ti, 56Fe, 89Y, 91Zr, 93Nb, 139La, 140Ce, 141Pr, 146Nd,

147§, 153Ky, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 202Hg, 204Ph,
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206pp, 207Pb, 208Ph, 232Th, 235U and 238U with each element being measured every ~0.25
seconds. Isotopes measured for apatites included 23Na, 31P, 43Ca, 1V, >6Fe, 88Sr, 139La, 140Ce,
141Pr, 146N, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 202Hg, 204Pb,
206Pp, 207Ph, 208Ph, 232Th, 235U and 238U with each element being measured every ~0.22
seconds. Isotopes measured for titanite included 27Al, 2°Sj, 43Ca, 4°Ti, >>Mn, >¢Fe, 89Y, 9Zr,
93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb,
175Lu, 178Hf;, 181Tq, 202Hg, 204P}, 206Ph, 207Ph, 208P, 232Th, 235U and 238U with each element
being measured every ~0.24 seconds. Isotopes measured for rutile included 24Mg, 27Al, 295,
43(Ca, 49Tj, 51V, 55Mn, 57Fe, 89Y, 99Zr, 93Nb, 118Sn, 140Ce, 146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 166Er,
172Yh, 178Hf, 181Ta, 182\, 202Hg, 204Ph, 206Ph, 207Pb, 208Ph, 232Th, 235U and 238U with each
element being measured every ~0.24 seconds. Longer counting time was used on the U
and Pb isotopes compared to the other elements. Trace element abundances are calibrated
on the NIST610 glass using values of Jochum et al. 2011, using secondary standard
corrections based on the compositions of glasses BCR-2G and GSD-1G (GeoReM preferred
values; http://georem.mpch-mainz.gwdg.de/). Quantification was performed using 1Zr
(zircon), 43Ca (apatite and titanite) and #°Ti (rutile) as the internal standard elements,
normalizing all measured cations to stoichiometric proportions. The standards were run at
the beginning and end of each LA-ICP-MS session as well as hourly intervals during
analysis. Up to approximately 30 spots were analysed in each sample (dependent on
number of grains within each sample), with one laser spot per grain. The laser data was
processed using the LADR software package (Norris Scientific). Data reduction was done by
visually inspecting each analysis spectrum and screening out large variations or inclusions

in the trace element chemistry to be not included in data integration.
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3.8 - Rutile laser ablation inductively coupled plasma mass spectrometry imaging

Rutile imaging was carried out using the same instrument setup as was used for
spot analyses. Whole area of the grain was covered by a raster of parallel lines. Due to
relatively small grain size 4 um square laser beam was used with 4 pum/sec rastering speed
along the lines. Because of small spot size the list of measured masses had to be shortened.
For imaging method following masses were measured: 24Mg, 27Al, 29Si, 43Ca, 49Ti, 51V,
53Cr, 55Mn, 57Fe, 89Y, 90Zr, 93Nb, 118Sn, 178Hf, 181Ta, 182W and 238U. Total sweep
time was equal to 0.24 second. Ablation was carried out using laser frequency of 10 Hz and
laser beam energy density of approximately 5 J/cm2. NIST610 was used as a primary
standard, while GSD-1G and BCR-2G were used as secondary standards all analysed with
30 um spot size and laser beam energy density of 3.5 ] /cm2. Straight nylon tubing 3 m long
was used as an interface between laser ablation system and ICPMS. LADR software was
used to determine cps/ppm conversion factors with final processing done with in-house

developed python script.

3.9 — Uranium-lead geochronology

Uranium-Pb ages for zircon, apatite, titanite, and rutile samples were determined by
LA-ICP-MS at the CODES Analytical Laboratories, University of Tasmania. Uranium and Pb
isotopes were collected at the same time as the trace element geochemistry described in

section 3.7.

The downhole fractionation, instrument drift and mass bias correction factors for
Pb/U ratios were calculated using analyses of the 91500 zircon (Wiendenbeck et al, 1995)

for zircon, 0D306 apatite (Thompson et al, 2016) for apatite, 19686 titanite (in-house,
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unpublished) for titanite and TB-1 rutile (Jenkins et al., 2023) for rutile. The instrument
drift and mass bias correction factors for the 207Pb /206Ph ratio and 207Pb /206Pb-based ages
were calculated using analyses of the NIST610 glass, using the Pb isotopic values of Baker
et al. (2004). For each analysis, a subset of the data most closely matching a concordant

composition have been selected for quantification.

Concordia diagrams of 207Pb /206Pb vs. 238( /206PD, regression intercepts and
weighted averages were calculated with Isoplot (Ludwig, 2003). Ages presented in this
study are weighted mean average of 206Pb /238U, Full geochronology data are presented in
Appendix B. Plesovice (Slama et al. 2008) and Temora (Black et al, 2003) zircon standards
were used as check standards for zircon analyses; 401 apatite (Thompson et al, 2016),
Durango (McDowell et al, 2005), and McClure (Schoene and Bowring, 2006) apatites were
used for apatite analyses; 100606 (Best, 2012), FC-3 (Schmitz and Bowring, 2001), Mt
Dromedary (Schoene et al, 2006) titanites were used for titanite analyses; R10 and R19
rutiles (Luvizotto et al, 2009) were used for rutile analyses. Check standards were analysed
throughout the analytical session and treated as unknowns. Age standards, reference ages,

and reproduced standard ages are provided in Appendix G.

3.10 - Hafnium isotopes

Hafnium isotopic ratios of zircon were measured by LA-MC-ICP-MS at the Pacific
Centre for Isotopic and Geochemical Research, Vancouver, Canada. An NWR193UC laser
ablation system was coupled to a Nu Plasma MC-ICP-MS for data collection. The Nu Plasma
instrument allows for simultaneous collection of Lu, Yb, and Hf masses (171, 173, 175, 176,

177,178,179, and 180) allowing for Lu and Yb interference corrections on mass 176 and
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mass-bias exponential corrections. Ablation spots ranged from 25 to 50 um in diameter.
Standards used for analyses include 91500 (Wiendenbeck et al., 1995), FC-1 (Coyner et al
2004), Plesovice (Slama et al., 2008), and Temora (Black et al., 2003). The laser data was
processed using lolite. Data reduction was done by visually inspecting each analysis
spectrum and screening out large variations or inclusions in the trace element chemistry

which were not included in data integration.

")
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Chapter 4: Sample and site descriptions

This chapter aims to characterize samples within each prospect and deposit
included in this study. The descriptions are based on field observations and hand samples,
as well as comparison with local geology maps, where available. Detail at each site varies
greatly due to variations in the amount of previous work done. This chapter lists each of
the 29 study sites from West to East, through Java, Lombok, and Sumbawa. Detailed sample

locations and information are listed in Appendix A.

4.1 - Java

Thirteen different prospects and deposits were studied from Java (Fig. 4.1). These
include Selogiri (Randu Kuning), Pacitan (Kasihan and Gemaharjo), Ponorogo (Gandusari),
Trenggalek (Jerambah, Singgahan, Kebo Gemulung, and Kali Petang), Tulungagung
(Sinawang), Malang, Jember, and Tujuh Bukit (Tumpangpitu porphyry deposit and Salakan

prospect).

* Sample location

Selogiri * .
7 samples .

Pacitan Ponorogo

Malan,
2 samples 1 sample g

Tulungagung *  2samples

Jember
4 samples

2 samples

Salakan

Jarambah Singgahan 4 samples

2 samples 3 samples

Kebo Gemulung " i
2 samples umpangpiiu
Kali Petang 16 samples

1 sample

Trenggalek District —2K™_

114°E
1

Figure 4.1: Map of sample locations within Java. Satellite image obtained from Google Earth (Image ©
TerraMetrics, 2023).
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4.1.1 - Selogiri

Seven samples were collected from the Randu Kuning porphyry prospect at Selogiri,

Java, including three from surface (SLG-01 to SLG-03) and four from drillcore (SEF-01 to

SEF-04; Fig. 4.2). Sampled lithologies consist of diorite, quartz diorite, and hornblende

diorite. Surface sample alteration is variable, with propylitic alteration in the outermost

SLG-03 sample and advanced-argillic/intermediate-argillic illite-smectite-kaolinite +

pyrophyllite-alunite assemblages in SLG-01 and SLG-02 (Fig. 4.3). Drill hole samples (SEF-

01 to SEF-04) are all diorite (* hornblende) with weak intermediate argillic alteration.

Sample information and brief descriptions are in Table 4.1 and sample photographs in

Figure 4.4.
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Figure 4.2: Geologic map of the Randu Kuning area (Selogiri). Stars indicate sample locations/drill hole

collars. Coordinates are UTM zone 49S. Modified after Sutarto et al. (2015).
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Figure 4.3: (a) Sample SLG-02 outcrop with malachite on weathered surfaces. (b-c) Strong intermediate
argillic altered hornblende diorite porphyry at SLG-02, with oxidized quartz stockwork veining. Photos
courtesy of Adi Maryono.

Ly

Figure 4.4: Photographs of Selogiri (Randu Kuning porphyry) samples. White scale bar is 1 cm.
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Table 4.1: Descriptions for samples at Selogiri, Java (Randu Kuning porphyry).

Sample Sample Drilicore Rock Type Alteration Timing Brief Description
Type ID
Porphyritic, relict plag up to 3-4mm, st alt to
y Quartz diorite  Advanced ) ilt-sme/prl, tr dck. Fg gtz dominated gm
SLG-01  Surface porphyry argillic Syn (<0.02mm), minor patchy chl, cb. Partially
oxidized, Im/hem veinlets throughout.
Porphyritic, plag phenos range in size (~0.5-
5mm), lesser hbl phenos often with diffuse
Hornblende . . . . )
SLG-02 Surface diorite Inte'rrnedlate Syn- grain boundgrles. Plag a'lt t'o ilt-sme, minor
oroh argillic dck. Patchy ilt-sme alt within fg qtz-plag gm
porphyry (~0.05mm). Oxidized, gtz-Im stockworks, mic
on weathered surfaces.
Sub-porphyritic, mostly interlocking plag
- " laths (variable, <0.5-4mm). Relict mafic
SLG-03  Surface Diorite Propylitic Post- phenos up to ~3-5mm, completely alt to chi-
mag-cb-clays, minor ep.
Porphyritic, variable sized phenos, plag (0.5-
Hornblende . 4mm), hbl (0.5-10mm) set within aphanitic
SEF-01 Drilcore  /PPO8-  jirite Intermediate g\ g gtz-plag gm. Hbl strongly poikilitic, with
9.5m argillic . .
porphyry lathy plag phenos as inclusions. Patch chl-cb
alt throughout, minor ilt, diss mag.
Sub-porphyritic, ~65% interlocking variable
) . sized plag (~0.5-2mm) with similar hbl, minor
SEF-02  Drill core WDDO08 H_orpblende Inte_rmedlate Syn- fg interstitial qtz-plag. Minor patchy cb-clay
59.5m diorite argillic L ", ’ . .
alt in interstitial fraction. Minor chl, opx, diss
mag.
Sub-porphyritic, ~0.5-2mm plag grains alt to
) WDD19 - - Intermediate ilt, diffuse boundaries within gtz dominated
SEF-03  Drill core 79m Diorite argillic Syn- vfg gm. Patchy cb/ilt-sme alt throughout.
Diss mag.
) . Equigranular, ~0.05mm, patchy plag-qtz. cb-
SEF-04  Dirill core \é\éDGI?T?B Diorite Ianrgailrﬂedlate Syn- chl throughout, lesser clays - ilt-sme. Diss

mag.

4.1.2 - Pacitan and Ponorogo

Three samples were collected from near the villages of Kasihan (PCT-01),

Gemaharjo (PCT-02), and Gandusari (PNG-01), within a region approximately 30 km north-

east of the city of Pacitan (Table 4.2; Fig. 4.5).
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Table 4.2: Descriptions for samples in the Kasihan (PCT-01), Gemaharjo (PCT-02) and Gandusari (PNG-01)

regions, Java.

Sample Sample Type %‘;:: Alteration Timing Brief Description
Advanced Volcaniclastic, variable-sized (~0.25-5mm) rounded
PCT-01  Surface Dacitic tuff o clasts of alt diorite, angular gtz and plag fragments, vfg
argillic o o
aphanitic groundmass, with ilt-sme/kin alt
Porphyritic, 2-5mm euh plag phenos, w/ mod
Andesite Advanced ilt/destructive clay AA alt. Interlocking bladed fg plag

PCT-02  Surface L
porphyry argillic

groundmass, minor qtz. Weak-mod ilt alteration
throughout.

Intermediate

PNG-01  Surface Breccia T
argillic

Monomictic mosaic breccia with interstitial qtz. Angular
fragments vary greatly in size, completely altered to
chl/ilt-sme and other clays, destroyed primary textures.
1% py, weakly oxidized.

Figure 4.5: Photographs of Kasihan (PCT-01), Gemaharjo (PCT-02) and Gandusari (PNG-01) samples. White

scale baris 1 cm.

Kasihan - PCT-01

Sample PCT-01 was collected from a strongly weathered and oxidized pit near the

village of Kasihan, Pacitan Regency, Java (Fig. 4.4). The outcrop consists of an advanced

argillic altered dacite tuff with supergene chalcocite, malachite, and azurite.
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Figure 4.6: (a) Dacite outcrop of sample PCT-01. (b) Strongly fractured dacite with chalcocite and malachite.
(c) Malachite, azurite, and iron oxide supergene mineralization. (d) Advanced argillic altered dacite with
hematite and goethite. Photos courtesy of Adi Maryono.

Gemaharjo - PCT-02

Sample PCT-02 is an advanced argillic altered andesite porphyry and was collected
from a road-side outcrop near the village of Gemaharjo, Pacitan Regency, Java,
approximately 9km to the northeast of PCT-01 (Fig. 4.7). Hosted within the andesite
outcrop and immediate area surrounding it are numerous ~10-30cm banded/cockade-

breccia low-sulphidation epithermal veins (Wiloso and Yudha, 2018).

Gandusari - PNG-01

Sample PNG-01 is an intermediate argillic altered monomictic mosaic quartz breccia

hosted in altered volcanic rocks, collected from a roadside outcrop near the village of
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Gandusari, Ponorogo Regency, Java, approximately 14 km southeast of PCT-01 and PCT-02

(Fig. 4.8).

Figure 4.7: Roadside outcrop of andesite porphyry and artisanal workings at Gemaharjo site (PCT-02) along
National Route 3, Java. Photo courtesy of Adi Maryono.

Figure 4.8: Quartz breccia in volcanic rocks, strongly silicified with sulfides and iron oxide (PNG-01). Photo
courtesy of Adi Maryono.
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4.1.3 - Trenggalek district

Seven samples were collected from the Trenggalek region of eastern Java (Fig. 4.9).
The area hosts a number of porphyry, skarn, intermediate- and high-sulfidation epithermal
prospects, with samples in this project from the Jerambah, Singgahan, Kebo Gemulung, and
Kali Petang porphyry prospects. All four prospects consist of discrete altered diorite -
quartz diorite - tonalite multiphase intrusions hosted within an assemblage of volcanic and
volcaniclastic rocks (Mandalika Formation; PT Sumber Mineral Nusantara, 2019). Sample

information, brief descriptions and sample photos are listed in Table 4.3 and Figure 4.10.
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