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Abstract

Kucing Liar is a large sediment-hosted Cu-Au mitiezea system containing some 15Moz of gold and

5Mt of copper in ~500Mt of ore. It is situated hetErtsberg Mining District in the Central Rangés o
New Guinea, in the Indonesian province of West Baphis study demonstrates that high sulphidation
ore is continuous with typical porphyry-skarn stglealcopyrite ore and that both have formed from

mixing of magmatic with meteoric waters within aneoof fault offset.

Alteration and mineralization were localised withtalcareous shale and thinly bedded limestone
adjacent to the Grasberg Igneous Complex whereaheyoned around fault offsets. Early phases of
alteration are stratiform and are juxtaposed agaiesldenberg Fault Zone, which has displaced host
stratigraphy at least 600m vertically and possiipyto ~1,500m laterally. Four principal hydrotherma
mineral associations are (1) calcic and magnediams(2) potassic assemblages including magnetite,
(3) quartz-muscovite plus anhydrite and (4) locatigssive pyrite. Cu and Au are associated with
pyrite and occur discretely either as chalcopyiteornite with an association of Cu-Au-Co (Zn-Pb) o
as covellite + enargite associated with Cu-Au (Ask8)). “’Ar/**Ar geochronology shows muscovite
(3.18 + 0.02Ma) was coeval with potassic-biotitseasblages (3.18 + 0.02Ma and 3.20 + 0.04Ma).
Calcic and magnesian skarn were derived from magrfiaids ( ®Og yp = 9-6%0), while potassic and
magnetite alteration were derived from high tempeea(>650°C), high salinity (>50wt%Nag,v.)
magmatic fluids (180F,_U,D = 6-12%0). Quartz infill crystals associated witblwminous silicification
contain a variety of fluid inclusions that rang®rfr moderate temperature &@420°C) high and
moderate salinity brines (35-55 and 15-30wt%NaGi), to low density - low salinity vapour-rich
fluid inclusions. Fluorite-hosted inclusions withwler Ty (<300°C) and salinity (~5wt%Nagyy.) are
also related to quartz alteration. Quartz alteratimuscovite and anhydrite have estimat&®s i
ranging from 0-6%.. D data from magnesian skarn suggest that the magun@e was strongly but
variably degassed during skarn formation while telting of biotite and tremoliteD data may indicate
ponding of fluids prior to exsolution, which wasepeded by monzonite dyke emplacement that were

emplaced during skarn and potassic stage alteration

Fluid infiltration was controlled by an active faudystem characterised by strike-slip deformation
overprinting a pre-existing reverse-slip fault. iBdic slip allowed infiltration of the magmatic ftis
while a complex structural offset controlled thexing of magmatic and meteoric fluids. Fluid mixing
was augmented by phase separation which gaveaideirte and vapour-rich phases that migrated
differently due to density contrasts. Ore depositieas related to mixing of magmatic and meteoric
fluids, which resulted in an increase inSHrelative to SQ causing intense sulphidation of magnetite
and precipitation of sulphides, beginning with gdith chalcopyrite-dominant mineralization. High
sulphidation covellite-style mineralization occutréy contraction of the vapour phase that had
separated from quartz-forming brines. Au, As andv8be partitioned away from the high sulphidation
copper mineralization due to higher solubilitiesttiése metals as bisulphide complexes and deposited

in distal pyrite along with chloride-complexed Ridazn.
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1 Introduction

This thesis presents the results of a research program aimed at identifying the major controls of

the porphyry-related Kucing Liar Cu-Au mineralised system. Porphyry-related mineralisation

provided over 50% of the world’s Cu production in thd' 2@ntury (Hedenquist and Richards,

1998) and these types of deposits are among the largest reservoirs of gold in the upper crust

(Kesler,et al., 2002). Economic C# Mo + Au deposits associated with porphyry magmas are

concentrated at the margins of the Pacific Rim, occurring in North and South America, while in

the southwest Pacific they are concentrated in Philippines, New Guinea and Indonesia (Figure 1-

1). Due to the economic importance of porphyry mineralisation there is a large body of literature

concerning this class of deposit. There is a wide variety of mineralisation styles associated with

porphyritic intrusions including porphyry, skarn, epithermal and mantos that are enriched to

varying degrees with Mo, Cu, Au, Ag, Pb and Zn (Figure 1-2).

Canada

Pacific Ocean

Australia

Porphyry belts of the Circum-Pacific

» !7 @P Oxidized magmatic belt:
4 Porphyry Cu+ Mo = Au

Figure 1-1 Distribution of porphyry CuxMo+Au deposits in the circum-Pacific region
Reproduced from Tosdal and Richards (2001)
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Figure 1-2 Ore deposit environments related to porphyritic intrusions
Schematic diagram showing the various forms of alteration associated with porphyry-related hydrothermal

systems (figure 2 of Tosdal and Richards, 2001).

Kucing Liar is a Cu-Au mineralised system forming part of the Ertsberg Mining District, which is
situated in the easternmost Indonesian province of Irian Jaya, now increasingly referred to as
West Papua (Figure 1-3). PT Freeport Indonesia has been operating in the Ertsberg Mining
District since 1967. Irian Jaya is part of the tectonic entity of New Guinea which includes a
number of islands to the east which make up the Melanesian Volcanic Arc (Figure 1-4). New
Guinea itself is dominated by a mountain range that extends the length of the island, commonly
reaching elevations above 4,000m, referred to as the Papuan Fold Belt, which has a characteristic
sigmoid shape from east to west and is noticeably wider in the middle of the island in the vicinity

of the Papua New Guinea Highlands.



3 Research topic, significance and setting
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Figure 1-3 Location of the Ertsberg Mining District

Shaded area of map indicates areas above 1,000m elevation. Figure supplied by PT Freeport Indonesia.

The Ertsberg Mining District possesses the world’s largest currently exploited gold resource and
third largest copper resource, with the largest contribution being the Grasberg deposit. The
Grasberg copper budget is of similar scale to the giant porphyry deposits of the southwest USA
and Chile (Cookest al., 2005). The well-studied Bingham Canyon deposit in Utah has a similar
copper inventory to Grasberg but significantly lower gold content. The deposits associated with
the New Guinea tectonic system host the largest amount of copper and gold in the western Pacific
(Garwinet al., 2005). Papua New Guinea contains a large number of gold + copper deposits that
are notably more gold-dominant than the Ertsberg mining district. At the time of data collection
for this research (1998-2000), the Kucing Liar system was estimated to include 321Mt or ore
containing 1.41% Cu and 1.41g/t Au. However, continued resource definition drilling has

confirmed a larger resource of 478Mt of ore containing 1.29%Cu and 1.14g/tAu at Kucing Liar
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(PT Freeport Indonesia, 2002 annual report). Within the district, nine major copper and/or gold
occurrences have been delineated (Table 1-1), including gold-only resources (Wanagon) as well
as copper-only resources (Lembah Tembaga) as well as other resources with variable grades and
Cu:Au ratios. While Kucing Liar is much smaller than Grasberg, at ~540t of contained gold, it
rates in the top 10 gold deposits of the world. The high coppergold grades in such large
gquantities as well as the relationship to a richly gold-endowed island arc makes Grasberg and its
related deposits unique amongst world-class porphyry copper deposits and so of particular interest
in understanding their genesis. The different deposits found in the district display distinct and
unique characteristics. Macdonald and Arnold (1994), Hedibal., (1995), and Pollard and
Taylor (2002) have described the geology, alteration and mineralisation of the Grasberg Igneous
Complex, while Mertig et al. (1994), Meinert et al. (1997) and Prendergast et al. (2005) have

described the occurrences of sedimentary-hosted mineralisation in the district.

Table 1-1 Copper and/or gold resources of the Ertsberg Mining District

Deposit Ore (t) Cu (%) Au (g/t) Copper (1) Gold (0z)
Grasberg 2,150,000,000 1.14 1.19 24,510,000 82,258,946
Kucing Liar 478,000,000 1.29 1.14 5,449,200 17,519,583
Ertsberg East Skarn System 185,000,000 1.58 0.71 2,923,000 4,223,065
Lembah Tembaga 90,000,000 1.50 na 1,350,000 Na
Big Gossan 37,349,000 2.69 1.02 1,004,688 1,224,833
Ertsberg 32,600,000 2.30 0.80 749,800 838,504
Dom 30,892,000 1.67 0.42 515,896 417,151
Wanagon 24,500,000 na 2.68 na 2,111,050
Wanagon (skarn) 2,400,000 1.94 0.95 46,560 73,305
TOTAL 3,030,741,000 36,549,144 108,666,437

Values from Harrison (2000). na=grade not available, assumed to be negligible. Note that Kucing Liar
constitutes the second largest concentration of copper and gold in the district. There are currently no other
economically viable resources in Irian Jaya outside the Ertsberg Mining District. Regional exploration
followed by intensive delineation activities conducted by PT Freeport Indonesia has identified 8Moz of gold
in the Wabu deposit associated with the Wabu Pluton, 35km to the northwest of the Ertsbherg mining district

(Sunyoto, 2000) that is currently considered subeconomic.



5 Research topic, significance and setting

1.1REGIONALAND LOCAL SETTING

1.1.1 Geology of New Guinea and the Southern Central Ranges

New Guinea lies immediately to the north of Australia and includes a number of distinct
topographic and tectonic zones. The main island is defined by a prominent mountain belt which
extends the length of the island and possesses a number of peaks with elevations over 4,000m.
The island of New Britain lies east of the New Guinea mainland while the Melanesian Volcanic
Arc lies outboard of New Britain and includes New Ireland, Buka-Bougainville and Solomon
Islands, and broadly parallels the Papuan Fold Belt (Figure 1-4). Deep sea trenches lying to the
south of New Britain and to the west of Bougainville reach depths >8,000m. A shallower trench,

3,000-4,000m deep lies outboard of the Melanesian Volcanic Arc.

Figure 1-4 Physiography of Irian Jaya and Papua New Guinea

This digital elevation image shows New Guinea’s extreme topography both above and below sea level. The
Papuan Fold Belt is shown in orange and red colours of >1,000 and reaches >4000 in many locations,
while the dark blue New Britain deep sea trench reaches depths of >8,000m. The locations of major
porphyry-related deposits are indicated (image is a partial reproduction of picture acquired from website
http://www.ngdc.noaa.gov/mga/image/2minsurface/13HI1 35E.jpgannotations added by author).
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Tectonic evolution of New Guinea

The Papuan Fold Belt is the result of collision between the Australian continental plate and the
Caroline and Pacific oceanic plates, which involved accretion of an island arc and ophiolite
emplacement (Quarles van Ufford, 1996; Sapiie et al., 1999; Warren, 2008t &lill 2002). The
Jurassic age Irian Jaya ophiolite was emplaced along the northern margin of the Papuan Fold Belt
(Figure 1-5). In Irian Jaya, the Derewo Metamorphic Belt separates accreted terranes from the
sedimentary sequence of the Central Range. While the metamorphism of the Irian Ophiolite
occurred during the Eocene (55-34Ma), metamorphism of the Derewo belt was initiated ~15Ma
later in the late Oligocene (34-24Ma) to early Miocene (24-5Ma) (Weiland, 1999). Inclusion of
metamorphic fragments in sediments of the Central Range indicates the Miocene development
and denudation of a metamorphic fold belt (Weiland, 1999), which is indicated on Figure 1-5 by
the development of a metamorphic core complex. South-directed subduction of the Caroline Plate
ended in the Miocene (Solomon, 1990) and reversal to a north dipping subducting slab (Solomon
Plate) beneath the easternmost remnants of the Caroline Island Arc (New Britain) occurred in the
Pliocene (Figure 1-5). The Marumuni Arc developed in response to collision and accretion of the
Caroline Island Arc along the northern margin of proto-New Guinea. The Pliocene magmatic arc
on the New Guinea mainland developed in conjunction with the formation of the New Guinean
Orogenic Belt (Papuan Fold Belt) (Figure 1-5). The current tectonic structure of the island
changes in character and orientation from west to east. Irian Jaya is dominated by transcurrent
faulting and stalled subduction, the middle part by transcurrent faults and slow convergence, and
the eastern part by spreading ridges and active subduction (Figure 1-6a). Current tectonic activity
is expressed by seismic activity and reveals a pattern of epicentres in which the deepest events are
concentrated in belts that parallels plate contacts, particularly the New Britain subduction
trenches, with decreasing depths westward. Only the shallowest earthquakes occur in Irian Jaya
(Sapiie et al., 1999). Porphyritic intrusions have been emplaced along the axis of the Papuan Fold
Belt (Figure 1-6b). Two temporally distinct igneous suites on the mainland were intruded during

Miocene (20-7Ma) and Plio-Pleistocene (<7Ma) times into the evolving collision environment
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and form curvilinear arcs parallel to the elongation of the island and the tectonic plate boundaries
(Figure 1-6b) (McDowelkt al., 1996). The older magmatic system is referred to as the Maramuni
Arc while the younger is simply referred to as the Pliocene Arc. Both are areally restricted but
more widespread in Papua New Guinea than in Irian Jaya (Figure 1-6b). Significant copper-gold
mineralisation is restricted to the Pliocene Arc. Intrusions related to mineralisation in Papua New
Guinea are both younger (e.g. Ok Tedi) and older (e.g. Porgera) than the age of intrusions in the
Ertsberg Mining District (Figure 1-6b). Pliocene volcanoes are dotted about the mainland and
adjacent island chains, including New Britain, Bougainville, and the Tabar-Feni chain outboard of
New Ireland. On the mainland, volcanoes are noticeably clustered about the central Highlands as
well as in lowland locations on the Papuan peninsula. Active vulcanism continues to the present
data in the islands off eastern New Guinea as evidenced by the explosion and extensive ash

deposition from volcanoes near Rabaul in 1996.

Early Miocene i | Middle Miocene
18 Ma 112 Ma

Metamorphic
core complex

: Active .
(a) Restored New Guineamargin ——— || (b) vileans LERTS
Pliocene — Present Day _j'”o’h%%h 150° o
™ 1000km 4 2 by ,\ Pacific
4 Ma A l___lr,» ¥ Plate
/ 3 v —= : A ) :
fi = Philippine S [/
Plate { s ( ( _,3\5,,,/ )‘,\\_\
l Caroline Plate '-_\ voE k \ ”
D .
(d) | T
A“trnhppmlr P“lﬁl A S
i, Flate (:.m. o2 nt\c‘ ‘=/ 1'(-[. Bmmarck Sea\\
/{1;1 2 \n\"/ - —Téd‘:%ﬂb_ P|ﬂ(l_t,j‘_/’ (J
J.Ef-.-h A Foig i Al
ageripp SR B, -
e ﬂ N \ Mobile ™ b e{{ \j /
<Y So X J Stable I S
O Belt ps Solomon Sea
i Indo-,P\l::: ian / -—Pla[’fﬂrln,v—' /N P!ate 1o
b T ‘C\'.loo:ﬂdr
‘0 O km ~ Uliramafic readin
(C) Snoreading = j - Rrgl-“ g‘;ntr:

Figure 1-5 Palimspastic reconstruction of the evolution of New Guinea
A series of sketches illustrates the most significant events in the development of New Guinea and the age at

which each event occurred. Reproduced from Figure 2 of Hill et al., (2002).
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Figure 1-6 Tectonics and igneous intrusions of New Guinea (reproduced from McDowell et al.,
1996)

(a) Current convergence of the Pacific Plate is in west-southwest direction and subduction is restricted to
eastern island arcs in the vicinity of New Britain and Bouganville. BTFZ = Bewani-Torricelli fault zone;
MFTB = Mamberamo fold and thrust belt; NBT = New Britain trench; RMFZ = Ramu-Markham fault
zone; SYFZ = Sorong-Yapen fault zone; TT = Trobriand Trough. (b) The Ertsberg mining district is

indicated by the K-Ar age determination samples labelled “Ertsberg”.
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Stratigraphy and structure of the Southern Central Ranges

Collision tectonics in Irian Jaya have produced kilometre-scale folds and bedding-parallel sinistral
strike-slip faults in the Ertsberg Mining District (Parris, 1994; Quarles van Ufford, 1996). In the
vicinity of the Ertsberg Mining District, the sedimentary strata that comprise the mountain range
are folded into a broad central syncline along the axis of the ranges. The stratigraphic sequence of
the southern half of the Central Range now tilted and exposed along the road from Timika to
Tembagapura (Pennington, 1995) reveals a sedimentary pile that was laid down discontinuously
from Cambrian to Recent times (Figure 1-7). Thicknesses of stratigraphic units are consistent
along strike (east-west) but vary across the axis (north-south) of the fold belt (Figure 1-7).
Regionally, sedimentary strata are continuous along strike for hundreds of kilometres (Figure 1-
8). The stratigraphic sequence here correlates with similar units in Papua New Guinetaa(tlill

2002). The strata in the Southern Ranges of Irian Jaya include thick sequences of mudstone,
sandstone, limestone and dolostone ranging in age from Cambrian to Tertiary (Figure 1-7).
Proterozoic pillow basalts at the base of the tectonic section are metamorphosed to lower
greenschist facies and are strongly foliated in places. Mesozoic strata in the Ertsberg Mining
District have equivalents in Papua New Guinea, but there are no Palaeozoic strata exposed in
Papua New Guinea, where Mesozoic strata are underlain by granitoids and metamorphic rocks

(Hill et al., 2002).

In Irian Jaya, the mountain range associated with the Papuan Fold Belt is referred to as the Central
Range, and the mountain-forming event is named the Central Range Orogeny (Quarles van
Ufford, 1996). The Central Range fold and thrust belt is marked at its southern margin by a thrust
fault named the Mapenduma Thrust and to the north by the Derewo Metamorphic Belt (Figure 1-
8). The southern Central Ranges is an area of tilted and folded Australian continental margin
sediments lying between two thrust faults which separate the Papuan Fold Belt from the Derewo
Metamorphic Belt to the north and flat-lying margin sediments to the south. A sharp change in
topography marks the location of the Mapenduma thrust. The Central Range between the

Mapenduma Thrust and the Derewo Metamorphic Belt is dissected by oblique faults, which
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visibly offset stratigraphy with a left-lateral sense of displacement (Figure 1-8). These arc-oblique
faults are traceable for long distances on the map and connect between the Derewo and
Mapenduma Faults (Figure 1-8). They are accompanied by faults with much shorter lengths that
are subperpendicular to the fold belt and have a left-lateral sense of displacement. A third set of
faults strikes east-northeast but is not as well defined by stratigraphic offsets as the arc-oblique
and arc-normal faults. The Ertsberg Mining District is associated with arc-oblique faults though
less clearly associated with arc-normal faults (Figure 1-8). Igneous intrusions and volcanic fields
are also related to east-northeast striking faults as demonstrated by the llaga Volcanic Field lying
to the east of the Ertsberg Mining District (Figure 1-8). Mineralised intrusive bodies are also
associated with thrust faults as demonstrated by the relationship of the Wabu Pluton with the

Derewo Fault (Sunyoto, 2000), within the Derewo Fault (Figure 1-8).

Figure 1-7 Sedimentary record of the Timika-Tembagapura region (reproduced from Parris,
1994a).

The section indicates lateral continuity from east to west along the continental margin but variable

thicknesses from north to south, perpendicular to the margin.
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Figure 1-8 Geology of southern flanks of the Central Range
Black box = CoW A (Contract of Work, block A). Map modified from Parris (1994b).
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1.1.2 Geology of the Ertsberg Mining District

The geology of the Ertsberg Mining District has become well understood due to local, district and
regional research programs on tectonostratigraphy (Quarles van Ufford, 1996; Weiland, 1996),
structural controls (Sapiie, 2001), intrusive bodies (McMahon, 1996), and individual deposits
(Macdonald and Arnold, 1994; Mertig et al., 1998; Meinert et al., 1998; Widbdd., 1998;

Pollard and Taylor, 2002; Prendergast, 2004). Units in the mine district have experienced ~5km of
uplift associated with 100km-scale-shortening manifest in large-amplitude folds and high angle
reverse faults (Quarles van Ufford, 1996). The district includes the axial zone and southern limb
of the regional-scale Yellow Valley Syncline (YVS) that is cross cut by arc-parallel, -oblique and
-normal faults. The Yellow Valley Syncline trends parallel to the Central Range and plunges
shallowly northwest (Figure 1-9). The northern and southern limbs have been disrupted by steeply
dipping bedding parallel faults that have displaced the core of the syncline upwards relative to the

limbs.

Tectonostratigraphic data for Irian Jaya (Quarles van Ufford, 1996; Sdple 1999) record a
history of folding and reverse faulting from 12-4Ma followed by left lateral fault movement
between 4-2Ma. Symmetric and asymmetric repetition of stratigraphic marker horizons such as
the Sirga sandstone and the Tk2 layer within the Kais Limestone (Figure 1-9) indicate that both
folding and thrusting has occurred. Major thrust displacement is apparent along the Wanagon
Fault. In addition to thrust faulting, left lateral movement is documented for the large faults in the
Ertsberg Mining District that trend subparallel to stratigraphy (Sapiie, 2000; Sapiie and Cloos,
2004). These strike-slip faults (Wanagon, Idenberg Nos 1 & 2, Ertsberg Nos 1, 2 & 3) have
reported displacements of 1,500m (Figure 1-9). Other faults are visible and strike northeast to
east-northeast. This set of faults has smaller apparent left-lateral displacements and includes the
New Zealand Pass Fault and the Grasberg Fault, which intersects the Yellow Valley Syncline in

the vicinity of the Grasberg Igneous Complex (Figure 1-9).
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Igneous units in the Ertsberg Mining District have been intruded as columnar and elongate bodies
into the axis and limbs of the Yellow Valley Syncline in the form of the Grasberg Igneous
Complex and the Ertsberg Intrusive Suite (previously described as undifferentiated Ertsberg
porphyry). The Grasberg, Kay and Lembah Tembaga intrusive complexes have near circular
outcrop pattern (though the latter occurs beneath Lake Wanagon), while the Ertsberg and
Wanagon intrusions are elongate parallel to the main strike (see Figure 1-9). The Grasberg
Igneous Complex (GIC) occupies the axis of the Yellow Valley Syncline where it is intersected
by the high angle Grasberg Fault. The Ertsberg Intrusion is controlled by the Ertsberg Nol, No2
& No3 faults to the east and the Idenberg Nol & No2 faults to the west (Figure 1-9). Similarly,
the Wanagon Sill appears to be related to the position of the Wanagon Fault. The Kali dykes are
the youngest intrusive phases and appear to have intruded into the centre of the Grasberg Igneous
Complex parallel to the axis of the Yellow Valley Syncline. These intrusions were emplaced at
£2km, and sourced from depleted mantle with small contributions from an ancient, enriched
mantle reservoir (McMahon, 1994b; Housh and McMahon, 2000). They are divided into a high-K
group (latites, trachydacites and trachytes) and a low-K group (medium to high-K andesite and
dacite); the high-K group includes the Grasberg Igneous Complex and Ertsberg Intrusive Suite

(McMahon, 1994a; McMahon, 1994b).
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Figure 1-9 Geological map of the Ertsberg Mining District (supplied by PT Freeport Indonesia)

Cretaceous units are shown in green colours and Tertiary units in brown; intrusions are red to pink
coloured. Kucing Liar is adjacent to the Grasberg Igneous Complex, and along strike from the Ertsberg
Intrusive Suite to the east and the Lembah Tembaga (beneath Lake Wanagon) porphyry intrusion to the

west.
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1.2ACCESS AND METHODS

1.2.1 Physiography of the mining district

Kucing Liar is situated within the Erstberg Mining Distict near the watershed of the Central
Ranges of West Papua. The Ertsberg Mining District was originally centred on the Ertsberg
deposit, and occupies roughly 100kaif the deeply incised south flank of the Central Ranges of
Irian Jaya. The mine site lies at, and above the vegetation line. Ice accumulations fringe mountain
peaks just 5km from the mine site, that in the past were true glaciers flowing directly past the
present mine site, just 8°of the equator (Quarles van Ufford and Sedgwick, 1998). The district
boundary, originally square, was altered to exclude icefields which are now part of the adjacent
Lorentz nature reserve, which covers a large area from the middle of the Central Range to the
low-lying areas adjacent to the ocean. Topography in the mine district is severe (Plate 1-1) with
elevation ranging from 2,000m to 4,880m. The northern boundary of the district is in the highest
elevations of the Central Ranges mountain belt which reaches its maximum of ~4,884m at the
nearby peak of Puncak Jaya. Mining in the district was originally concentrated on the Ertsberg
deposit before moving to the Ertsberg East Skarn System (EESS), which continues to supplement
the current primary mining activity at Grasberg. Both Ertsberg and Grasberg are open pit mines
while the EESS is mined via large-scale underground block caving methods. Grasberg
mineralisation is centred on the Grasberg Igneous Complex while four deposits are situated at the
periphery of the Ertsberg Intrusion hosted by sedimentary rocks, namely the Ertsberg, Ertsberg

East, Dom and Big Gossan skarn systems.
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Figure 1-10 Physiography of the Southern Ranges and Ertsberg Mining District

A plan of the regional geography and operational infrastructure of the Ertsberg mining district. A road
constructed by Freeport connects the port of Amamapare, the airport town at Timika, the mine town of
Tembagapura and the mill site over a distance of 124km, reaching an elevation of 2,800m. Ice fields,
formerly glaciers are visible at upper right of the figure coloured white and blue. There are mile distances

and spot elevations in metres included along the road connecting the port to the mine site. Reproduced from

Mealey (1996).
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Mt. Zaagkam
(4,150m)
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Puncak Jaya
(~4,880m)

Plate 1-1 Relief of the Ertsberg Mining District and access routes

(a) View looking south from the Ertsberg Mining District between the 4,150m Mt Zaagkam and the 2,820m
Mt Hanekam. The collection of buildings visible at lower centre is Hidden Valley, perched at the top of the
steep-sided valley where Tembagapura is located. The access road connecting Timika, Tembagapura and
the mill site is visible tracking along ridge tops between Mt Zaagkam and Mt Hannekam. (b) A view looking
east toward Puncak Jaya, the highest mountain in Southeast Asia. The Grasberg open pit mine operations
are to the left of view. The Heavy Equipment Access Trail (HEAT), which provides access to the mine, is
visible in foreground. The Kucing Liar deposit occurs at depth below the north-south trending ridge in the
middle of picture, with the Big Gossan skarn deposit located further to the south (right). Power pylons are

perched on smaller ridges in the foreground of this ridge.
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1.2.2 Sources of data

A detailed history of exploration and mining in the Ertsberg Mining District, including initial
exploration for Kucing Liar is included in the bod&krasberg (Mealey, 1996). Kucing Liar,
meaning “wild cat” in the Indonesian language, was actively explored for in favourable
sedimentary units adjacent to the Grasberg Igneous Complex following discovery of mineralised
country rock fragments at the margin of the Grasberg Igneous Complex in 1992 and high-grade
intersections during deep exploration in 1994 (Macdoragds. comn). The Grasberg Igneous
Complex is a wineglass shaped body composed of multiple igneous bodies in its stem and of
heavily fragmented zones overlain by layered pyroclastic rocks in the flared upper zone. A tunnel
driven at 3000mRL into the Grasberg Igneous Complex from the mill to control water influx into
the Grasberg open pit intersected significant mineralisation associated with a fault and was given
the name Amole, meaning, “welcome” in the local Amungme language. A second level driven
northwest subparallel to the dominant strike of stratigraphy provided a platform for delineation of
this zone by diamond drilling (Figure 1-11). Drill stations spaced evenly along strike confirmed
that the Amole mineralised zone was contiguous with Kucing Liar (“wild cat”) intersections some
800m further west on the access trail to Grasberg. Excavations spaced at 50m intervals along this
drive were completed for drilling stations, of which 16 were originally completed spaced 100m
apart covering 1,500 metres of regional stratigraphic strike (Figure 1-12). Later infill drilling was
conducted in the centre of deposit to confirm continuity of the resource at a distance of 50m, the
core from these holes have been inspected but not included in the dataset for the current research
project. Drilling was conducted in radial patterns on azimuths of 39 or (HEHi§bre 1-12),
perpendicular to the regional strike (Figure 1-13). Collar positions and downhole survey

orientations for all drilling are recorded in Appendix 1.



19 Research topic, significance and setting
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Figure 1-11 Position of Kucing Liar mineralisation relative to Grasberg Igenous Complex

Plan and perspective views illustrate the location of Kucing Liar with reference to Grasberg as well as
dewatering and delineation tunnels. The outer perimeter of the Grasberg Igneous Complex (supplied by
Peter Manning of PT Freeport Indonesia) is coloured red while the Kucing Liar mineralised zone is
represented by three surfaces representing major internal stratigraphic contacts that are coloured brown,
dark green and light green. Underground access levels are shown in light blue. The perspective view has no

vertical exaggeration.
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Figure 1-12 Plan view of all Kucing Liar drill traces logged for this research program

Plan view of drilling including all holes sampled and measured for this research program. The traces of
drilling are projected in plan view and many overlie each other. The filled circles represent the location of
the collars and the drill station position. Compare with Figure 1-11. The drill stations are labelled with the
prefix KL, followed by the station number and a number exclusive to each hole (eg. KL16-03, KL32-04).
KL26-11, KL28-9 and KL30-9 were collared from the Amole dewatering drift. The dip and azimuth of each

drill hole have been surveyed every 3m on average and this data has been used to position each interval.

Holes were nominally divided into 3m lengths by PT Freeport Indonesia geologists for assaying
but shortened if a change in geology was identified. A short length of drill core (10-20cm) was
removed from each assayed interval and retained, producing an archive of “skeleton” core. All of
the drill holes in Figure 1-12 and Figure 1-13 were logged using these samples on two separate
occasions from Sept.-Nov. 1997 and June-Sept. 1999. The second period of logging revisited
many of the drill holes logged on the first occasion. Due to the location and the extreme elevation
(Plate 1-1), no field mapping was conducted for this research project, though one visit was made

to a baseline stratigraphic section that was considered equivalent to the Kucing Liar host rocks.
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Figure 1-13 Layout of all holes in each drill station logged for this research program
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Figure 1-13 Layout of all holes in each drill station logged for this research program (cont.)
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2 Host rocks

This section documents the wall rocks hosting Kucing Liar in terms of their composition and
stratigraphical sequence. Each unit of the stratigraphic sequence is described in terms of lithology
and internal sequence. The division of stratigraphy followed here is in line with that currently
used within the mine environment by PT Freeport Indonesia. The rocks found in relatively
unaltered sequences were compared to distinctive samples from the main mineralised zone in
order to determine the reliability of textures observed in mineralised specimens for interpreting

the stratigraphic position of individual samples (Chapter 4).
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2.1PREVIOUS WORK AND SOURCES OF DATA

2.1.1 Regional stratigraphic sequence

The stratigraphic sequence in the Ertsberg Mining District represents a continental margin
including tidal, inner and outer shelf, plus deep marine sediments (Table 2-1). The Kembelangan
Group is the lowermost stratigraphic package and comprises thick monotonous accumulations of
shale and sandstone deposited in dominantly marine conditions from middle Jurassic to late
Cretaceous times (Pennington, 1995; Quarles van Ufford, 1996). Contacts with both the
underlying terrestrial to shallow marine Tipuma Formation and the overlying marine New Guinea
Limestone Group are described as conformable (Pennington, 1995; Quarles van Ufford, 1996).
The overall thickness of the Kembelangan Group is cited as 4,600m + 1000 (Quarles van Ufford,
1996), while Pennington (1995) indicates that although the exposed thickness along the road
exceeds 3,400m, the actual thickness is only 1,900m. The discrepancy is thought to be the result
of tectonic thickening. The Kembelangan Group is subdivided into four formations, namely, the
Kopai Formation, Woniwogi Sandstone, Pinya Mudstone and Ekmai Sandstone. Internal contacts
have been described as conformable to disconformable by Quarles van Ufford (1996) but as
conformable by Pennington (1995). In this study only the uppermost unit of this group, the Ekmai
Sandstone, is significant. It is ~600m thick and is constrained by fossil evidence to a middle-upper
Cretaceous age though it may possibly extend into the Palaeocene (Pennington, 1995; Quarles van
Ufford, 1996). The upper Ekmai Sandstone is a 120m thick carbonaceous limestone referred to by
mine geologists as the Ekmai Limestone, which includes an uppermost layer referred to as the
Ekmai shale. Neither of these units was differentiated by Pennington (1995) or Quarles van

Ufford (1996) but they are included on local geological maps (Parris, 1994).

The New Guinea Limestone Group conformably overlies the Kembelangan Group, is
unconformably overlain by Quaternary glacial sediments and is documented as being 1,600-
1,800m thick (Pennington, 1995: Quarles van Ufford, 1996). The sequence defines a regressive-

transgressive-regressive sequence indicated by lower and upper platform carbonates separated by
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fluvial and tidal facies sediments. The New Guinea Limestone group is subdivided into the
Waripi Limestone, Faumai Limestone, Sirga Sandstone and Kais Limestone which were
deposited on a stable carbonate platform marine over a ~50Ma period from latest Cretaceous to
middle Miocene times (Quarles van Ufford, 1996). The Waripi Limestone is described as being
250-300m thick and is assigned a Palaeocene to early Eocene age (Pennington, 1995). The
presence of anhydrite nodules within this unit indicates emergent conditions and supratidal
environments. The upper contact with the overlying Faumai Limestone is described as
conformable and gradational while the lower contact with the Ekmai Limestone may be
disconformable (Pennington, 1995). The Faumai Limestone is distinguished from the Waripi
Limestone by the presence of foraminifera and by the lack of sandstone (Table 2-1). The lower
contact is conformable with the Waripi Limestone while the upper contact with the Sirga
Sandstone is unconformable (Pennington, 1995), though evidence of prolonged exposure of the
unit was not found (Quarles van Ufford, 1996). The Sirga Sandstone is a transgressive sequence
of fluvial or near-shore sandstones including some organic-rich beds. The uppermost Kais
Limestone is further subdivided into separate members, referred to by mine geologists as Tk1,
Tk2, Tk3 and Tk4 (Parris, 1994). Although the top of the Kais Limestone is not exposed, the unit
is at least 1,100m thick (Quarles van Ufford, 1996). It is distinct in the district as having a unique
texture derived from tightly packed, large and elongate foraminifera. The lower contact with the

Sirga Sandstone is conformable, while the upper contact is an erosional unconformity.
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Table 2-1 Descriptions of stratigraphy in the Ertsberg Mining District

Formation

Lithology

Depositional environment

Kais Limestone
(Tngk)
1,100 — 1,300m

Sirga Sandstone
(Tngs)
40m

Faumai Limestone
(Tngf)
200 — 300m

Waripi Limestone
(Tngw)

250 — 400m
Ekmai Sandstone
(Kkes)

650m / 600m
Pinya Mudstone
(Kp)

1550m / 600m

Woniwogi Sandstone
(Kw)
1000m / ~300m

Kopai Formation

(Kkp)
1400m / 300m

Red algal, benthic foraminiferal
limestone to packstone at the
base, well developed bedding but
internally massive. Massive,
fossiliferous marls layers in lower
sections.

Fining-upwards trough and
tabular cross stratified quartz
arenite, reworked foraminifera,
coal and plant-rich seams.

Benthic foraminiferal limestone
and packstone, 10m thick
sandstone in lower and middle
sections, occasional dolomite.

Sucrosic dolostone, quartz arenite
sandstone and 2m thick nodular
anhydrite-bearing beds.

Variably grain-sized quartz arenite
with trough and tabular cross-
bedding, upper 90m is mudstone
and limestone.

Laminated massive mud and
siltstone interbedded with 20cm
thick well-sorted and fine-grained
sandstone.

Poorly-sorted coarse-gained to
granule sandstone overlain by
well-sorted fine to medium-
grained sandstone, sporadic
cross-bedding but generally
massive; belemnites.

sandstone, siltstone/mudstone
and subordinate limestone;
crinoids, echinoderm and
ammonite.

Restricted shallow-marine
carbonate platform sheltered
from open marine currents

Transgressive from terrestrial
to shallow-marine and
subaerial exposure, fluvial or
nearshore unidirectional
depositional current

Shallow marine carbonate
platform, restricted medium-
energy

Transitional from siliciclastic
to carbonate, high energy
shallow-marine shelf

Shallow shelf, nearshore to
possible beach facies, the
upper limestone is outer-
shelf to slope

Shelf margin and slope
during transgression, storm
generated sands and fair
weather mud.

Shallow marine and slope
from sand-rich shelf, basal
section is either beach or
debris flows

Transitional fluvial to
nearshore marine, shallow
shelf, distal shelf or slope.
Lower sections are
transgressive, upper sections
are regressive

Source: Pennington (1995) and Quarles van Ufford (1996). The numbers below the unit names refer to
their thicknesses. There is a consistent discrepancy between local and district studies where larger values

are reported from regional studies.
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2.1.2 District outcrop and deep drilling

There are numerous spectacular large-scale exposures of the Kucing Liar host stratigraphy in the
district (e.g. Plate 2-1). The most visible differences in the stratigraphic units are the relative
thicknesses of beds and the effects of erosion (Plate 2-1). The Ekmai Sandstone situated at the
base of the mineralised sequence is very thickly bedded at a scale of tens of metres. By contrast,
the overlying Waripi and Faumai Limestone units are very thinly bedded. A major topographic
break occurs at the upper contact of the Ekmai Sandstone, which is suspected to be due to
mechanical contrasts between the thick sandstone and thinner limestone, possibly exacerbated by
the presence of the carbonaceous Ekmai Limestone. The contact of this unit with the underlying
sandstone is very deeply eroded relative to overlying and underlying units in the walls of the
Aghawagon Valley (Plate 2-1). Topographic breaks in the stratigraphic pile are consistent across
the district and are situated at changes from sandstone to limestone or shale (Plate 2-1). These
breaks have been used as marker horizons during district-scale geological mapping in defining the
position of stratigraphic contacts (P. Mannimgrs comm.). The extremely rugged nature of
outcrop in the Ertsberg Mining District makes it logistically difficult to investigate. Consequently,
analysis of strata intersected by exploration drilling at the margins of the Grasberg Igneous
Complex (Figure 2-1) has provided details of the composition, texture and sequence of the

Kucing Liar host sequence.
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fault
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Tngf ™.
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b) / 100m
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Plate 2-1 Large-scale exposure of host stratigraphy

(a) View west from north of Wanagon along strike showing a continuous section of stratigraphy. Breaks in
topography are related to lithology, the most prominent occurring at the transition from Ekmai Sandstone
(Kkes) to Ekmai Limestone (Kkel). Topographic breaks reflect visible changes in the bedding scale, which
is small for the Waripi (Tngw), Faumai (Tngf) and Kais (Tngk) limestone units and much larger for the
Ekmai Sandstone. The different dip of Kais Limestone to the right is probably due to faulting. (b) A view of
the east wall in a valley where the mill is situated illustrates deep weathering of the Ekmai Limestone and a

close up view of the thinly bedded Waripi Limestone.
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Drilling conducted on the north and northwest margins of the Grasberg Igneous Complex
intersected reasonably coherent stratigraphy equivalent to the host rocks at Kucing Liar. Mine
staff identified the major stratigraphic packages and the contact characteristics prior to this study.
Two drill holes, KLS1-1 (total depth 2199m) and KLS3-1 (total depth 2235m) completed in the
course of district exploration intersected less altered equivalents of the Kucing Liar sequence,
respectively northeast (northern limb of Yellow Valley Syncline) and northwest (axis of Yellow
Valley Syncline) of the Grasberg Intrusive Complex (Figure 2-1). Drill hole KLS3-1 is near
vertical and is expected to record true thicknesses of stratigraphic units as the stratigraphic
layering should be near horizontal in the axis of the syncline. These two drill holes intersect the
least altered host rocks available but nevertheless contain locally significant alteration. Although
KLS3-1 was collared in the Grasberg Igneous Complex it intersected sedimentary units at 200m
depth due to the flaring outwards of the igneous-sediment contact. No igneous bodies were
intersected at depth in either of these drill holes. Drill hole KLS1-1 ended some 200m into the
Ekmai Sandstone, while KLS3-1 intersected only the top 75m of the unit. KLS1-1 and KLS3-1
were both sampled for this study from the base of the Kais Limestone to the top of the Ekmai
Sandstone at roughly 10m intervals, or less where significant changes in lithology were observed.
Samples were collected from these two drill holes for petrographic examination and
characterisation. Stained thin sections were produced to determine carbonate compositions of
each sample. Details of the procedure are recorded in Appendix Il. Carbonate composition is
revealed in the colour imposed on the grains and matrix by staining. Dolomite is colourless to
blue, while calcite is pink to purple. In each case, the darker colours are due to the presence of
iron. Discrimination of calcite, dolomite, ferroan dolomite and ferroan calcite is possible from this

technique. Thin sections were used to collect information specifically relating to:

grain composition , size and abundance,
matrix composition, grainsize and abundance, and

carbonate composition.
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Identification of foraminifera for the of the Faumai, Sirga and Kais units was facilitated by a

report completed by the Palaeontology and Stratigraphy Division of the Geological Research and
Development Centre, Directorate General of Geology and Mineral Resources, Department of
Mines and Energy in Bandung, West Java (GRDC, 1999). Stratigraphic columns for each of the

drill holes were created from the data recorded in thin section descriptions, allowing correlation of

the major stratigraphic features (Figure 2-2).

KLS1-1

N KLS3-1 Elev: 3978.6m
Elev: 4199.2m Q) Denth: 2199m

Depth: 2235.7m

Shaded surface
representing

outer perimeter of
Grasberg Igneous
Complex from
2,000-3,000mRL.

Kucing Liar drifts

(3,050mRL) The extent of
: major stratigraphic
planes defines the

position of the
Kucing Liar system

Amole drifts from mill site (3,000mRL) —»

Figure 2-1 Plan projection showing collar locations for stratigraphical drillholes
Positions of KLS1-1 and KLS3-1 with reference to the location of Grasberg and Kucing Liar. KLS3-1 is
vertical to the end of hole; KLS1-1 is vertical to 600m, then dipSted@ard southwest then is near vertical

again from 900m. The section of KLS1-1 sampled for this study (870-2,200m) is orientefltatveg@
213¢ Grid spacing is 500m.
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Figure 2-2 Lithology and composition of unmineralised stratigraphy

Sample locations from KLS1-1 and KLS3-1 for lithology descriptions are shown on the left of each column
and marked by a tick and the depth. Different apparent thickness of the Faumai Limestone is due to
variable intersection angles. Ages from Pennington (1995) and Quarles van Ufford (1996). Hatch symbols

indicate presence of anhydrite nodules.
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2.2.1 Descriptions of local unaltered lithological sequences
Kembelangan Group — Ekmai Sandstone (Kkes)

The Ekmai Sandstone is the lowermost unit intersected in Kucing Liar drilling. Its base was not
intersected in either drill hole KLS1-1, which penetrated 170m, or in KLS3-1, which penetrated
only 75m (Figure 2-2). The unit is largely homogeneous and consists of 80-90% very well sorted,
angular to subangular quartz grains of 0.3mm grainsize and rare complete foraminifer (Plate 2-
2a). However, there are also minor layers of red sandstone and coarse-grained bioclast-bearing
sandstone (Plate 2-2b). The Ekmai Sandstone is thickly bedded (~50-100m) and bedding planes
that are visible in large-scale exposures (Plate 2-1) are not recognisable in drill core. The
overlying contact with the Ekmai Limestone is defined by disappearance of quartz grains (Figure

2-2).

Kembelangan Group — Ekmai Limestone (Kkel)

The Ekmai Limestone is 120m thick in KLS3-1 where it is almost pristine, while the intersection
in KLS1-1 is altered to pyroxene-feldspar-garnet-epidote. The predominant lithology is very fine-
grained black micritic limestone with a significant shale component containing up to 20% quartz
and bioclasts. The base of the unit contains apparent bioturbation textures (Plate 2-2c¢). The
limestone changes from massive and shaly in the lower sections, to fissile in the middle (Plate 2-
2d), and bioclastic near the top (Plate 2-2e). A distinct layer (~5m) of black shale at the top of the

Ekmai Limestone is locally referred to as the Ekmai shale.
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2mm 1lcm

(a) KLS3-1 2163.8m (b) KL S3-1 2200.8m

(c) KLS3-1 2156.0m (d) KLS3-1 2120.0m

Imm

(e) KLS3-1 2052.0m

Plate 2-2 Examples of Ekmai Sandstone and limestone

(a) Photomicrograph of typical Ekmai Sandstone at the top of the unit, stained for carbonate composition.
A grain (right) stained blue (ferroan dolomite) and pink (calcite) is a foraminifer. Plane light (b) Coarse-
grained sand and carbonate layer (<5m) near top of Ekmai Sandstone. (c) Pale grey patches of sand grains
in shale/limestone from the lower Ekmai Limestone that may be burrows. (d) Fissile shale from the middle
of the Ekmai Limestone. (e) Coarse-grained texture of sand and bioclasts in a shale matrix of the upper

Ekmai Limestone. Plane light image of a stained section.



34 Host rocks

New Guinea Limestone Group — Waripi Limestone (Tnhgw)

The Waripi Limestone is approximately 430m thick in KLS3-1, which is significantly more than
the ~250m indicated by district studies (Pennington, 1995; Quarles van Ufford, 1996). It is
dominated by peloid limestone but contains significant layers of sandstone, plus subordinate
foraminiferal limestone and shale. The unit has been extensively dolomitised in both KLS1-1 and
KLS3-1, although some samples containing primary calcite were collected. Exposed sections of

the Waripi Limestone have very well defined sub-metre scale bedding structures (Plate 2-3).

1m

Plate 2-3 Outcrop of the Waripi Limestone
Layers of dolomite in outcrop of the section measured by mine staff near the Waripi Limestone-Faumai

Limestone contact to the north of the Wanagon sill outcrop.

Grey peloid limestone/dolostone (Plate 2-4a) forms sections up to 180 thick in the Waripi
Limestone (Figure 2-2). Peloid grains are spherical, micritic, possess no internal structure and
constitute 60-80% of the rock. Peloid grainsize varies from 0.1 to 0.6mm but averages 0.3mm.

Where peloid limestone is not dolomitised, the grains and matrix are composed of micritic calcite.

There are three sandstone members within the Waripi Limestone that are used as marker horizons.

A 10-30m layer in the middle Waripi Limestone separates two thick sequences of peloid
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limestone/dolostone (Figure 2-2). The grains in this member are well sorted, angular to
subangular, vary from 20-80% total content and average 0.3mm in size. A 50m (plus subordinate
dolostone/limestone) member near the top of the Waripi Limestone is composed of 60-90%
moderately sorted, angular to subangular quartz grains of 0.2mm average grainsize, increasing to
0.4-0.6mm at the base of the member. A third 5Sm-thick laminated sandstone member with well
sorted, angular to sub-angular, 30-80% sand grains of 0.1mm average size, has been used to mark
the upper contact of the Waripi Limestone (Figure 2-2, Plate 2-4e). In all cases the matrix is
composed of micritic calcite or dolomite spar. Talc, tremolite and pyroxene are commonly present
in the matrix of sandstones in both KLS1-1 and KLS3-1 and impart on what is normally grey
sandstone a pasty white appearance (Plate 2-4b). A shale horizon approximately 5m thick was
identified and sampled in KLS3-1 in the upper Waripi Limestone at the top of the upper sandstone
layer (Figure 2-2). This layer was not identified in KLS1-1. Another shale layer was identified in
drill hole KLS1-1 within the middle sandstone layers (Figure 2-2). A 60-80m horizon of
limestone containing elongate to rounded foraminifera is present in the upper Waripi Limestone,
bound top and bottom by sandstone (Figure 2-2). The foraminifera vary from 1-5mm in size, and
constitute 50-80% of the rock (Plate 2-4d). Dolomite, anhydrite and native sulphur have replaced
foraminifer grains in places where dolomitisation is prevalent in the matrix (Plate 2-8). These
foraminifera are similar in size and shape to vughs in dolostone of the lower and middle Faumai
Limestone that are usually infilled with dolomite quartz, anhydrite and native sulphur. Anhydrite
nodules occur at three specific levels in the Waripi Limestone in KLS3-1, namely at the top
between two sandstones, in the middle of the unit associated with sandstone and shale, and in a
narrow band (~20m) near the base of the unit. They vary in shape from spherical to lenticular and
are roughly elongate in direction of bedding (Plate 2-4c). Nodule size varies from <5mm to

50mm. The nodules at the base are the more spherical type.
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lcm
(a) KLS3-1 1744.0m (b) KLS3-1 1661.0m
(c) KLS3-1 1559.0m (d) KLS3-1 1582.8m (e) KLS3-1 1556.0m

Plate 2-4 Examples of Waripi Limestone visible textures

(a) Medium grey peloid dolostone typical of the majority of the Waripi Limestone. The lines are fractures
associated with lighter grey dolomite alteration. (b) Sandstone matrix that is normally dark grey is changed
to white due to presence of amphibole-pyroxene-talc. (c) An anhydrite nodule from the upper Waripi
Limestone oriented subparallel to sedimentary layering. (d) Foraminifera from the upper Waripi Limestone
which resembles texture in the middle Faumai Limestone where leached holes have been infilled with
coarse-grained carbonate. (e) Finely laminated sandstone that marks the upper contact of the Waripi

Limestone.
New Guinea Limestone Group — Faumai Limestone (Tngf)

The Faumai Limestone is 350m thick in KLS3-1. The lower half of the Faumai Limestone is
extensively dolomitised in both KLS1-1 & KLS3-1 and the only unaffected parts occur at the top
of the unit (Figure 2-2). Identifiable Faumai Limestone in KLS1-1 and KLS3-1 consists of
fossiliferous calcite limestone, dolomitised limestone and dolostone. Distinctive round
foraminiferlacazinella wichmann{Plate 2-5a and Plate 2-5c) dominate the uppermost limestones

that are composed of uniform packstone, in which the foraminifer grains range from 1-2mm in
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diameter. A micritic calcite matrix supports the foraminifer grains that constitute up to 80% of the
rock. This member is approximately 70m thick in KLS3-1. Below this in KLS1-1, there is another
preserved limestone member containing a variety of carbonate grains. In this member the elongate
foraminifer lepidocyclina sp. is common (Plate 2-5b). Also included in these upper layers are

subordinate grains of echinoderms, bryozoa and coralline algae.

New Guinea Limestone Group — Sirga Sandstone (Tngs)

The thickness of the Sirga Sandstone intersected in drill hole KLS3-1 is approximately 20m. It
unconformably overlies the Faumai Limestone and consists of a series of interbedded sandstones
and fossiliferous carbonate rocks (Plate 2-6). The dominant carbonate is calcite, although
dolomite is present in minor quantities. There are ~5m beds in the Sirga Sandstone with very high
organic contents. The Kais-Sirga contact appears conformable, as a section at the top of the Sirga
Sandstone contains 50% quartz grains and 50% foraminiferal grains of same species present in

overlying limestone.

New Guinea Limestone Group — Kais Limestone (Thgk)

The original thickness of the Kais Limestone is not known as the top of the unit has an
unconformable contact with Quaternary sediments. Only the lower part of the Kais Limestone has
been examined in this study as upper sections do not host Kucing Liar mineralisation. The base is
typified by limestone with packed elongate foraminifera up to 10mm long (Plate 2-7). These are
dominantly nummulite fichteliplus minor amounts abperculinasp., andoperculinella. Minor
dolomite and scattered quartz grains are present in samples collected from the lower Kais

Limestone.
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(a) KLS3-1 1255.0m

1mm

(b) KLS3-1 1278.0m

Plate 2-5 Examples of Faumai Limestone visible and micro-textures
(a) Distinctive round foraminiferflacazinella wichmannifrom the upper Faumai Limestone (b) Grains of
Lacazinella wichmanrare calcite while the intervening matrix has been converted to dolomite. Plane light

image of a stained section.
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1mm

KLS3-1 1190.0m

Plate 2-6 Example of Sirga Sandstone
Photomicrograph illustrating larg@mummulites fichteliidentical to those in the overlying Kais Limestone
mixed with coarse sand grainBink and purple colours indicate calcite while blue indicates dolomite.

Plane light image of a stained section.

1mm

KLS3-1 1189.0m

Plate 2-7 Example of Kais Limestone

Photomicrograph illustratingrummulites fichtelithat dominate the lower Kais Limestone. Much smaller
spiral-shapedoperculina spis also present. Foraminifera are (pink) calcite while some have ferroan
dolomite (blue) in the centre. The matrix between grains has been altered to dolomite (yellowish). The large

white grains are quartz. Plane light image of a stained section.
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2.2.2 Textures developed in low-intensity distal alteration
Dolomitisation

Samples from KLS1-1 and KLS3-1 indicate variable effects of dolomitisation (Plate 2-8) most
common as well as calc-silicate alteration. The number of dolomitisation events and their extents
are unknown, and their precise relationships to the mineralizing hydrothermal systems are also not
clear. The effects of dolomitisation vary from minor alteration of grains and matrix resulting in
the preservation of the original texture (Plate 2-9), to the complete replacement of original calcite
by dolomite spar, resulting in the destruction of the original sedimentary texture. All textures
between these two endmembers are represented. Complete replacement of calcite by dolomite
occurs over very short distances as seen in composition columns for samples in KLS1-1 and
KLS3-1 (Figure 2-2). The scale of replacement is less than the sample spacing of 10m as the
change in carbonate is complete between two samples. Figure 2-2 also illustrates that calcite
limestone is preserved near sandstone horizons at the top and bottom of the Faumai and Waripi
Limestone units. A spatial association between texturally destructive dolomitisation and
sandstone layers is apparent in KLS3-1. Contacts between unaltered limestone and texturally
destructive dolostone range from gradational to sharp and a complete loss of sedimentary texture
occurs over a 4m interval in KLS3-1 between 1278.8m and 1282.3m. Layers are discretely altered
to equigranular dolomite sparite and are intercalated with dolostone where the original texture can
be identified. Dolomitisation is most intensely developed in the limestone-only packages of these
two units between sandstone horizons. Dolostone is grey in the Waripi Limestone (Plate 2-8a) and
brownish-beige in the Faumai Limestone (Plate 2-8f). Spherical to elongate pores filled with
anhydrite and dolomite (Plate 2-10) in the middle and lower parts of the Faumai Limestone are
very similar in size, shape and abundance to similar features in foraminiferal limestone of the
upper Waripi Limestone. The matrix in these rocks consists of subhedral to euhedral dolomite
grains and the pores are filled to varying degrees with varying amounts of calcite, dolomite or

native sulphur (Plate 2-8c, d & e).
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Plate 2-8 Examples of dolomitisation textures

(a) Fine-grained dolomitised peloid limestone such as is common in the Waripi Limestone. (b) An
unidentified bioclast composed of original calcite is surrounded by a matrix of yellowish dolomite from the
lower Waripi Limestone. The grey-white area in the view is a cavity. Plane light image of a stained section.
(c) White anhydrite and dolomite infilling cavities that are shaped like foraminiferal grains from uppermost
Waripi Limestone. (d) An example of the same limestone layer depicted in (c), though here the foraminifer-
like voids are infilled with native sulphur (e) A sample from the lower Faumai Limestone believed to have
been foraminiferal limestone where the fossil grains have been dissolved. The vughs are lined with quartz
and/or dolomite. Note similarity with (c) above. (f) Intense dolomitisation results in complete destruction of
clastic sedimentary textures in this dolomite sparite, although some semblance of the layering appears to be

preserved as darker zones of dolomite in this sample from the middle Faumai Limestone.
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Plate 2-9 Examples of dolomitisation micro-textures in peloid limestone

(a) Yellowish dolomite surrounds reddish micritic calcite peloid grains and voids (white patches). Plane
light image of a stained section (b) Micritic calcite peloid limestone replaced by two generations of
dolomite. A yellowish-coloured type replaces the peloid grains at right and bottom, while a paler variety of
dolomite preferentially affects matrix rather than the micritic grains and surrounds pores (white). Plane

light image of a stained thin section.
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Plate 2-10 Examples of dolomitisation micro-textures in foraminiferal limestone

(a) Foraminifer grains composed of primary calcite surrounded by very fine-grained dolomite spar. Plane
light image of a stained thin section. (b) Dolomite (high birefringence, twinned) and anhydrite (moderate
birefringence, polycrystalline) infilling cavities that are of similar shape though much smaller than

foraminifera illustrated in plate (a). Cross polarised light image of a stained thin section.



44 Host rocks

Distal silicate alteration

Distinctly hydrothermal alteration is also present in both KLS1-1 and KLS3-1 as represented by
plagioclase, pyroxene, garnet, epidote, amphibole and talc. As with dolomitisation, this alteration
is preserved as a continuum of textural and mineralogical changes that, while subtle, are
identifiable in hand specimen samples. Changes were identified using comparison of rock
samples from the same stratigraphic positions in different locations. These changes are described
and illustrated in the following section with reference to rock sample photography. The variability
of the characteristic compositions and sedimentary textures present within the host rock types
(Plate 2-11a & d) are preserved despite hydrothermal alteration. In KLS1-1, the Ekmai Limestone
has a very fine-grained glassy texture, coloured white and green, locally containing pods of
coarser-grained red garnet, while the overlying Waripi Limestone has the same fine-grained grey
dolomite appearance to that observed in KLS3-1. Petrographically this alteration appears as
equigranular plagioclase interspersed with coarser grains of pyroxene. Clumps of epidote and
garnet were also identified in alteration style. The upper Ekmai Limestone is characterised by
isolated quartz grains whereas the middle Ekmai Limestone is devoid of quartz, providing
distinction of position within the stratigraphic unit (Figure 2-2). The heterogeneous nature of the
Ekmai Limestone is preserved in pyroxene-feldspar and garnet alteration (Plate 2-11a-c).
Sandstone has a grainy texture, and although the Ekmai Sandstone is fine-grained it is easily
distinguished from limestone or shale. Quartz grains commonly persist in intensely altered zones
and grey sand grains are easy to recognise in a matrix of white to pale green pyroxene (Plate 2-
11d-f). However, some samples of altered sandstone demonstrate that sand grains have been

eroded during calc-silicate alteration (Plate 2-12).
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(a) KLS3-1 1569.0m (b) KLS1-1 1964.0m (c) KLS1-1 2000.0m
lcm
(d) KLS3-1 2200.0m (e) KLS3-1 1888.0m (f) KL38-5 732.5m

Plate 2-11 Examples of distal hydrothermal alteration

Photographs of samples taken from KLS1-1 and KLS3-1 demonstrating the effects of hydrothermal
alteration. (a) Unaltered shale from the upper Ekmai Limestone illustrates the heterogeneous texture
created by clusters of organic clasts and sand grains. (b) Green pyroxene and red garnet in altered shale
from KLS1-1 displaying excellent preservation of original sedimentary texture as compared to (a). (c) Grey
calcite-magnetite/white feldspar/red garnet altered Ekmai Limestone. (d) Unaltered sandstone with the
organic material still visible as dark matrix near the top of the photograph. (e) A sample taken from KLS3-

1 to illustrate calcite-talc-amphibole alteration of sandstone. (f) An example of clinopyroxene altered

sandstone taken from the lowermost part of the mineralised zone in Kucing Liar.
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1mm

KLS3-1 1661.0m

Plate 2-12 An axample of hydrothermal micro-textures in sandstone
A photomicrograph of altered sandstone illustrates the progression of hydrothermal alteration. Dissolution
of quartz grains (black holes) is associated with replacement of the matrix by amphibole and talc (yellow-

brown). Crossed polarised light.
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3 Paragenesis

This chapter identifies the paragenetic history of Kucing Liar by documenting the small-scale
controls of fluid infiltration, alteration mineralogy and the sequence of mineral development. A
large number of minerals are developed during hydrothermal infiltration and some effort is taken
to describe and illustrate the various forms and crosscutting relationships in each case. A
significant problem at Kucing Liar results from varying wall rock composition and the alteration
characteristics are defined here in terms of host rock lithology in order to recognise that influence.

The procedures used to define the characteristics of the hydrothermal system are:

1. lIdentification of minerals generated during hydrothermal activity

2. Determination of paragenetic sequence from crosscutting relationships

A number of drill holes from the main mineralised zone were examined in detail to identify the
primary mineralogy and their textures. Samples were collected from split drill core. Thin sections
and polished slabs were prepared from each section. Photographs of the split drill core samples
are used to illustrate the styles of mineral occurrence and their small-scale structural controls.
Initial identification of minerals present in drill core samples was followed by targetted
petrography to confirm the identity of many minerals. Mineral compositions are derived from
gquantitative element oxide analyses collected from a Jeol JXA-600 SEM-EDS microprobe
(Appendix IIl). An XRD method termed GADDS (General Area Detection Diffraction System)
was found to be very useful as it is a hon-destructive technique that can be applied to mesoscopic
(up to 10cm-scale) specimens mounted on a traversable stage and targetted using high
magnification video (Figure 3-1, Figure 3-4). Due to the nature of the technique it was possible to
analyse individual millimetre-scale alteration bands, which were difficult to distinguish in thin

sections.
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3.1MINERAL TEXTURES , ASSEMBLAGES AND TIMING RELATIONSHIPS

Observations of crosscutting relationships were generally confined to examination of split and
polished core samples. Minerals occur in a range of textures, including penetrative or selvedge
alteration as well as vugh and fracture infill. In the following descriptions, “penetrative alteration”
implies no distinct fluid channelway can be observed while selvedge alteration infers the presence
of a fluid conduit. “Vein” is used when referring to planar centimetre-scale infill while “fracture
infill” refers to millimetre-scale irregular features. The specific temporal relationships between
minerals are generally found in crosscutting veins and in particular, their alteration selvedges.
Breccia textures were also useful in confirming relationships. The dominant minerals are placed
into paragenetic groups based on relative timing. The hydrothermal minerals identified are placed
into four groups which reflect similar broad-scale temporal relationships built up by specific
timing relationships found in disparate individual samples. Some of these groups are chemically
similar while others are not. The minerals within each group generally reflect similar fluid

infiltration styles based on the textural setting of mineral development.

Group | paragenesis

This group is a collection of chemically-related calc-silicate and magnesian-silicate parageneses
that can be divided into early anhydrous minerals and later hydrous minerals. The inclusion of
calcite-magnetite in this group is due to consistent spatial relationships of these minerals to calc-

silicate alteration. The parageneses are:

a) Calcitex magnetite CaCQFe0O,

b) Clinopyroxenet plagioclase Ca(Mg,Fe)$ds, (Ca,Na)(SiAI)Og
c) Grossular-andradite @A ,Si;0,, — Ca(Fe” Ti),SisOr
d) Humite tforsterite Mg(OH,R) 3Mg,[SiO,], Mg,SiO,4
e) Chrysotile-serpentine M§i.Os(OH),

f) Tremolite-actinolite C&Mg,Fe)SisO,,(OH),



49 Paragenesis

Calcite £ magnetite

The earliest hydrothermal mineral association is characterised by calcite plus locally significant
amounts of magnetite. Calcite is white, grey, black or orange. It occurs in a variety of forms
ranging from penetrative alteration, millimetre and centimetre-scale selvages along simple
fractures to complex convoluted bands, while the associated magnetite is developed as discrete
spots, commonly but not invariably associated with a recognisable fracture. Where xalcite
magnetite alteration has developed in shale it is uniformly black to dark grey in appearance and
very fine-grained with no visible evidence of fluid channelways. Caltitenagnetite is

consistently crosscut by clinopyroxea@lagioclase (Plate 3-1a, c, e).

Clinopyroxene  plagioclase

Clinopyroxenezx plagioclase development is typically penetrative and forms relatively sharp
contacts with zones of calcite magnetite. This alteration produces two very distinct textures
depending on whether it is developed in limestone or calcareous shale (Plate 3-1c, f). Plagioclase
feldspar (labradorite composition) occurs in subequal quantities with clinopyroxene in calcareous
shale but is sporadic in limestone precursors. Rare examples of white plagioclase-only alteration
were found (Plate 3-1d). Sedimentary textures of sandstone, limestone/dolostone and shale are
generally preserved by clinopyroxeng@tagioclase alteration whose colour and appearance varies
consistently with host unit. In limestone and dolostone, the colour of clinopyrexglagioclase

varies from white to light green, while it is persistently darker green and much finer-grained
where developed in shale (Plate 3-1c). Petrographic studies reveal patterns of clinopyroxene
grainsize that are coincident with the sedimentary rock texture. It is formed as evenly spaced
rosettes of coarser-grains radiating from a fine-grained core in sandstone and as coarse-grained
accumulations in a very fine-grained groundmass in peloidal limestone. In shale precursors,
clinopyroxene grains are evenly scattered and fine to very fine-grained, and where distinguishable

are yellow in contrast to their colourless appearance in limestone.
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Rare examples of fluid channelways were recognised during SEM analysis where clinopyroxene
is concentrated immediately adjacent to a fracture. These fractures also camtaisedle infill.
Analyses of clinopyroxene conform to a general formula of Ca(Mgf&)3anging from
diopside (Hds) to hedenbergite (Hg) (Figure 3-2a). The variation of clinopyroxene composition

is closely related to lithology. Those in altered limestone/dolostone are restricted fp <Hd
whereas samples from shale have a much larger range in compositions fegiAdégd
Clinopyroxene in porphyry host units has an intermediate composition closeddFgire 3-

2a). Plagioclase developed during Stage | in conjunction with clinopyroxene has two
compositional groupings respectively, betweengyfamd Armg and closely grouped about &4n
Secondary plagioclase developed in porphyry is typically low in albite while in limestone it is
more albitic and more varied in composition (Figure 3-2). Plagioclase developed in shale has
compositions similar to porphyry and limestone-hosted plagioclase. Plagioclase accompanies
clinopyroxene in calcareous shale while clinopyroxene is darker green in hornfelsed shale

reflecting higher iron contents (see Chapter 1, Table 1-5).

Figure 3-1 Example of GADDS X-ray diffraction identification of hornfels alteration in shale

An overlay of output from an X-ray diffraction analysis from GADDS equipment on library signatures.
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®) (6)

Figure 3-2 Composition of clinopyroxene and feldspar
(a) Clinopyroxene analyses show the chemical control exerted by protolith (b) Plagioclase and orthoclase
feldspar compositions identify individual mineral compositions populations but no influence imposed by

wall rocks.
Garnet

Garnet varies from green through red, orange and brown intermediate colours in limestone,
frequently in the same hand specimen, but is consistently red where developed in shale. Garnet
commonly forms 1-10cm scale accumulations that parallel identified sedimentary layering in
shale, though widths of 20-50m were observed in drill core (see Chapter 4). In one instance (Plate
3-1le) garnet was observed to occupy the centre of a vein with a pale green clinopyroxene
selvedge. It is difficult to discriminate between infill and alteration garnet, although examples of
recognised infill garnet suggest it forms darker shades of the same colour. The petrographic
character of garnet varies in that the green and red varieties are both isotropic, while brown
garnets are anisotropic and display concentric growth zones. Garnet timing is problematical and it
is possible that the different garnets, coloured from red to green, perhaps developed at different
times (Plate 3-1g). Garnet overprints both diopside and hedenbergite + plagioclase. There appears
to be an early green garnet that was overprinted by brown to red garnet. Green garnet is crosscut

by green phlogopite and also by red garnet, while red garnet crosscuts K-feldspar (Plate 3-1h).
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Garnet compositions are generally consistent within a single sample (Appendix 1ll) except for
sample KL26-8 385.4, which contains two types of garnet (green and red). The primary
compositional trend lies along the andradite-grossular series ranging fregnté\dAdso, the
spessartine, pyrope and almandine components within this trend having maxima Ry apd

Al, (Figure 3-3). Two analyses from altered shale have relatively high almandine contents. Green
garnet from sample KL26-8 385.4m has a composition of approximatgixl GPys (Appendix

[l1). Composition is not consistently correlated to lithology (Figure 3-3a) but may be related to

small-scale structural setting (Figure 3-3b).

(@) (b)

Figure 3-3 Composition of garnet
(a) Garnet analyses divided by protolith (b) Garnet analyses display some correlation with rock texture,

penetrative alteration, selvedge alteration, breccia matrix replacement and vein material.
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(c) KL42 -3 515.1m (d) KLS1-1 2000.0m
(e) KL18-8 181.5m (f) KL42 -5 438.0m
(g) KL26-1 385.4m (h) KL16-7 224.5m

Plate 3-1 Textures and timing relationships of anhydrous Group | minerals

(a) Concentric bands of calcite, magnetite and clinopyroxene (b) Calcite, magnetite and pale brown humite
selvedges (c) Clinopyroxene-plagioclase band in shale. (d) Hedenbergite-plagioclase-garnet in shale (e)
Green garnet vein with white diopside selvedge (f) Penetrative white diopside alteration and green-orange
coloured garnet. (g) Green garnet with green phlogopite rims in an orange-red garnet matrix. (h) Orange-

red garnet selvage alteration crosscutting penetrative white K-feldspar alteration.
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Humite + forsterite £ monticellite

Humite, forsterite and rare monticellite are indistinguishable in hand specimen, though each phase
has been identified via petrography and GADDS analysis (Figure 3-4). Humite is the most
common; forsterite is subordinate and monticellite rare. These minerals are entirely restricted to
dolomitised limestone precursors (Chapter 4). All three minerals are orange-brown (Plate 3-2a, b,
c) where fresh but most of the rocks containing them are grey-black due to the presence of
retrograde serpentine (Plate 3-2c, e, f). Visible forsterite veins have been identified but are
uncommon (Plate 3-2b, f). Petrographic examination shows that euhedral to subhedral,
equidimensional grains of humite are either evenly distributed throughout the sample or occur in
locally massive concentrations. Grainsize variation of tens of microns occurs around vughs where
idiomorphic grains of humite protrude inward. Humite + forsterite is found to consistently
overprint both calcitee magnetite and clinopyroxereplagioclase but has no visible association

with garnet. The few examples of crosscutting relationships for humite and forsterite indicate that
forsterite developed after humite. Relative timing of garnet and humite-forsterite is not known as
these minerals do not coexist. As garnet is closely associated with clinopyroxene, and humite
overprints clinopyroxene, it is possible bur uncertain that humite-forsterite formed after garnet.
Humite alteration is strongly overprinted by serpentine. Though humite is not visible in hand
specimens of strongly serpentinized rocks, petrographic examination reveals that it is almost
always present as isolated grains. Only nine humite samples and one clinohumite sample (7 and 9
Mg atoms respectively) were positively identified by calculation of mineral formula from
microprobe compositions (Figure 3-4). Most suspected examples were established as forsterite by
calculation of mineral formula from multiple analyses. Significant substitution of Fe for Mg was
identified in forsterite and humite, although the amount of iron does not exceed 15wt% Total Fe.
In microprobe (Appendix Ill) analyses of forsterite, iron is higher in vein infill than in selvage and
penetrative alteration of wall rock. This broad pattern may be repeated for humite, although the

number of analyses is much fewer.
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Figure 3-4 Example of GADDS X-ray diffraction identification of a humite group mineral
An overlay of output from an X-ray diffraction analysis from GADDS equipment on a type signature of
peaks for a chemically identified library mineral illustrates positive identification of a humite group

mineral.
Serpentine

Serpentine is consistently associated with humite + forsterite (Plate 3-2b, c, e, f) and does not
occur in clinopyroxene + plagioclase + garnet hornfels. Breccia fragments of humite + forsterite
found in matrices of tremolite-actinolite (next section) commonly have rims of serpentine.
Serpentine is dark green to black, very soft and the grainsize varies from microscopic to
millimetre-scale. Alteration is very difficult to distinguish from infill though selvage alteration

and matrix alteration of fragmented rocks are the most common form at 5mm-1cm scale, rarely
extending to 5cm. These fracture selvages commonly form networks in humite + forsterite altered
zones and give the appearance of 10m-scale zones of penetrative chrysotile alteration. Serpentine
formed a penetrative overprint of humite + forsterite alteration zones but is commonly overprinted

by strong anhydrite alteration, producing grey-black coloured rocks in which mineral components
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are difficult to recognise. Substitution of Fe into serpentine was evident in analyses but was not

consistently associated with specific lithology or texture (Appendix Il1).

Tremolite-actinolite

Tremolite is generally restricted to clinopyroxene-altered precursors and fault zones and varies in
colour from dark green, pale green, grey to almost white, although the white variety is probably
the product of subsequent alteration by anhydrite and/or talc. Tremolite-actinolite forms 10cm-
scale selvages on evenly spaced discrete fractures that are commonly green in penetrative
clinopyroxene alteration and grey in humite-serpentine wall rocks (Plate 3-2e, f). Alteration and
infill can generally be distinguished in hand sample, as infill is usually coarser-grained, though
exceptions occur where grainsize is variable due to the wall rock lithology. Tremolite-actinolite
commonly overprints clinopyroxene rocks but is also strongly overprinted by biotite, anhydrite
and chalcopyrite + pyrite. Replacement is gradational and interconnected patches of centimetre-
scale tremolite clusters persist away from identifiable channelways. In contrast to the style of
tremolite-actinolite development in skarn-altered rocks, tremolite-actinolite alteration hosted in
magnetite-bearing wall rocks generally has a different appearance, being paler and forming zones
of penetrative alteration up to 10m wide (see Chapter 4). The association with visible fractures is
not as clear for tremolite that overprints magnetite as it is for the variety that overprints skarn.
Zones of penetrative tremolite-actinolite commonly contain fragments of magnetite that form
sharp boundaries with the tremolite and abundant chalcopyrite mineralisation (described below).
The tremolite-actinolite grains within these zones are commonly aligned (Plate 3-2h), implying a
shearing component. Microprobe analyses examples are split evenly between tremolite and
actinolite (Appendix 1ll) independent of the form of mineral development. There is some
preference for infill and matrix growth to be tremolite and for selvage replacement to have
actinolite. Analyses from shear-hosted samples have the lowest variability. Compositions are

consistent within each sample.
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(a) KL16-9 57.2m (b) KL42-2 779.4m
(c) KL42-3 905.0m (d) KL32-9 374.5m
(e) KL38-5 705.0m () KL38-5 638.5m
(g) KL38-5 652.0m (h) KL28-1 266.6m

Plate 3-2 Textures and timing relationships of hydrous Group | minerals

(a) Humite fragment tremolite, talc and anhydrite matrix. (b) Forsterite vein crosscutting white diopside
and overprinted by tremolite-actinolite and talc. (c) Orange-brown humite fragments in forsterite-chrysotile
matrix. (d) Phlogopite alteration in clinopyroxene. (e) Clinopyroxene and humite overprinted by serpentine
and tremolite (f) Serpentine and tremolite overprinting of forsterite vein in clinopyroxene wall rock. (g)

Tremolite-actinolite around magnetite fragment. (h) Fibrous tremolite containing fragments of magnetite

altered to pyrite-chalcopyrite.
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Group Il

This group is defined by potassium minerals, but also includes quartz veins which are consistently
associated with K-feldspar alteration and magnetite as it appears to have a consistent temporal

relationship. The minerals included in this group are:

a) K-feldspar KAISEOs
b) Quartz veins Sio
c) Mica K(Mg,Fe}[SizAlO10](OH),
d) Magnetite FeO,
K-feldspar

K-feldspar occurs primarily as penetrative alteration of clinopyroxene * plagioclase hornfels
(Plate 3-3b, f, h), though examples of low intensity K-feldspar indicate association with fractures
which contain sub millimetre-scale infill (Plate 3-3). Although its development is largely
restricted to calcareous shale, K-feldspar is also, albeit rarely, present in rare centimetre-scale
veins and selvage alteration in altered limestone (Plate 3-3f). K-feldspar is very commonly
accompanied by subordinate brown biotite producing a pale brown coloured rock (Plate 3-3d, e).
The relative timing of K-feldspar is well constrained as it overprints clinopyroxene-plagioclase
alteration and is consistently overprinted by biotite (Plate 3-3). Where K-feldspar has been
identified in limestone it is consistently found to overprint green phlogopite (Plate 3-3f). Analyses
of K-feldspar from veins, selvage alteration and penetrative alteration in both shale and from an
unknown precursor lithology have consistent compositions frome@ri,, and are

indistinguishable from each other (Figure 3-2; Appendix III).
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Phlogopite-biotite

Mica occurs as both green and brown varieties, which have consistent crosscutting relationships.
The green variety is referred to here as phlogopite while the brown is referred to as biotite.
Phlogopite and biotite most commonly forms locally penetrative centimetre to metre-scale coarse-
grained accumulations. They are locally abundant associated with millimetre to metre scale
fracturing and fragmentation and it is difficult to distinguish infill and alteration as euhedral
crystals are common although alteration appears to be their more dominant form.
Petrographically, phlogopite is pale to transparent, with weak to moderate pleochroism the same
as the visible colour, while biotite is much darker brown in colour, though pleochroism is still
strong. Phlogopite is generally found in limestone and biotite in shale, however there are some
exceptions, brown varieties of phlogopite found associated with humite and more rarely with
clinopyroxene. The relative timing of green phlogopite is well constrained by consistent
relationships where it crosscuts clinopyroxene, green garnet and humite-forsterite and is
overprinted by K-feldspar. Biotite is regularly developed with K-feldspar as very pale brown
fracture selvedge alteration around fracture networks in massive K-feldspar (Plate 3-3). Biotite
occurs more frequently in hornfels-altered rocks but is not totally restricted to this lithology (Plate
3-3). Biotite alteration is generally fine to very fine-grained. Infill associated with K-feldspar

microfractures is generally sub-millimetre scale while in quartz it is millimetre-scale.
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Plate 3-3 Textures and relative timing of potassic Group Il minerals

(a) K-feldspar overprint of calcite-magnetite hornfels (b) Dark green clinopyroxene-plagioclase hornfels

crosscut by white K-feldspar selvages (c) Biotite selvages in penetrative clinopyroxene (d) Pale biotite
selvages in white K-feldspar hornfels. (e) Progressive clinopyroxene-plagioclase, K-feldspar + biotite

alteration of shale. (f) Fragments of garnet and green phlogopite surrounded by selvages of K-feldspar in a
limestone precursor. (g) & (h) Two examples of tremolite-actinolite crosscut by biotite along the same

fracture system in limestone.
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Quartz veins

A set of quartz veins that are consistent in size and spacing is associated with potassic alteration
due to temporal relationships. These veins are most commonly 1cm-scale but range from 5mm-
10cm and are composed of 2-5mm equant, subhedral to euhedral crystals. There is no alteration
selvedge around quartz infill. Vein patterns vary from evenly spaced, sheeted arrays to
multidirectional stockworks. Quartz veins are most abundant in shale and porphyry but also occur
in clinopyroxene-altered limestone (Plate 3-4). Quartz veins crosscut K-feldspar altered rocks and
do not contain any K-feldspar infill. An ambiguous relationship with coarse-grained biotite exists
where quartz infill occurred after biotite in fractures which contrasts with biotite infill within a
quartz vein (see geochronology section below). SEM investigations found microscopic titanite

infill within a quartz vein sample.

Magnetite

Magnetite occurs in a variety of textural forms but most commonly as fine to medium-grained
penetrative alteration. Ghost fragmental textures can be seen in samples that have been
completely altered to magnetite that imply earlier rock fragmentation (Plate 3-4). Breccias with
preserved precursor fragment mineralogy are found at the margins of zones of penetrative
magnetite alteration (Plate 3-4). Grainsize variations can often be used to identify coarser-grained
infill, but are not reliable. Other textural styles include semi-penetrative alteration in shale,
isolated grains and fracture infill without associated alteration. Magnetite fracture infill is
commonly irregular although regular fracture patterns were identified. Magnetite is largely
confined to limestone precursors although some significant accumulations occur in fault zones
and at stratigraphic contacts (see Chapter 3). While fracture-related magnetite crosscuts quartz
veins and K-feldspar alteration (see Group lll section), penetrative styles of magnetite are only
consistently found to crosscut calc-silicate alteration. Analyses of magnetite indicate some
substitution of magnesium into the lattice, up to 10 wt% MgO, but no consistent pattern to the

variation could be identified (see Appendix Ill).
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Plate 3-4 Textures and relative timing of non-potassic Group Il minerals
(a) Quartz veins in penetrative clinopyroxene alteration (b) Quartz veins in K-feldspar-phlogopite hornfels.
(c) Magnetite matrix surrounding calcite-altered humite fragments (d) Penetrative magnetite alteration of

fragments surrounded by darker magnetite matrix.
Group 1l

This group is dominated by quartz (silicification) but also includes muscovite, talc and anhydrite.
The distributions of minerals in this group are primarily influenced by host rock chemistry.
Anhydrite is included as appears to be temporally-related. Some GADDS-XRD analyses
suggested the presence of diaspore but it has not been petrographically confirmed. The minerals

included in this group are:

a) Anhydrite CaSQ

b) Quartz Si@

c) Muscovite KAB[SizAlO10](OH),

d) Talc Mg[Si;O10](OH),
Silicification

Silicification is most commonly grey but varies from black to white. The colour variation is

linked to grainsize such that white quartz is fine-medium grained while darker quartz is very fine-
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grained. Black quartz is grey to white when crushed and viewed by binocular microscopy. This
colour variation is reflected by infill and alteration textures (Plate 3-5c, d). Silicification generally
forms 10-20cm scale selvages about individual fractures, the colour changing from white to black
with distance from the fracture (Plate 3-5d). Quartz alteration occurs in all wall rocks and all
previously formed alteration. Zones of penetrative quartz alteration are commonly associated with
millimetre to centimetre scale, regular to irregular vughs, which occur in both clinopyroxene and
K-feldspar altered rocks. The timing of quartz alteration is constrained by rare examples of quartz
selvage alteration that overprint magnetite and tremolite-actinolite. The exclusion of magnetite,
chrysotile and tremolite-actinolite from zones of quartz alteration where the two are juxtaposed is
also used as evidence to constrain the abundant replacement quartz. Mutually exclusive muscovite
and talc cannot be directly compared for timing purposes. However, the consistent associations of
both of these minerals with quartz alteration, plus their similar relative timing to other minerals
(talc is established as post-tremolite, while muscovite is established as post-biotite) are used as

evidence that they both belong to Group Il

Anhydrite

Anhydrite is almost ubiquitous in low concentrations in rock samples from Kucing Liar but does
not occur in quartz alteration. It is white to pale pink/purple in colour. It forms centimetre-scale
vein and vugh infill (Plate 3-5b) devoid of associated alteration, as well as centimetre-scale
fracture selvedge and metre-scale penetrative alteration. Some samples suggest that anhydrite may
preferentially replace Group Il quartz veins (Plate 3-5a). Veins of anhydrite in clinopyroxene-
plagioclase hornfels appear spatially associated with, and similar in style to, Group Il quartz
veins. Anhydrite invariably crosscuts tremolite where the two are found together, and occupies the
centres of tremolite channelways. Relationships between anhydrite, quartz-muscovite and
chalcopyrite mineralisation (Plate 3-5g, h) indicate that anhydrite post-dates quartz £ muscovite
alteration and predates Stage IV pyrite alteration and copper mineralisation. Overprinting of
anhydrite by locally penetrative pyrite also supports timing relationships for anhydrite and

chalcopyrite.
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Muscovite — talc

These two minerals do not occur together and are believed to represent the same process in
different host rocks. Talc is commonly associated with quartz alteration of clinopyroxene rock,
while muscovite accompanies quartz alteration of K-feldspar rocks (Plate 3-5a, b). Both minerals
are fine-grained and frequently form penetrative replacement and, rarely, veins and wispy fracture
networks (Plate 3-5g, h). Muscovite and talc occur as haloes around vughs and fractures and as
botryoidal infill in vughs (Plate 3-5e, f). Muscovite crystals are generally less than &ge

Chapter 6).
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Plate 3-5 Textures and timing relationships of Group Il minerals

(a) Anhydrite alteration of quartz vein (b) Anhydrite infill with chalcopyrite in magnetite. (c) Fine-grained

grey quartz of clinopyroxene-tremolite altered limestone, a fragment of which is now talc. (d) Quartz +
muscovite alteration of K-feldspar altered shale centred on a millimetre scale vein (left). The quartz
alteration is peppered with fine pyrite and covellite spots. (€) Leach holes in clinopyroxene-garnet altered
limestone associated with talc development. (f) A tension array of magnetite infill truncated by leach holes
in K-feldspar-biotite altered shale lined with muscovite. (g) Anhydrite vein crosscutting muscovite-pyrite

selvedge alteration in a K-feldspar-biotite altered rock. (h) Patches of muscovite + native S alteration

associated with quartz selvage alteration in shale.
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Group IV

Sulphide minerals dominate this group although minor amounts of fluorite, calcite, anhydrite and
serpentine are included. This group includes copper mineralisation as well as locally significant

accumulations of molybdenite and galena-sphalerite. The various assemblages recognised in the

group are:
a) Pyrite Fes
b) Pyrrhotite Fe, S
c) Chalcopyrite thornite = digenite FeCuCuFeS, CuSs
d) Covellite + enargite (+ pyrite) CusS, sS, FeS
e) Nukundamite + covellite + chalcocite GheS s, CuS, CuS
f) Molybdenite Mog
g) Sphalerite — galena ZnS, PbS
h) Native sulphur S

Pyrite-pyrrhotite

There are two forms of pyrite in the Kucing Liar system. The first is very fine-grained (sub-
millimetre scale) and is a muddy brass colour, while the second is consistently coarser grained
(millimetre-scale) and is a brassier yellow colour (Plate 3-6). The first type is referred to as fine
pyrite and the second as coarse pyrite and the two commonly occur together. Both types occur as
low abundance accumulations in the form of discrete spots and as higher intensity selvages along
fractures (Plate 3-6). Fractures typically contain slightly coarser grained infill. Selvages of pyrite
alteration extend for tens of centimetres from fractures. Pyrite alteration is commonly penetrative
and commonly constitutes 80-100% of the rock. Locally penetrative pyrite including thick
accumulations of fine and coarse-grained pyrite crosscut penetrative quartz alteration. It occurs in
all rock types but is most common associated with magnetite and quartz alteration (Plate 3-6). It
can be difficult to distinguish coarse pyrite infill from alteration, as crystalline pyrite is a common
alteration product. Lenses of massive fine and coarse pyrite crosscut penetrative magnetite and

quartz alteration providing the primary criterion for its timing. Massive pyrite also crosscuts
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anhydrite vein material, establishing the timing of these two minerals. Coarse pyrite appears to
overprint fine pyrite, suggesting some continuous progression between the two species. Pyrrhotite
occurs in similar settings to chalcopyrite and pyrite (Plate 3-6), though it is rare. Metre-scale
zones of 50-100% pyrrhotite are the most common while low abundance accumulations of
pyrrhotite are rare. Pyrrhotite is almost wholly restricted to major unit contacts and fault zones
where it is invariably associated with locally abundant pyrite and/or chalcopyrite hosted by more
extensive zones of intense magnetite alteration (Chapter 2). The relative timing of pyrite,
pyrrhotite and chalcopyrite is commonly ambiguous, but where it is clear, there is a consistent

sequence of pyrite pyrrhotite  chalcopyrite (Plate 3-6¢).

Chalcopyrite  bornite  digenite (x anhydrite)

Chalcopyrite is the dominant copper bearing sulphide in Kucing Liar and can be found in all
alteration types except muscovite and talc. It has two distinct styles of development; most
commonly as low intensity spots and fractures as well as 0.1-1m scale zones of locally penetrative
alteration. It typically occurs as low abundances (<2%) although locally massive 1m-scale
concentrations with 80-100% chalcopyrite are present (Chapter 4). There are changes of
chalcopyrite form in some samples from spots to fracture infill that may represent the change
from alteration to infill. Chalcopyrite commonly occurs with pyrite, though discrete occurrences
of either sulphide are also common (Plate 3-6). Petrographic examination indicates that rare
purple bornite and rarer blue-grey digenite both occur at the rims of chalcopyrite grains (Plate 3-
6), and that digenite is consistently associated with bornite. The presence of chalcopyrite adjacent
to, but not within vughs (Plate 3-5), suggests that leaching, which is directly associated with
covellite mineralisation (see below), occurred after some form of chalcopyrite mineralisation.
However, chalcopyrite is seen to overprint quartz alteration along with pyrite, indicating that

while it predates muscovite, it postdates quartz alteration.
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Plate 3-6 Textures and timing relationships of pyrite, pyrrhotite and chalcopyrite

(a) Pyrite alteration band including chalcopyrite in penetratively magnetite altered wall rock. Some
oxidation of the sulphide minerals allows clear distinction (b) Brassy coarse pyrite selvage alteration in
penetrative quartz alteration taken from the middle of a 20m zone of +80% pyrite. Darker yellow
chalcopyrite is visible along the middle of the pyrite. (c) Fragments of pyrrhotite in a chalcopyrite-only
matrix which crosscuts pyrite and magnetite fragments. (d) Selvage alteration and fracture infill of
pyrrhotite-only and chalcopyrite-only enhance the outline the penetrative alteration of magnetite by calcite.
Stringers of chalcopyrite crosscut the pyrrhotite. (e) Purple bornite and minor blue digenite alteration
products at the edge of an area of chalcopyrite infill in a quartz vein. (f) Pyrite-chalcopyrite mineralisation
crosscutting an anhydrite vein that is hosted by penetrative magnetite alteration. The locally penetrative
pyrite is considered to form later than the chalcopyrite which is abundant in magnetite but absent in the

anhydrite vein.
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Covellite + enargite + pyrite + native sulphur (* fluorite)

Covellite is largely restricted to specific alteration assemblages; namely, silicified and muscovite-
altered rock types, although one occurrence was found in a diopside-altered rock. Fluorite is rare
but occurs in association with covellite and pyrite (see Chapter 4). Covellite occurs in fractures
(Plate 3-7) and vughs as infill and forms metre-scales accumulations of 40-50% by volume.
Covellite grainsize is commonly sub-millimetre but millimetre-sized hexagonal crystals are not
uncommon, especially within vughs. Visibly identified enargite was confirmed petrographically
and is consistently associated with covellite (Plate 3-7). It is black to steel grey in hand specimen
but has a pale pinkish colour when viewed in reflected light. Native sulphur occurs as infill of
holes either alone or associated with pyrite-covellite. Bright yellow native sulphur is also present
in distal alteration associated with quartz-dolomite-anhydrite infill of dissolved fossils (Chapter
2). Rare examples indicate that covellidfine pyrite overprints chalcopyrite brassy pyrite

(Plate 3-7). However, in general, the two do not coexist.

Nukundamite, chalcocite

Nukundamite occurs as individual millimetre-scale grains and has been found in calcite (Plate 3-
7) and muscovite. This assemblage is associated with muscovite alteration as well as calcite infill
around pyrite breccia fragments. It is salmon pink in hand specimen and orange, exhibiting strong
bireflectance when observed microscopically in reflected light. Chalcopyrite and covellite occur

as laths within grains of nukundamite, while chalcocite occurs as rims at the outer edge of grains.
Chalcocite was found associated with both nukundamite and covellite. Chalcocite is soft with a

bluish-grey colour in hand specimen and is silver-grey microscopically.
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Plate 3-7 Textures and relative timing of covellite, enargite and nukundamite

(a) Bands of talc-calcite and serpentine plus thin black bands of pyrite + enargite. (b) Fragments of fine
and coarse pyrite in a calcite matrix that contains later nukundamite infill. (c) A thin vein of pyrite-covellite
crosscutting penetrative quartz alteration. The sample has been finely polished to enable visibility of the
blue covellite, which makes the pyrite appear a pinkish colour. (d) Covellite-enargite infill after pyrite in a
quartz vein after crystalline pyrite. (e) Covellite-pyrite replacement along segments of millimetre-scale
chalcopyrite-pyrite veinlets and as rims around clusters of chalcopyrite-pyrite. (f) A rim of molybdenite

formed on covellite. The relationship of the molybdenite rim with the remaining solid patches of

molybdenite in the view is uncertain.
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Sphalerite + galena

In addition to copper mineralisation, there are minor occurrences of lead and zinc in the form of
galena and sphalerite. Sphalerite is black to brown in colour with poor crystal development.
Sphalerite and galena frequently occur together as locally dense accumulations at the upper
margins of the mineralised zone (Chapters 4 & 5), hosted in calcite or clinopyroxgaraet
alteration (Plate 3-8a). Accumulations of galena-sphalerite are commonly 10cm scale, extending
rarely to metre scale. They are most usually in the form of fracture infill or as replacement of

matrix in fragmented rocks and polymictic breccia.

Molybdenite

Molybdenite forms radiating crystal masses and is restricted to the lowermost sections of the
mineralised zone (Plate 3-8b). It is present as fracture infill and mm-scale selvage alteration most

commonly hosted in quartz veins and anhydrite veins or anhydrite alteration.
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Plate 3-8 Textures and timing relationships of galena, sphalerite and molybdenite
(a) A band of galena and sphalerite fringed by calcite-altered dolomite containing fragments of pyrite. It is
uncertain if the calcite rim is related to the galena-sphalerite (b) Molybdenite infill in a quartz vein hosted

by K-feldspar altered Ekmai sandstone.
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Intrusive rocks

Approximately 2.5% (2,266m) of drill core was positively identified as being of igneous origin,
the majority of which was encountered in drill stations KL30 — KL44, adjacent to the Grasberg
Igneous Complex contact zone (see Chapter 2). The igneous rocks are locally difficult to identify
due to penetrative garnet alteration. A limited number of igneous rock samples were collected and
their composition identified by petrography as monzodiorite and hornblende diorite. Weakly
altered examples of monzodiorite are composed of 30-40% evenly distributed 5mm plagioclase
phenocrysts and 5-10% phlogopite phenocrysts in a very fine-grained matrix (Plate 3-9). Both the
fragment and intrusion are crosscut by biotite in the form of fracture selvage alteration whose
colour changes from dark to pale brown across the sediment-intrusion contact. Monzodiorite was
found in contact with pyroxene and amphibole-altered rocks while red garnet and brown biotite
fracture selvage alteration was found crosscutting monzodiorite (Plate 3-9a, b). Hornblende
diorite is found in only one locality at the western end of the deposit in a 15m intersection from
385-400m depth in drillhole KL42-06. The rock is grey to black and contains 10% 1-2mm
hornblende and 1-2% 1-2mm brown mica phenocrysts. The hornblende phenocrysts are strongly
green-brown pleochroic (Plate 3-10b) and weakly aligned. Phenocrysts are black in unaltered
zones of the rock varying to green-grey where they are near bands of quartz alteration. Adjacent
to quartz alteration the hornblende is replaced by talc and within the bands they are replaced by

fine-grained quartz (Plate 3-10a).
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Plate 3-9 Visible and microscopic textures of common alteration effects in monzonite

(a) Photomicrograph of monzodiorite texture showing large plagioclase phenocryst in a fine-grained K-

feldspar groundmass which appears to locally overprint an earlier phase of clinopyroxene alteration. (b)

Clinopyroxene-tremolite skarn intruded by monzodiorite. Biotite veins crosscutting both the intrusion and

the altered fragments are darker brown in the intrusion than in the skarn. The intrusion has exploited the
same fracture as tremolite selvage alteration. (c) Selvage accumulations of red garnet (andradite) and K-

feldspar along parallel fractures in monzodiorite.
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Plate 3-10 Visible and microscopic textures of diorite
(a) A band of white quartz is accompanied by a halo of talc alteration of hornblende phenocrysts in diorite
A patch of unaffected rock at upper left illustrates the original texture (b) Photomicrograph of the diorite

texture, to the top right the phenocrysts are unaffected by hydrothermal alteration.
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3.2INTERPRETATION OF KUCING LIAR PARAGENESIS

The following discussion begins with correlation of the key Kucing Liar hydrothermal mineral
assemblages with recognised alteration assemblages that are related to porphyry-related
mineralisation and places them in paragenetic context, while the second part examines the
conditions of the hydrothermal system based on the key assemblages recognised in the system.
There are a large number of minerals developed in Kucing Liar wall rocks that have highly

variable chemistry.

Classification and inter-relationships of Kucing Liar mineral assemblages

The alteration assemblages from Kucing Liar rock samples form a complex series of
relationships. The complexities are increased by lithological control of alteration where certain
minerals and associations only appear in certain wall rock types (Chapter 2). Not all of the
relationships are present in every sample, necessitating an approach whereby observed
relationships are integrated to form a generalised sequence. There are some issues remaining
where key relationships have not been observed, however, the results presented here are
considered a good approximation of the paragenetic history for Kucing Liar. The hydrothermal
minerals have been grouped into four broad assemblages that relate to four distinct paragenetic
stages based on broad temporal relationships. Group | is characterised by a progression of calcite
+ magnetite, clinopyroxene * plagioclase, garnet, humite-forsterite. The clinopyroxene =*
plagioclase has two distinct styles that are lithologically-controlled. Group | is overprinted by
serpentine after humite-forsterite and tremolite-actinolite after clinopyroxene * plagioclase, but
not where it occurs as hornfels. Group Il is an association of green phlogopite, K-feldspar +
biotite and magnetite. Group Il magnetite is overprinted by tremolite-actinolite but tremolite-
actinolite is overprinted by biotite, a convoluted relationship which will be discussed further

below. Group Il is an association of quartz £ muscovite + talc and anhydrite.
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Group |

A fundamental issue concerning Group | is whether or not hornfels-like alteration characterised
by hedenbergite + plagioclase alteration of calcareous shale is coeval with diopside *+ garnet in
limestone. Each association has different clinopyroxene compositions as well as different
plagioclase abundances. Both associations are accompanied by garnet though there is a distinct
difference where garnet in hornfels is consistently red, indicating high Fe-content and andradite
compositions, while garnet in skarn varies from green to orange-coloured, representing a larger
variation in composition from andradite to grossular. An alternative explanation to
contemporaneous development of these two assemblages is that the hedenbergite £ plagioclase
formed first in calcareous shale and was overprinted by K-feldspar + biotite while adjacent
limestone rocks were altered to diopside + garnet. However, green phlogopite has overprinted
clinopyroxene + garnet and was in turn overprinted by K-feldspar, establishing that K-feldspar +
biotite is not equivalent to clinopyroxene + garnet. Green phlogopite is also overprinted by
tremolite-actinolite, and is also consistently associated with calc-silicate alteration rather than
other potassic minerals, indicating it is more probably part of Group I. It is therefore maintained
that the progression of Group | is calcite + magnetitelinopyroxene * plagioclase garnet

humite-forsterite phlogopite serpentine and finally tremolite-actinolite.

Calcite + magnetite, diopside * plagioclase and garnet can be described as calcic skarn due to the
significant amounts of diopside-andradite within the required composition ranges, while
forsterite-humite alteration is more strictly defined as magnesian skarn and retrograde alteration is
the term generally used to refer to the formation of hydrous mineralogy (i.e. serpentine and
tremolite-actinolite) in pre-existing skarn (Einawdial., 1981). These could equally be referred

to as anhydrous and hydrous, or prograde and retrograde skarn. Calcic clinopyroxene skarn
replaces limestone and commonly consists of Fe-Ca silicates such as andradite and hedenbergite
while magnesian forsterite skarn replaces dolomite and is characteristic of silica-deficient

environments (Einaudet al., 1981). Copper-bearing skarn deposits in porphyry environments
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tend to contain andraditic garnet (Einaetlial., 1981; Meinert, 1998). Skarn deposits typically

display a successive pattern of:

D isochemical contact metamorphism accompanying emplacement of the magma

2) metasomatism (skarn formation) accompanying crystallization of the magma and

evolution of the ore fluid

3) retrograde alteration accompanying final cooling of the system (Einaudi et al., 1981).

Early contact isochemical metamorphism develops light-coloured iron-poor calc-silicates, marbles
and hornfels. This pattern is repeated in Kucing Liar though the presence of fracture-related
selvedge alteration in the Ekmai Limestone may indicate that early hornfels was also the product
of fluid infiltration rather than isochemical metamorphism. The assemblage clinopyroxene +
plagioclase is strongly lithologically-controlled as evidenced by the presence or absence of
plagioclase, the texture of alteration, and the chemistry of clinopyroxene. The significantly
different assemblages of diopside + garnet and hedenbergite-plagioclase + garnet demonstrate a

strong lithological control on early stages of alteration.

The progression of alteration is visible in sandstone layers from samples taken distant from
Kucing Liar (see Chapter 2), where the matrix is altered to combination of talc and amphibole,
and where clinopyroxene developed at the expense of sand grains. Forsterite can develop either
from metasomatism of dolomite and quartz rocks or from alteration of clinopyroxene (Einaudi et
al., 1981). Retrogressive alteration involves hydration of reactions involving diopside and
forsterite. Tremolite-actinolite and serpentine result from retrograde alteration of different mineral
associations in the pre-existing skarn alteration. The dominant trend in retrograde alteration in
skarn deposits involves the formation of hydrous silicates that are progressively depleted in
calcium as the intensity of alteration increases (Einadal., 1981). Retrograde alteration

products typically reflect the composition of the original skarn silicates; epidote, chlorite and
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calcite replace grossularite, quartz, iron oxides and calcite replace andradite, biotite-hornblende-
plagioclase replace almandine-rich garnet, tremolite-actinolite and eventually talc replaces

diopside and serpentine replaces forsterite (Eingtuali, 1981).

Group Il

The sequence of Group Il minerals is difficult to interpret due to strong lithological control
resulting in a lack of critical relationships. K-feldspar * biotite is consistently found to overprint
hornfels-like clinopyroxene + plagioclase alteration, though there are localised examples of K-
feldspar associated with green phlogopite in altered limestone. Group Il magnetite is consistently
found to crosscut clinopyroxene * plagioclase, K-feldspar * biotite hornfels and clinopyroxene +
garnet, humite-forsterite altered limestone. However, magnetite is also consistently overprinted by
tremolite-actinolite and occasionally serpentine. Furthermore, localised biotite in limestone-
altered rock consistently crosscuts tremolite-actinolite. The simplest interpretation is that a single
retrograde alteration phase occurred after potassic-magnetite alteration producing the sequence
clinopyroxene * plagioclase + garnet K-feldspar = biotite = magnetite  serpentine,
tremolite-actinolite is equivalent to the sequence calcite £+ magnetitinopyroxene * garnet
alteration  magnetite  serpentine, tremolite-actinolite. However, this is not consistent with
biotite overprint of tremolite-actinolite. An alternative interpretation which is preferred here is
that there are actually two episodes of tremolite-actinolite alteration, being before K-feldspar +

biotite and after magnetite alteration.

Alteration mineral assemblages in porphyry systems that consist of quartz, K-feldspar, biotite,
anhdyrite and magnetite are named the potassic assembfageowell and Guilbert, 1970;
Gustafson and Hunt, 1975; Hedenquistal., 1998; Ulrich and Heinrich, 2001a). Potassic
alteration of aluminosilicate rocks is one of the characteristics of Au-bearing skarn (Meinert,
1998) and, along with an abundance of hydrothermal magnetite, distinguishes Cu-Au porphyry
styles from other porphyry deposits (Sillitoe, 1979). Where potassic alteration assemblages are

developed in porphyry-related skarn they generally overprint aluminous skarn hornfels rock types
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(Meinert, 1998; Morrisoret al., 1999). One explanation for this is that the K originally present in
the host rocks (see Chapter 1; Table 1-5) is liberated during skarn formation and may be
incorporated into biotite + K-feldspar alteration due to circulating fluids. A lithological control on
K-feldspar alteration is consistent with observations at Kucing Liar. A second interpretation could
be that the potassium has been sourced from the fluids, this is also consistent with the distribution
of biotite in high flow zones (see Chapter 4), however, this does not explain the lithological
control on potassic alteration. It is likely that the lithological control is a function of the
aluminium content from the host rocks (Chapter 1, Table 1-5), which is incorporated into early-

formed plagioclase, which in turn is altered to K-feldspar.

Although chemically distinct, magnetite is generally assigned to potassic altecdtidowell

and Guilbert, 1970; Gustafson and Hunt, 1975; Hezarkhani and Williams-Jones, 1998) and is
ubiquitous in this assemblage in Au-bearing porphyries (Sillitoe, 1997). The connection of K-
feldspar £ quartz veins and magnetite are indicated at Bajo del la Alumbrera where penetrative
quartz-magnetite = K-feldspar grades laterally into K-feldspar + biotite (Ulrich and Heinrich,
2001a). High magnetite content in skarn deposits may be a function of the dolomitic wall rocks, in
which Fe-rich calc-silicates are not stable (Einaetdal., 1981). Elevated magnetite may also
indicate the highly oxidized state for the hydrothermal fluids (e.g. Sillitoe, 1997), while the
appearance of titanite in quartz veins further constrains the composition of potassic-forming
hydrothermal fluids to the boundary between relatively reducing and oxidising conditions
described by the assemblage quartz + titanite + magnetite (Xiroattakiis 2001). Both quartz

and magnetite must be derived from the hydrothermal fluids as no major sources of Fe and Si are
locally available. The quartz in sandstone may locally provide a source of silica for the
development of clinopyroxene and garnet (Chapter 3), though no large-scale dissolution of the

quartz sandstone units is evident.
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Group 1l

The Group lll assemblage is characterised by quartz alteration accompanied by muscovite and
talc and anhydrite alteration, which individually overprint potassic and calc-silicate alteration.
Sulphide mineralisation typified by pyrite, chalcopyrite + bornite, covellite + enargite and galena-
sphalerite has been placed within this group, as it appears to be part of the broader assemblage.
This lack of any other significant overprint of quartz alteration (other than sulphide) indicates that
this mineral assemblage has overprinted all silicate phases. Local relationships indicate that
silicification overprints skarn and potassic alteration, though pyrite is more common in magnetite.
Timing relationships between anhydrite and quartz are not commonly observed though in some
cases show that anhydrite overprinted quartz and muscovite alteration. Anhydrite is consistently
overprinted by pyrite. Group Il also includes covellitenargitet pyrite mineralisation which is

most prevalent as infill in vuggy quartz alteration. Less abundant mineralisation includes bornite,
digenite accompanying chalcopyrite and nukundamite and chalcocite accompanying covellite. A
rare assemblage consisting of nukundamite + chalcocite is also recognised associated with
alteration dominated by muscovite rather than quartz. Locally penetrative galena-sphalerite pyrite
developed at the margins of the main metasomatic zone. Some molybdenite is also recognised as

forming after anhydrite and overprinting covellite + pyrite + enargite.

The assemblage quartz + muscovite + pyrite is characteristic of phyllic alteration of porphyry
deposits and, in conjunction with locally massive pyrite, also characterizes the “silica-pyrite”
alteration found in skarn systems (Einaatlal., 1981). Silica-pyrite may replace skarn, but also
replaces limestone as massive irregular bodies, mantos, or steep structurally controlled breccia
pipes (Einaudet al., 1981). This is consistent with Kucing Liar, where both quartz alteration and
massive pyrite are found in both skarn and unaltered limestone. A direct correlation exists
between sericitic (phyllic) alteration of the pluton and the formation of silica-pyrite in adjacent
skarn (Einaudiet al., 1981). Covellite + pyrite £ enargite mineralisation is one of the
characteristic assemblages that define high sulphidation mineralisation, which is commonly

pyrite-rich and typified by enargite, luzonite, digenite, chalcocite, covellite and nukundargite (
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Sillitoe, 1999; Inan and Einaudi, 2002). Although high sulphidation mineralisation is generally
confined to advanced argillic alteration zones typified by quartz, alunite, kaolinite or diagfsore (
Hedenquiskt al., 1998), at some localities it extends into the sericitic (phyllic) zone, commonly
zoning from advanced argillic to phyllic, which subsequently grades downwards into potassic
alteration (Sillitoe, 1999). This is the case at Kucing Liar where high sulphidation mineralisation
is generally formed in quartz-pyrite-muscovite alteration, though its independence from phyllic
(silica-pyrite) alteration is recorded in the occurrence, albeit rare, of covellite in calc-silicate
skarn. A significant problem with the Kucing Liar paragenesis is the relationship between
chalcopyrite and covellite mineralisation. The sequence of development is not rigidly constrained,
as the timing of sulphide minerals is commonly questionable, due to ambiguous sulphide growth
textures and almost complete absence of rocks containing both of the main Cu-bearing phases.
Both Cu-bearing sulphides are associated with pyrite, though chalcopyrite tends to be developed

in association with coarse, brassy pyrite rather than fine pyrite.

Petrologically defined conditions of the Kucing Liar hydrothermal system

The early stages of the paragenesis indicate moderate to high temperatures and near neutral pH,
while the later stages demonstrate a significant lowering of temperatures and pH conditions.
Solutions associated with quartz monzonite will be nearly neutral and enriched in iron relative to

magnesiumdf. Einaudi et al., 1981).

Studies of numerous skarn deposits around the world indicate temperatures of formation for
prograde skarn (Chapter 2) between 400°C and 650° and that there is a relationship between
temperature and pressure where lower pressures lower the temperature limits of skarn formation
(Einaudi et al., 1981). Skarn minerals (monticellite) from the DOM deposit have high temperature
(=700°C) and high salinity fluid inclusions (Meinert et al., 1997), while Big Gossan and EESS
skarn minerals, preserve much lower temperature fluid inclusions (300-500°C) of more moderate

salinity (Meinert et al., 1997).
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Potassium silicate alteration in porphyry-related hydrothermal systems is generally believed to
form during initial cooling of magmatic brines from 600° to 4@@°Kinaudiet al, 1981, Sillitoe,

1997; Hedenquistt al, 1998). The appearance of titanite in the quartz veins may have a bearing
on the composition of hydrothermal fluid. The assemblage titanite + magnetite + quartz is
generally thought to mark the boundary between relatively reducing and oxidising conditions and
likely more common in relatively Fe-rich bulk compositions and for decreasing temperature and
pressure conditions (Xirochakes al., 2001). The elevated magnetite reflects the highly oxidized

state of the magma from which gold-transporting fluids were derived (Sillitoe, 1997).

Extensive late replacement of prograde skarn by retrograde skarn and silica-pyrite presumably
reflects the presence of a long-lived, sulphur rich hydrothermal system operating in a highly
fractured, hence permeable, environment (Einaudi et al., 1981). A decrease in temperature,
oxidation by groundwater influx and low pressure boiling can all contribute to the generation of
hydrothermal fluids that are out of equilibrium with plutons and skarns (Eiretual., 1981;
Meinert et al., 2003), which leads to the development of retrograde alteration. Temperatures for
retrograde alteration generally range from 450° to 300°C (Eieduadi, 1981). More specifically,
serpentinisation of forsterite-bearing magnesian skarn (Chapter 2) in low-pressure environments
implies temperatures less than 420°C (Einaetdial., 1981). The more pervasive retrograde
replacement of magnesian skarn compared to calcic skarn reflects the instability of forsterite in

water-rich fluids in temperatures below 400°C (Einaudi et al., 1981).

The presence of muscovite and quartz-covellite indicate mildly acidic conditions and moderate
temperatures. Sericite-stable alteration assemblages are associated with cooler, less saline water
(Hedenquist et al., 1998). However, the absence of kaolinite or alunite may indicate that highly
acidic conditions were not achieved. The contrasting mineralisation assemblages recognised in
Kucing Liar indicates different fluid conditions as covellite is related to slightly acidic conditions

and high sulphidation stages while chalcopyrite deposits under more neutral acidity and

intermediate sulphidation states (e.g. Einaudi et al., 2005).
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4 Structural setting

The following section documents the large-scale context of the Kucing Liar mineralisation, as
reflected by the distribution of the major hydrothermal minerals. Routine logging of all drill core
included identification of lithology and estimation of individual mineral abundances for all core
samples (Appendix IV). During routine exploration drilling, sample intervals were assigned by
mine geologists at regular lengths of 3m but made shorter where significant changes in geology
were present (N. Wiwoho, pers comm.). Technicians then split the core using a screw press to
produce a sample ready for assay. A short length of drill core (10-20cm) was removed from each
assayed interval prior to splitting, and retained, producing an archive of “skeleton” core. The drill
holes were logged in two phases from Sept.-Nov. 1997 and June-Sept. 1999. During the first
phase, continuous (“full core”) that had been split for sampling was utilised, while during the
second period only skeleton core was examined due to the much shorter time required to examine
and log a single hole. The second period of logging revisited many of the drill holes logged on the
first occasion, enabling a comparison between logs of continuous core versus skeleton core. No

major differences were found comparing the data from the two different sample collections.

The structural setting has been interpreted independently for this research program from the
skeleton core logged by this author to develop detailed cross sections through the mineralised
zone. Polygonal outlines developed from data within individual drilling stations for major
stratigraphic contacts each of the major mineral assemblages honour the position of contacts on
drillhole traces and were converted into wireframes. Three-dimensional surfaces representing the
major stratigraphic contacts have been derived from correlation of stratigraphy between radial
drill fans (Chapter 1), and are used to illustrate the structural setting of mineralisation. Visual
estimates of mineral abundances in drill core samples (see Appendix V) were also analysed in
three dimensions using Vulcan and Surpac mine-environment software. Cross sections of these

surfaces and isosurfaces are the primary method used to interpret structural controls on fluid flow.
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4 1STRATIGRAPHIC AND FLUID FLOW MODELLING

The main units of interest in the Kucing Liar deposit are the Ekmai and Waripi Limestones, and
less importantly the Faumai Limestone, the Sirga Sandstone and the Kais Limestone. Each of
these units is unique with respect to the overall sequence. Their contacts are important in
identifying stratigraphical position as well as the location of fault zones. The positions of the
distinctive marker horizons have been correlated between drill stations to form three-dimensional
surfaces and are combined with the 3D distribution of hydrothermal alteration to provide as full a

picture as possible of the structural history of the Kucing Liar system.

4.1.1 Lithological distribution
Stratigraphic sequence recognition

While the original compaosition and texture of wall rocks could be identified for type samples in
KLS1-1 and KLS3-1, much of the sequence is affected by hydrothermal alteration. As the wall
rocks in the mineralised zone are, by definition, extensively replaced, identification of texture
retention during alteration is an important step in correctly assigning stratigraphic position of host
rocks. Textural retention and lithological control of mineralogy is a feature of hydrothermal
mineral development at Kucing Liar, which, in combination with unique sequences and marker
horizons, allows stratigraphic characterisation of the altered sequences in the main mineralised
zone. As the sequence of lithology has been established, deviations from the expected lithology
identify the components added during modification. Each type of alteration displays a continuum
of modification that can be traced from original texture and composition in KLS1-1 and KLS3-1

through to total replacement of the original rock within the mineralised zone.

Textural retention during alteration

Fundamentally, there are only three sedimentary rock types, i.e. limestone, sandstone and shale,
which host Kucing Liar alteration and mineralisation, each of which can be identified either by a

distinctive texture or a particular alteration mineralogy (Plate 4-1).
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The base of the mineralised zone is marked by the Ekmai Sandstone which is a relatively
homogeneous unit with monotonous white K-feldspanuscovitet covellite + pyrite. In some
drilling, sharp contacts between K-feldspar and quartz-dominant alteration were observed. The
deepest penetration of the Ekmai Sandstone (in KL42-3) intersected a section of clinopyroxene-
garnet-K-feldspar-biotite hornfels that is very similar in appearance to altered sections of the
Ekmai Limestone. The lower contact with the Ekmai Sandstone marks a change from underlying
homogeneous sandstone to very fine-grained shale and is distinctive in altered sequences where
the overlying zone is typified by a 5-10m zone of abundant green or brown-red garnet and
magnetite in the lower Ekmai Limestone. The main body of the Ekmai Limestone is generally
homogeneous and typified by very fine-grained hornfels that may be green (pyroxene-feldspar),
white (K-feldspar) or brown (K-feldspar biotite). Where present, the Ekmai shale is altered to a
distinctive brown K-feldspar + biotite rock and contains a quartz stockwork that is distinct from
sheeted vein arrays hosted in the underlying Ekmai Limestone and which are absent from
overlying Waripi Limestone (zone 8 in Plate 4-1). This unit is not present throughout the

mineralised zone, but it is definitive.

The Waripi Limestone overlies the Ekmai Limestone and typically contains a number of different
zones where intersected in the deposit. The lowermost zone commonly hosts thick concentrations
of magnetite or garnet that form sharp contacts with clinopyroxene-plagioclase or K-feldspar-
biotite altered shale. This zone is typified by intense brecciation with an abrupt lower contact to
the Ekmai Limestone and a transitional contact to overlying skarn alteration (zones 5 and 6 in
Plate 4-1). The lower contact with the Ekmai Limestone represents a change from very fine-
grained black shale to fine-grained grey peloid limestone and as such is easily recognised.
Diopside skarn occurs above the magnetite breccia /garnet zone and has been overprinted by
orange humite-forsterite, dark green phlogopite, green tremolite-actinolite or thin magnetite zones
(zone 4 in Plate 4-1). The upper contact of skarn and accompanying alteration is commonly sharp,
in some cases (zones 3 and 4 in Plate 4-1) defined by a thin concentration of garnet accompanied

by sphalerite and galena mineralisation. A zone of calcite alteration above this contact is
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gradational to grey dolostone (zone 3 in Plate 4-1). This is succeeded by the upper Waripi
sandstone member, which is typically intensely altered to vuggy quartz and contains metre-scale
lenses of pyrite. This alteration does not typically extend outside the quartz layer, which is

overlain by thin K-feldspar-biotite hornfels developed in thin shale.

Marker horizons

The precise position of the upper Waripi Limestone contact with the Faumai Limestone is
difficult to recognise as the thin (~5m) laminated sandstone layer that marks the top of the Waripi
Limestone is commonly not observed due to the scale of sampling (see Appendix V). However,
the approximate location of the contact is indicated by the location of the much thicker (~50m)
upper Waripi sandstone member and its accompanying, easily identifiable shale layer (zones 2
and 12 in Plate 4-1). The position of the Idenberg Fault Zone can be identified in many drill holes
due to variation from the normal stratigraphic sequence. The Ekmai Sandstone is known from
regional studies to be 600m thick (Chapter 1). Drill holes oriented from near vertical or toward
the northeast either intersect thick monotonous sandstone or porphyry. However, drill holes
oriented toward the southwest do not follow the expected sequence, indicating the presence of a
fault. The Idenberg Fault Zone is manifested either as an abrupt change in lithology, which may
be altered sandstone to altered limestone, commonly separated by 5 to 10m of magnetite
phlogopitex tremolite+ chalcopyritet pyrite, or as a broader zone characterised by fragmental
rocks altered to magnetitequartzt pyrite (zone 9 in Plate 4-1). In many instances the alteration
mineralogy does not allow specific identification of the texture or lithology of the precursor.
Garnet, magnetite, quartz and pyrite are all associated with extensive fragmentation of the host
rocks (Chapter 3) and it is interpreted that intense development of these minerals indicates the

presence of a fractured zone that represents the position of a fault (Plate 4-1).

Out-of sequence limestone has been encountered beneath the Ekmai Limestone on the southwest
margin of the main mineralised zone. A thick magnetite zone commonly occupies the contact

between normal stratigraphy and out-of-sequence limestone (zone 9 in Plate 4-1). The limestone
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is variably altered with increasing intensity with depth from calcite to catciteagnetite with

minor humite development and finally to clinopyroxene and humite skarn overprinted by
retrograde tremolite-actinolite and serpentine (zones 10 and 11 in Plate 4-1). The distinctive upper
Waripi sandstone member is occasionally recognised in deeper drilling intersections within this
zone of altered limestone from the same distinctive quartz and potassic hornfels alteration
identified above the mineralised zone (e.g. zone 12 in Plate 4-1). Additionally, sandstone of
similar thickness to the upper Waripi sandstone member but containing a shale layer in the middle
rather than at the top is identified in a small number of holes and is interpreted to be the Sirga
Sandstone. Where recognised, the Sirga Sandstone is quartz-garnet altered with minor lenses of
pyrite. Recognition of these distinctive layers in deeper drilling confirms the presence of a fault

zone and allows the magnitude of displacement to be measured.

Stratigraphical interpretations indicate that the Kucing Liar deposit can be divided into two parts
with similar sequences separated and offset by the Idenberg Fault Zone. The position of this fault
is indicated by departure from the ideal stratigraphic sequence (Figure 4-1). The rocks above the
fault consist of well-constrained stratigraphic sequence of Waripi Limestone, Ekmai Limestone
and Ekmai Sandstone and will be referred to as the main mineralised zone. The footwall
stratigraphy is less well defined due to limited drilling. The general impression of the structure at
Kucing Liar can be gained by comparing the sequences intersected at different drill stations along
the strike of the system (Figure 4-1). The stratigraphy of Kucing Liar is generally consistent along
strike though there is a significant change in the structure at station KL44, which marks the
western extent of mineralisation (Figure 4-1). Below the fault zone the Waripi Limestone and
Faumai Limestone are recognised from the relative position of a second intersection of the upper
Waripi sandstone member (Figure 4-1). The Sirga Sandstone is also recognised in KL44-2
adjacent to the main mineralised zone but separated from it by a porphyry intrusion that occurs in

the Idenberg Fault Zone (Figure 4-1).
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Plate 4-1 An example of lithological sequence commonly found in faulted regions

Drill core samples from KL40-07 (Figure 4-1) representing assay intervals that are generally 3m long. The

total depth of the hole is 911m (Ist = limestone, shl = shale, sst = sandstone, unk = unknown). Zones: 1—
carbonate altered limestone, 2—quartz altered sandstone including feldspar + biotite altered shale, 3—

carbonate altered limestone, 4—pyroxene-garnet-phlogopite-tremolite altered limestone, 5—-pyroxene altered
limestone plus magnetite-pyrite altered zones, 6—magnetite plus minor pyroxene altered limestone, 7—
magnetite altered zone, 8-feldspartbiotite altered shale, 9-magnetite altered zone, 10-

calcitetmagnetitehumite altered limestone, 11-pyroxene altered limestone, 12—pyroxene and quartz

altered sandstone including feldspartbiotite altered shale, 13—calcite-magnetite and humite-forsterite

altered limestone.
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Figure 4-1 Stratigraphic patterns identified in drilling

Stratigraphic interpretation of drilling from each drill station is illustrated using holes that dip
approximately 60° toward southwest, though significantly steeper holes (KL30-5, KL42-3) were included as
there were no other satisfactory holes from these stations. The position of the upper Waripi sandstone
member relative to the drill collars illustrates continuity of stratigraphy and the basic orientation of strike.
An arrow marks the start position of out-of-sequence stratigraphy. See Appendix | for the position of each
of these drill holes. There is a large amount of vertical exaggeration as the holes are spaced approximately

100m apart (see Chapter 1), meaning the holes represent 1,200m of strike length.
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Large-scale geometry

The Waripi and Ekmai Limestone units, as well as upper sections of the Ekmai Sandstone,
dominate the stratigraphy of the main mineralised zone northeast of the Idenberg Fault Zone
(Figure 4-2, Figure 4-3). Much of the rock mass intersected on the southwest side of the Idenberg
fault zone is undifferentiated limestone at higher levels, though it is likely to be the Kais
Limestone, due to the local recognition of the Sirga Sandstone (Figure 4-2). However, the
recognition of the upper Waripi sandstone member in much of the deeper drilling allows some
reconstruction of the geometry of stratigraphy in the footwall of the Idenberg Fault Zone. Bedding
strikes consistently at ~29(n this part of the system. Unit boundaries dip north but are concave
upwards directly adjacent to the Grasberg Igneous Complex, which is intersected at the centre and
northwest end of the deposit and has a near vertical contact with host rocks (Figure 4-3).
Although data on the southwest side of the Idenberg Fault Zone are scarce, the strike of the upper
Waripi shale/sandstone marker is observed to be similar to that on the northeast side. The Ekmai
Limestone is thicker in the southeast than in the northwest, while the Waripi Limestone is thicker
in the northwest than in the southeast (Figure 4-3). Thickening is coincident with inflections in the
strike of the Ekmai Limestone. The distribution of marker horizons in cross section, especially the
upper Waripi shale/sandstone marker, illustrate that total vertical separation across the Idenberg
Fault Zone is ~600m, north side up relative to south (Figure 4-3). The Idenberg Fault Zone has an

offset geometry when viewed in cross section, plan and long section (Figure 4-3). The 290

striking segments are 50-100m thick, while vertical, 3€iking segments are only 5-10m thick.

(Overleaf): Figure 4-2 is a series of sections of each cross section studied during this research program.
They are included to demonstrate the continuity of stratigraphy as well as the variation in exposure scale
for each section. The stratigraphic patterns are derived from projection of drill traces onto flat page and so
may not be strictly accurate dur to non-planar drill traces. The relative position of the shale horizon marker
in the upper Waripi Limestone gives an impression on the scale of displacement across the Idenberg Fault
Zone. Stratigraphic unit codes are; Tngk = Kais Limestone, Tngs = Sirga Sandstone, Tngf = Faumai
Limestone, Tngw = Waripi Limestone, Kkel = Ekmai Limestone, Kkes = Ekmai Sandstone. Pink shaded
areas depict areas where stratigraphic assignment is not possible, while dotted pattern depicts fault breccia

Zones.
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Figure 4-2 Serial sections of Kucing Liar lithology (refer Chapter 1 for section locations)
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Figure 4-2 Serial sections of Kucing Liar lithology (cont.)
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Figure 4-3 Interpretative cross sections of Kucing Liar stratigraphy from wireframes
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Figure 4-4 Interpretative plan sections of Kucing Liar stratigraphy from wireframes
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Figure 4-5 Interpretative longitudinal sections of Kucing Liar stratigraphy from wireframes
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4.1.2 Hydrothermal mineral distribution

This section covers the local-scale controls on fluid infiltration as well as the deposit-scale
controls. The structural controls of fluid flow within Kucing Liar are analysed via meso- (hand
sample), macro- (single drill hole) and mega-scale (drill fan) patterns of hydrothermal mineral
development. Local controls are determined by down hole plots of mineral abundance and
lithological data while deposit-scale controls are identified by comparing alteration distribution

models with lithological models presented in the previous section.

Patterns of hydrothermal alteration

Fluid flow was not uniform through Kucing Liar wall rocks, as fluids were structurally controlled

at various scales. The patterns of mineral distribution are illustrated by down hole logs which
display the abundances of each hydrothermal mineral (Figure 4-6). The three examples shown
illustrate respectively, the Idenberg fault zone in relatively unaltered hosts (KL32-01), a complex
fault system and complicated stratigraphy (KL32-04), and a simple fault system accompanied by
simple stratigraphy (KL32-05). KL32-01, KL32-04 and KL32-05 were all drilled toward 219° at

0, 45 and 60° respectivelin KL32-01, sedimentary rocks on the north side of the fault are
generally unaltered except for low abundance calcite £ magnetite alteration of the upper Waripi
sandstone member that elsewhere commonly contains quartz alteration. KL32-04 was drilled at -
45° and intersected two fault zones delineated by zones where the lithology is generally
unrecognisable. KL32-05 was drilled at a steeper angle and intersected deeper sections of the
Idenberg Fault Zone. Discrete intersections dominated by single minerals extend in length from 5-
100m along a drill hole and are commonly 10-20m. Contacts between such zones dominated by
different minerals are commonly sharp. Some exceptions include gradual and sympathetic
abundance changes between K-feldspar and quartz alteration in the Ekmai Limestone (KL32-04,
350-400m). However, contacts of the K-feldspar-quartz with magnetite-sulphide and

clinopyroxene are commonly sharp.
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Figure 4-6 Lithological patterns and mineral abundances in representative drill holes

KL32-01 Idenberg Fault in relatively unaltered hosts

This figure is intended to demonstrate three patterns of lithology and alteration encountered in drilling
conducted on the same cross section (KL32). See Figure 1-12 for the precise angular relationships between
each drillhole. Ornamentation is based on identified lithology while the unit codes are interpreted based on
sequence of lithology. See Appendix V for mineral abbreviations and details of logging process.
Stratigraphic unit codes are; Thngw = Waripi Limestone, Tngl = undifferentiated New Guinea Limestone
Group limestone, Kkel = Ekmai Limestone, Kkes = Ekmai Sandstone. Dashed lines mark the upper and
lower boundaries of unrecognised lithologies that are interpreted to represent fault zones. An asterisk is
used to identify the location of the upper Waripi sandstone member, which is used to establish the total

vertical offset.
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Figure 4-6 (cont.)

KL32-05 Simple faulted stratigraphic sequence
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Figure 4-6 (cont.)

KL32-04 Complex fault and offset stratigraphy
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Large-scale mineral distributions

Clinopyroxene * garnet skarn (see Chapter 3) is developed as thick (~20-50m-scale) lenses in the
lower Waripi Limestone and Ekmai Limestone, parallel to the folded stratigraphy and are
apparently truncated up dip by the Idenberg Fault Zone (Figure 4-7). Bodies with moderate to
high preserved abundances of skarn-related minerals form a series of stacked lenses that occupy
the lower Waripi and Ekmai Limestones, paralleling the bedding (Figure 4-7). Semi-concordant
skarn rocks in the southeast of the deposit are concentrated in the lower Waripi Limestone and
subordinate positions in the Ekmai Limestone (Figure 4-7). Skarn alteration does not persist to the
northwest past the apparent truncation and thinning of the Ekmai Limestone (Figure 4-7). Early
skarn is zoned with garnet occupying the primary channelways surrounded by clinopyofxene (
small-scale features illustrated in Section 3.2.1). Similarly, a large skarn body dominated by
garnet occurs within the Idenberg Fault Zone. Skarn alteration maintains a constant thickness of
50m for 500m along strike, and maintains a constant position 50m above the base of the Waripi
Limestone. The low density of data in these regions did not allow confident constructions of
volumetric models for skarn mineral development in the footwall sequence to the southwest of the

Idenberg Fault Zone.

Volumes of preserved moderate abundances of K-feldspar + biotite are tightly restricted to the
Ekmai Limestone (Figure 4-8). In cross section, K-feldspar + biotite rocks are concentrated
wholly within the Ekmai Limestone. Biotite alteration is most extensive where the Ekmai
Limestone is thickest but is also concentrated in deeper portions of the Ekmai Sandstone and
associated with the ldenberg Fault Zone (Figure 4-8). By contrast, moderately magnetite-rich
rocks are prominent as a single concentration 20m thick along the base of the Waripi Limestone,
extending along most of the identified strike extent (Figure 4-9). Significantly, the magnetite
rocks extend into the Grasberg Igneous Complex where they appear to be portioned at the
Grasberg Igneous Complex boundary, the first alteration to appear as such (Figure 4-9). At the
deepest levels in the down-faulted stratigraphic package, magnetite is concentrated in limestone,

assumed to be Faumai Limestone, above the upper Waripi sandstone member (Figure 4-9).
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Retrograde skarn minerals tremolite-actinolite and serpentine have a similar distribution to

magnetite, though details of any stratigraphical or structural control are not visible.

Quartz alteration is concentrated into stratigraphic layers abutting the Idenberg Fault Zone (Figure
4-10). Well-defined bodies of quartz-dominant material 10-50m thick were identified in drill core
and are found to extend up to 500m along strike (Figure 4-10). Quartz alteration is less well
developed in the east than in the west. Quartz alteration also occurs as a discrete package in the
upper Waripi sandstone member. Moderate to high abundances of sulphides are concentrated
within the Idenberg Fault Zone (i.e. broadly coincident with quartz alteration) (Figure 4-11).
Additional smaller concentrations of sulphides are present along major stratigraphic contacts,
particularly the Ekmai Limestone contacts. Sulphide concentrations are continuous for hundreds
of metres along strike (Figure 4-11). Sulphide development is not continuous from the Idenberg
Fault Zone to the Grasberg Igneous Complex. The independent development of chalcopyrite and
covellite-bearing mineralisation is reconfirmed in models of their spatial distribution (Figure 4-
11). Distributions of covellite-bearing mineralisation are distinctly concentrated about the
Idenberg Fault Zone as well as in the adjacent Ekmai Limestone. In contrast, chalcopyrite-bearing
mineralisation is concentrated along the Ekmai Limestone and is continuous into the Grasberg

Igneous Complex.
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Figure 4-7 Distribution of calcite, clinopyroxene, garnet, humite and phlogopite

(@) Sections of skarn alteration
differentiated by the various
minerals identified in
Chapter 3. The Grasberg
contact was provided by

Freeport geologists.

(a) A cross section through
station KL32 shows the
stratiform nature due to
lithological layer control of
clinopyroxene and garnet
accumulations as well as
zoning pattern of garnet
(b) inside clinopyroxene. (b) A
plan section  through
2,750m demonstrates that
the skarn development does
not envelop the GIC. The
asymmetric zoning of skarn
across the IFZ relative to
elevation is also clear. (c) A
long section perpendicular
to Cross sections
demonstrates once more the
stratiform nature of skarn
as well as the zoning
pattern  grading  from
© proximal garnet to
clinopyroxene to distal
calcite # magnetite. See (a)

& (b) for location.
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Figure 4-8 Distribution of dominant K-feldspar + biotite alteration

(@)

(b)

(€)

Sections of the distributions
of the various potassic
alteration group minerals
identified in Chapter 3. The
Grasberg contact was
provided by Freeport

geologists.

(a) A cross section through
station KL32 shows the
stratiform nature due to
lithological layer control of
K-feldspar and biotite
accumulations. Deeper
sections of Kucing Liar are
biotite rich about the IFZ.
(b) A plan section through
2,750m demonstrates the
lithological control as well
as a suggestion of zoning
from inboard biotite to
more distal K-feldspar. (c)
A long section
perpendicular to  cross
sections demonstrates once
more  the lithological
control  highlighted in
Chapter 3 as well as the
zoning pattern grading
from proximal biotite to
more distal K-feldspar. See
(a) & (b) for location.
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Figure 4-9 Distribution of extensive magnetite and tremolite-actinolite alteration

@) Sections of the distributions
of magnetite and retrograde
skarn alteration identified
in Chapter 3 demonstrate
the strong lithological (or
stratigraphic contact)
control on magnetite and
retrograde skarn and also
that retrograde skarn and
some magnetite is not
stratiform. The Grasberg
contact was provided by

Freeport geologists.

(b) (&) A cross section through
station KL32 shows that a
large amount of magnetite
is juxtaposed with the GIC.
The section demonstrates a
hydrothermal  connection
between the GIC and
Kucing Liar during
magnetite alteration (b) A
plan section  through
2,750m demonstrates the
same connectivity with the
GIC. (c) A long section

(©) perpendicular to cross-
sections demonstrates once
more the strong
stratigraphical control. See
(@) & (b) for location.
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Figure 4-10 Distribution of rocks dominated by quartz, muscovite and anhydrite alteration

(a) Sections of the distributions
of quartz, anhydrite and
talc-muscovite  alteration
identified in Chapter 3
demonstrate weak
lithological control on
quartz alteration but the
disparate nature of this
apparently temporally

related assemblage.

(a) A cross section through
station KL32 shows well the
lithological control on

(b) quartz, where the
stratigraphy is adjacent t
the IFZ. The upper Waripi
sandstone member has
strongly partitioned some
quartz alteration. Anhydrite
distributions are  very
similar to that of tremolite-
actinolite but show no clear
structural control. (b) A
plan section  through
2,750m suggests a parallel
structure at the margin of

(c) GIC has concentrated
quartz alteration. (c) A long
section perpendicular to
cross sections demonstrates
once more the strong
stratigraphical control. See
(a) & (b) for location.
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Figure 4-11 Distribution of ore sulphides, pyrite, chalcopyrite and covellite

(@)

(b)

(€)

Sections of the distributions
of pyrite, chalcopyrite and
covellite demonstrate the
strong influence of the IFZ
and more subtle lithological
control on ore minerals as
well as a zoning pattern
about the IFZ of proximal
covellite and distal

chalcopyrite.

(&) A cross section through
station KL32 shows the
intensity of pyrite and
covellite development in the
IFZ offset as well as the
influence of the Ekmai
Limestone. (b) A plan
section through 2,750m
shows the most intense
pyrite alteration is opposite
the GIC. Note that the
contact zone of Kucing Liar
and the GIC where
magnetite and retrograde
skarn are concentrated is
occupied by high
chalcopyrite
concentrations. (c) A long
section perpendicular to
cross  sections  further
demonstrates the zoning
pattern of ore minerals. See
(@) & (b) for location.
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4.2 ARGE-SCALE CONTROLS ON FLUID INFILTRATION

The data in this chapter will show that the Kucing Liar hydrothermal system was related to a
major structural offset in the Idenberg Fault Zone, which is adjacent to a significant lithological

contrast.

4.2.1 Structural geometry of Kucing Liar alteration

The combination of specific rock types and marker horizons (Chapter 2) has enabled construction
of a lithological model for the mineralised zone. Models of these data indicate that Kucing Liar
lies within the north dipping limb of a syncline, although no fold closures are evident in the study
area. Adjacent to the Grasberg Igneous Complex the bedding is folded against the intrusion
contact, suggesting forceful intrusion. The host stratigraphy has been truncated at a very shallow
angle to strike by a steeply dipping fault zone. The fault zone is named the Idenberg Fault Zone
and contains several steeply northeast dipping narrow structures that are connected by wide zones
of brecciation. The zone of displacement follows both the narrow structures and wide zones to
produce a series of offsets within the fault zone. The displaced portion of Kucing Liar on the
southwest of the Idenberg Fault Zone is difficult to analyse due to very low data densities. The
same rock types are encountered in the footwall of the Idenberg Fault Zone, though skarn is more

prevalent than other alteration types.

The mineral distribution data indicate the Idenberg Fault Zone focussed the entire system while a
series of complex offsets in the fault zone provided local controls, specifically on garnet and
sulphide distributions. Specific alteration assemblages are concentrated along the lower Waripi
and Ekmai Limestone contacts, as well as within the ldenberg Fault Zone, especially within
offsets of the fault. Within the mineralised zone hydrothermal alteration occupies the upper
sandstone member of the Waripi Limestone, the lower Waripi Limestone, the Ekmai Limestone
and also extends downwards into the Ekmai Sandstone. Skarn alteration tends to be stratiform and

is concentrated in the Ekmai Limestone and lower half of the Waripi Limestone. Humite-forsterite



107 Structural setting

+ serpentine and clinopyroxene * tremolite-actinolite are restricted to the dolomitic Waripi
Limestone (see Chapter 2) within the main mineralised zone and appear to stratiform and
interlayered, perhaps reflecting the original distribution of dolomite and calcite in the limestone
unit. Garnet and magnetite are localised within the Waripi Limestone along its lower contact with
the Ekmai Limestone and to a lesser extent along the base of the Ekmai Limestone. Small
concentrations of garnet are also localised along the upper skarn contact within the Waripi
Limestone. K-feldspar + biotite, along with related quartz veins, is generally restricted to the
Ekmai Limestone and Ekmai Sandstone though biotite also formed independently within narrow
portions of the Idenberg Fault Zone below the elevation of the main mineralised zone. Quartz and
sulphide alteration have very similar distributions that appear to parallel the steeply dipping
structures within the Idenberg Fault Zone and are concentrated about a large-scale offset in the
fault zone. Quartz and sulphide are structurally distinct from other alteration assemblage, as they
do not form large stratiform bodies. The change in alteration distribution from skarn to potassic to
silica-pyrite indicates a change in structural controls that will be analysed in the next section. The
relationship between chalcopyrite and covellite mineralisation in Kucing Liar and the Grasberg
porphyry system has not been comprehensively tested, though the two systems have similar ore
assemblages, there are some grounds for believing the two are distinct systems, and will be

further discussed in Chapter 9.

The data indicate mineralisation that is zoned with respect to fluid flow. Merigd, (1994),

Hefton et al., (1995), and Rubin and Kyle (1998) have described vertical zonation of alteration
and mineralisation in the magnesian skarn deposits of the EESS, formally referred to as GBT-
I0Z-DOZ (see Chapter 1). The focus of fluid flow at Kucing Liar was the Idenberg Fault Zone,
and in particular offset within it, and fluids probably flowed upwards and along stratigraphic
contacts to that feature. Fluids may then have migrated within the Idenberg Fault Zone to higher
elevations. In a model where covellite formation is at least partly contemporaneous with, though

spatially distinct from, chalcopyrite, the data suggest that chalcopypyeite was accompanied

by and locally overprinted by covellitepyrite, which is restricted to the high flow areas. Both of
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these forms of copper mineralisation were replaced in the core of the Idenberg Fault Zone by a
package of pyritex chalcopyrite + covellite. Pyrite, chalcopyrite and covellite core are

overprinted by galena and sphalerite.

4.2.2 Driving forces of fluid flow

Fluid infiltration through rocks may be via primary or secondary porosity. Primary porosity is a
function of the grain size, degree of cementation and distribution of the wall rocks, while
secondary porosity is that which is created during deformation or alteration in the absence of
deformation. The very fine-grained texture of rock samples, particularly pyroxene and feldspar,
indicate derivation from rapid deposition at numerous nucleation sites, which can result from high
fluid fluxes that are conducive to supersaturation (Einatdil., 1981). Additionally, pervasive

fluid flow such as is observed to have occurred during skarn and potassic (K-feldspar * biotite)
alteration is inferred to occur along microcracks and grain-boundary porosity (Oliver, 1996).
Pervasive fluid flow produces uniform replacement of wall rocks, referred to as penetrative
alteration (Chapter 3). Widespread penetrative alteration is indicative of low fluid pressures and
will typically be associated with relatively high fluid fluxes as compared to channelled flow
(Oliver, 1996). Channelled fluid flow occurs along fractures in wall rocks but is accompanied by
substantial infiltration into the local wall rocks, typically resulting in a mineralogical selvedge
(Oliver, 1996). The progressively declining scales of penetrative alteration accompanied by
increased fracture selvedge and infill indicate that fluid flow became more and more channelled
accompanied by increasing fluid pressures. There are also indications that the amount of
channelled fluid flow increased with time, evidenced by the increase in infill relative to alteration

and the decrease in penetrative alteration in later stages of the paragenesis (Chapter 3).

Within a fault zone, fluid migration occurs from zones of high interstitial pressure and high strain
(contraction zone) to zones of low interstitial pressure (dilation zone) (Guha et al., 1983). Flow
localization within faults and shear zones occurs in areas of highest fracture aperture and fracture

density, such as damage zones associated with fault jogs, bends and splags diGo2001).
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Offsets are thus favourable sites for fluid flow due to complex geometry created by the large
amount of wall rock partings and intersections of variably oriented fractures. Fluid flow in a fault
network is governed by creation of permeability through movement. Where high fluid pressures
produce low effective confining pressures, grain scale crack growth significantly increases the
permeability of the active shear zone relative to their host rocks (Cox et al.,, 2001). Thus,
secondary permeability is created by high pore fluid pressure regimes, which favour fracture
growth (Coxet al., 2001). Mineral-filled fractures in hydrothermal systems indicate tensile
effective stress states, and thus, fluid pressures greater3ihtiostatic load) (Cox et al., 2001).
Sustained hydrothermal flow must be accompanied by repetitive and continued wall rock
fracturing given that mineral sealing is rapid compared to the lifetimes of hydrothermal systems
(Cox et al., 2001). Consequently, sustained fluid flow occurs only in active structures where
permeability is repeatedly renewed. Fault motion is accommodated by earthquake-related
rupturing (Sibson, 2001) and is accompanied by significant fluid redistribution that occurs
throughout the aftershock phase following large earthquakes (Cox et al., 2001). Secondary
porosity related to lithological layering may also be produced during folding as deformation of
heterogeneous rocks creates dilatancy due to competency contrast, as well as large variations in

pore fluid pressure (R leading to brecciation along these contacts (Oliver et al., 2001).

Thus deformation can explain brecciation along the base of the Waripi Limestone. In similar
fashion to Kucing Liar, the Big Gossan deposit is concentrated in breccia bodies within the lower
Waripi Limestone near the contact with the Ekmai Limestone, which was altered to pyroxene-
feldspar and biotite-feldspar hornfels and also contains local garnet-pyroxene skarn (Meinert et
al., 1997). The preference for the Ekmai Limestone as a host for quartz vein arrays may also be
derived from ground preparation due to contact metamorphism of the shaly limestone, as brittle

calc-hornfels are easily fractured during deformation (Einaudi et al., 1981).
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5 Ore mineral distribution and metal zoning

Chapter 2 identified two primary forms of copper mineralisation; one dominated by chalcopyrite
associated with skarn and magnetite-tremolite alteration and a second dominated by covellite
associated with extensive quartz alteration accompanying leaching and muscovite-talc alteration
of skarn and aluminosilicate rocks. While other copper-bearing minerals, namely enargite,
bornite, nukundamite, digenite and chalcocite were identified, they do not occur in quantities that
could be recorded alongside chalcopyrite and covellite. In addition to copper, visible molybdenite
was also identified. No visible gold or gold-bearing minerals were identified, although assay data
indicate that gold, as well as other trace metals are also enriched to varying degrees. PT Freeport
Indonesia has established that the quantities of copper and gold contained within Kucing Liar are
economically significant (see Chapter 1). The aim of this chapter is to determine the
characteristics of copper and gold mineralisation in Kucing Liar with the goal of establishing the
primary controls on ore deposition. The methods followed to completely portray the distribution

of mineralisation are:

1. Graphical analysis of the relationships between minerals and metals

2. Modelling the spatial distribution of copper, gold and trace metals

A 13 metal assay suite was made available by Freeport Indonesia and these samples correlate with
mineralogical-lithological logging data (Appendix V). Three-dimensional contours of the metal
assays were constructed and are presented here in sections. The quantitative mineral database
introduced in Chapter 4 is used here to constrain the metal analyses in terms of alteration and
mineralisation assemblages. From these data the primary characteristics of Kucing Liar
mineralisation, including the number of mineralising episodes and their metallogenic signatures

can be determined.
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5.1MINERALISATION POPULATIONS AND SPATIAL DISTRIBUTIONS

The results are grouped into two sections which document firstly the large-scale distributions of
mineral and metal relationships are analysed in relation to the structural setting determined in
Chapter 4 followed by a more detailed examination of the data by reviewing the relation ships

between metals within distinct mineral associations.

5.1.1 Spatial models of ore mineral and metal distributions

Spatial models include downhole correlations, 3-dimensional wireframe objects as well as
average abundances within elevation ranges in order to determine the large-scale zoning patterns
of Kucing Liar. Three-dimensional models of metal distribution have been developed using
Leapfrog™ (Zaparo) software, which generates iso-surfaces for a specific grade range(s) of a
variable to develop a 3D contour. A selection of grade ranges has been selected for each metal.
The critical sections presented here are derived from 3-dimensional wireframes that cover the
entire mineralised zone and thus represent all data rather than data projected locally on the

individual section planes.

Metal distributions relative to the structural setting

Local controls on mineralisation are illustrated by the nature of element dispersion pattern about
the primary recognisable structures such as the Idenberg Fault Zone and the major
lithostratigraphic contacts. Copper and gold occur in narrow high-grade zones within broader
zones of low-level metal concentrations (Figure 5-1). Broad zones of greater than 1% Cu and 1g/t
Au extend for 100-300m within single drill holes, including short sections (5-10m) of much
higher grades up to 5% Cu and 5g/t Au (Figure 5-1b and c). The upper limit of mineralisation is in
the middle of the Waripi limestone and is generally an abrupt transition from zero metal content,
where a sandstone layer has been recognised in the sequence (see Chapter 2), while the lower
boundary of copper-gold mineralisation is gradational over hundreds of metres. High-grade

intervals (>2%Cu and/or >2g/tAu) up to 25m wide occur locally in these broad low-grade zones.
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Grade distributions are commonly symmetrical though an example of systematic grade increase

within the Idenberg Fault Zone is present in KL32-04 from 250-300m (Figure 5-1c).

In general, the higher copper and gold grades are coincident although there is some separation at
finer scale (Figure 5-1). Lithological control on copper-gold mineralisation is demonstrated by
high grades associated with the upper and lower contacts of the Ekmai limestone (Figure 5-1b).
Intersections of undisturbed stratigraphy as illustrated in KL32-05 reveal narrow zones (5-10m) of
high-grades concentrated at the Ekmai limestone contact surrounded by gradually decreasing
lower grades. A discrete zone of mineralisation, recognised in core samples, is often present
within the upper Waripi sandstone member (see KL32-05, Figure 5-1b). The very close
association of high copper and gold grades and the position of the Idenberg Fault Zone
demonstrate the primary control of this feature on mineralisation. Deeper intersections of the
Idenberg Fault Zone, as illustrated in KL32-05, are not significantly mineralised. Copper-gold
enrichment is generally symmetrical about the position of the controlling feature, though an
example of asymmetric copper and gold distribution occurs in the interval from 250-300m in
KL32-04 where grade progressively increases with depth at the interpreted position of the Waripi-

Ekmai limestone contact (Figure 5-1c).

Sphalerite and galena are concentrated in zones directly above the main mineralised zone
predominantly within unaltered Waripi limestone. Silver is closely associated with the lead and
zinc enrichment. At around ~275m depth in KL32-01 (Figure 5-1a), Ag, Zn and Pb occur as a
halo about the Idenberg Fault Zone where they are also associated with elevated gold that is not
directly related to copper mineralisation. Ag, Zn and Pb also occur in the main orebody but their
distribution is erratic. Cu, Au, Ag, Zn and Pb grades correlate closely in the Idenberg Fault Zone
in a section of KL32-04 beginning at 450m, although a different association of Cu, Au, Ag, Co

and Se without Zn or Pb is also present from 475m in the same structural zone (Figure 5-1c).
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Figure 5-1 Downhole distribution of metal concentrations

Three structural settings are used to illustrate copper-gold enrichment patterns, including an intersection of
the Idenberg Fault Zone within the upper Waripi limestone (a), an example of an intersection of relatively
undisturbed stratigraphy truncated at depth by a narrow fault zone (b), and finally a complicated section of
the Idenberg Fault Zone involving truncation of the Ekmai limestone (c). Dashed lines mark the upper and
lower boundaries of unrecognised lithologies that are interpreted to represent fault zones. An asterisk is
used to identify the location of the upper Waripi sandstone member, which is used to establish the total

vertical offset. Ellipses are drawn around specific metal associations which are referred to in the text.

KL32-01 Idenberg Fault in relatively unaltered hosts
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Figure 5-1 cont.

(b)
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KL32-05 Simple faulted stratigraphic sequence
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Figure 5-1 cont.

()

O
>

KL32-04 Complex fault and offset stratigraphy
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Large-scale patterns of ore mineral and metal enrichment

The ore minerals pyrite, chalcopyrite and covellite are the only sulphides modelled, as they exist
in high enough concentrations to enable data continuity between cross sections. These models
indicate that pyrite is strongly restricted to the primary offset in the Idenberg Fault Zone and the
Ekmai Limestone contact where it is adjacent (Figure 5-2). The distribution of chalcopyrite
indicates strong partitioning along the upper Ekmai Limestone contact as well as a distinct
connection between mineralisation in Kucing Liar and the Grasberg Igneous Complex (Figure 5-
3). Meanwhile, covellite is strongly partitioned into the Idenberg Fault Zone offset as well as the
main body of the Ekmai Limestone (Figure 5-4). The distribution of ore sulphides points to a

zoning pattern of covellite-chalcopyrite centred on the Idenberg Fault Zone.

Spatial models of metal grade ranges show that metals are concentrated into major structural
features, in particular the zone of offset within the Idenberg Fault Zone (IFZ) and along the lower
Waripi limestone and upper and lower contacts of the Ekmai limestone where these are adjacent
to the fault (Figure 5-5 to Figure 5-11). Grade patterns are symmetrical about central highly
mineralised zones and there are no apparent truncations of grade continuity. Contacts between the
Ekmai Limestone (Kkel) and Waripi Limestone (Tngw) adjacent to the Idenberg Fault Zone were
the major conduits for metal-bearing solutions. Mineralisation is characterised by a core of copper
and gold, which is surrounded by a composite halo of proximal silver and distal zinc-lead. Ag-Zn-
Pb mineralisation in the halo is most concentrated at the hinge mark, which is coincident with the

Idenberg Fault Zone, where there is also concentrated gold, arsenic and antimony.
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Figure 5-2 Spatial distribution and structural controls of pyrite alteration

(@)

(b)

(©)

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of the distributions
of pyrite demonstrate the
strong influence of the IFZ
and the adjacent Ekmai
Limestone (Kkel) contact. It
also indicates that intense
pyrite alteration occurs
within the GIC at the same

elevation as Kucing Liar.

(&) A cross section through
station KL32 shows
intensity of pyrite in the IFZ
offset as well as the
extensions along the Kkel
and low IFZ contacts. (b) A
plan section  through

2,750m shows the most
intense pyrite alteration is
opposite the GIC. The
section shows that pyrite is
not laterally continuous

across the deposit. (c) A
long section perpendicular
to Cross sections
demonstrates that pyrite
does extend along strike
within  the low Waripi

Limestone where it is
adjacent to the IFZ. The
intensity of pyrite within

stratigraphic layering will

be dependent on the
distance from the IFZ. See

(@) & (b) for location.
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Figure 5-3 Spatial distribution and structural controls of chalcopyrite

(@)

(b)

()

.
v,
-----
--------

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of the distributions
of chalcopyrite demonstrate
the strong influence of
stratigraphic layering as

well a distinct connectivity
to the GIC margin.

(a) A cross section through
station KL32 shows the
intensity of chalcopyrite
development adjacent to the
GIC as well as the existence
of mineralisation in the

footwall stratigraphy

southwest (left) of the IFZ.
(b) A plan section through
2,750m shows the lateral
continuity of chalcopyrite

mineralisation as well as
the structural connection to
the GIC observed in
magnetite and retrograde
skarn distributions for the
same section (Chapter 4) A
vacant area in the middle of
chalcopyrite (dotted

ellipse) relates to the
distribution of covellite

(Figure 5-4). (c) A long

section perpendicular to
cross  sections  further
demonstrates the lateral
continuity of chalcopyrite

mineralisation. See (a) &

(b) for location.
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Figure 5-4 Spatial distribution and structural controls of covellite

(@)

(b)

(€)

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of covellite
concentration models
overlain on drilling traces
and the lithological model
described in Chapter 2. The
Grasberg contact was
provided by Freeport
geologists. Ornamentation
is same as lithological
models in Chapter 4. (a) A
cross  section  through
station KL32 indicates two
zones of intense covellite
mineralisation within the
IFZ offset and within the
Kkel adjacent to the IFZ.
Low intensity covellite
mineralisation occurs in the
footwall of the IFZ along
layering in the vicinity of
sandstone. Note a zone of
weak covellite
minealisation occurs within
the GIC. (b) A plan section
through 2,750m shows that
covellite is also restricted
along strike and appears as
a core to the chalcopyrite
distributions in Figure 5-3.
(¢ A long section
perpendicular to  cross
sections  reinforces the
concept of covellite
occupying a core position
relative to chalcopyrite. See

(a) & (b) for location.
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Figure 5-5 Spatial distribution and structural controls of copper

(@)

(b)

()

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of copper
concentration models
overlain on drilling traces
and the lithological model
described in Chapter 4. The
Grasberg contact was
provided by Freeport

geologists

(a) A cross section through
station KL32. The
concentration of copper in
the Idenberg Fault Zone
and Ekmai limestone is
clear. The models indicate
some overlap of Cu grade
between Kucing Liar and
the GIC. Data is scarce in
the GIC and contours of
Cu-concentration in that
area are poorly
constrained.

(b) A plan section through
2,750m indicates Kucing
Liar Cu-mineralisation sits
in the IFZ directly across
from the GIC, which has a
separate grade annulus

about it.

(¢ A long section
perpendicular to  cross
sections shows the strong
control on Cu-grade by the
Kkel-Tngw contact as well
as the lateral extent of
mineralisation. See (a) &

(b) for location.
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Figure 5-6 Spatial distribution and structural controls of zinc

(@) Cross Section
- KL32
\ .0 Q“‘
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(b) Plan Section
2,750m
"n#" \ ."~--,
(c) Long Section
LS3

Sections of zinc

concentration models
overlain on drilling traces
and the lithological model
described in Chapter 4. The
Grasberg

contact was

provided by Freeport

geologists

(&) A cross section through
station KL32 clearly shows
the zinc mineralisation as a
halo around the core
copper-gold zone centred
on, and continuous about,
the Idenberg Fault Zone.
The

asymmetric and may be

halo appears
offset, as indicated by the
dashed line. However, data
is scarce to the left
(southwest) of the IFZ.

(b) A plan section through
2,750m suggests that the
zinc halo plunges
northwest, as indicated by

the dotted line and arrow.

(c) A

perpendicular  to

long  section

Cross
sections demonstrates the
extent of low-grade zinc
mineralisation within the
Waripi Limestone as well
as its continuity. See (a) &

(b) for location.
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Figure 5-7 Spatial distribution and structural controls of lead

(@)

(b)

(©)

Cross Section

KL32

Plan Section

2,750m

Long Section
LS3

Sections of lead

concentration models
overlain on drilling traces

and the lithological model

described in Chapter 2. The
Grasberg contact was
provided by Freeport

geologists. The distribution
of Pb closely resembles that
of Zn.

(a) A cross section through
station KL32 highlights the
same halo-like nature of Pb
though it is not as
concentrated as Zn. Again
the halo appears
asymmetric but the Pb-halo
is continuous across the
IFZ. There are indications
that the =zone of Pb-
mineralisation has been
truncated at the southwest
side of the IFZ (dashed

line).

(b) A plan section through
2,750m shows that Pb does
not extend down to
elevations where zinc is

prevalent

(¢ A long section
perpendicular to  cross
sections shows the same
association of Pb-
mineralisation within the
upper Waripi limestone
unit. See (@) & (b) for
location.
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Figure 5-8 Spatial distribution and structural controls of gold

(@)

(b)

(€)

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of gold
concentration models
overlain on drilling traces
and the lithological model
described in Chapter 4. The
Grasberg contact was
provided by Freeport
geologists. The gold
distributions largely reflect
the copper distributions
though they cover a smaller

area in general.

(&) A cross section through
station KL32 shows the
strong control of Au within
an offset in the IFZ. The
effect of the Kkel-Tngw
contact is also clear. A
small concentration of gold
(dotted circle) at the Zn-
halo hinge mark (dotted

line) is independent of Cu.

(b) A plan section through
2,750m indicates gold
mineralisation in the same
annulus about the GIC,

though not as continuous.

() A long section
perpendicular to cross
sections shows that Au-
mineralisation extends the
length of drilling within the
lower Waripi Limestone
and strongest at the eastern
end of the deposit. See (a)
& (b) for location of

sections.
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Figure 5-9 Spatial distribution and structural controls of silver

(a)

.....

(b)

()

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of Ag
concentrations are overlain
on drilling traces and the
lithological model

described in Chapter 2. The

Grasberg contact was

provided by Freeport
geologists. Silver
concentrations share

characteristics with Zn-Pb

as well as Au.

(a) A cross section through
station KL32 shows the
same halo-like structure
(bold dotted line) for Ag

concentrations inboard of
the Zn-Pb halo (light dotted

line). The same suggestion
offset at the left of the IFZ

is marked (dashed line).

(b) A plan section through
2,750m shows the clearly
defined annulus of Ag-
mineralisation. The
plunging
mineralisation s

attitude of
made
clear by dotted line and

arrow.

c) A section

perpendicular to

long
Cross
sections indicates that
elevated silver is
concentrated in the lower
rather than upper Waripi
limestone See (a) & (b) for

location.
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Figure 5-10 Spatial distribution and structural controls of arsenic

(@)

(b)

(©)

Cross Section
KL32

Plan Section
2,750m

Long Section
LS3

Sections of As
concentrations overlain on
drilling traces and the

lithological model

described in Chapter 2. The
Grasberg contact was
provided by Freeport

geologists

(&) A cross section through
station KL32 indicates the
high elevation of As
concentrations in  the
middle of the deposit. The
circle  of Au-Ag-Zn-Pb
mineralisation in the Zn-Pb
halo hinge has been added

for comparison.

(b) A plan section through
2,750m shows that As
occurs at deeper levels to
the northwest end of the
deposit, indicating a plunge

in mineralisation zoning.

(c) A long section
perpendicular to cross
sections shows the
concentration of As along
the base of the Waripi
Limestone not apparent in
the cross and plan sections.
However, unlike copper
and gold, As is
concentrated above the
lower contact, close to the
upper skarn contact
(Chapter 4). See (a) & (b)
for location.
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Figure 5-11 Spatial distribution and structural controls of antimony

(@)

o

.,
LI

(b)

()

Cross Section

KL32

Plan Section

2,750m

Long Section
LS3

Sections of Sb-
concentrations are overlain
on drilling traces and the
lithological model

described in Chapter 2. The
Grasberg contact was
provided by Freeport

geologists.

(a) A cross section through
station KL32 indicates that
Sb does not extend to the
depth of Cu-Au
mineralisation. The circle
surrounding Au-Ag-Zn-Pb
mineralisation is coincident
with the strongest Sb
concentrations. The
partitioning of Sb into the
upper Waripi sandstone

member is also clear.

(b) A plan section through
2,750m shows that there is
no significant antimony
enrichment in the lower

half of the deposit.

(¢ A long section
perpendicular to  cross
sections shows that unlike
arsenic, there is no
significant along  strike

concentrations of antimony
within the Waripi

Limestone. See (a) & (b) for

location.
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Elevation patterns of metals and ore minerals

Average grades for specific elevation intervals have been generated by compositing all drilling
data into 20m elevation windows and plotting metal and mineral abundances against these
elevations. Copper and gold are strongly correlated for much of the elevation range of Kucing
Liar mineralisation except near the top of the system where gold enrichment extends beyond that
of copper enrichment (Figure 5-12). Peak of gold grade (2,800m) is 100m above that for
maximum copper grade (2,700m). The decrease in grade from 2,800m to 3,000m occurs over a
much smaller interval (200m) than that for increasing grades from 2,200m to 2,700m. Vertical
zoning patterns indicate that Cu-Au-Zn correlate in the lower half of the system while high but
erratic gold higher in the system is related to equally erratic concentrations of Ag-Zn-Pb and As-
Sb (Figure 5-13). Comparisons of mineralogy to metal assays demonstrate variable assemblages
involving ore sulphides and gold concentrations (Figure 5-14). Elevation zoning data also
demonstrate the veracity of data as the total copper concentrations closely match the average

chalcopyrite + covellite abundances (Figure 5-15).

Figure 5-12 Variation of average copper and gold grades relative to elevation
Chapters 1 and 4 have demonstrated that there is no appreciable post-mineralisation tilting of stratigraphy

that would affect analysis of elevation zoning in Kucing Liar.



128 Mineralisation

(@)

(b)

Figure 5-13 Elevation variations of Ag-Zn-Pb and As-Sb relative to Cu-Au

(a) Zinc and lead are plotted along with copper and gold to demonstrate the relationship between base
metal mineralisation patterns. Although zinc and lead maxima are at higher elevations than copper and
gold, the pattern of increasing grade is very similar for Pb-Zn as for Cu. An erratic zone of high Zn-Pb-Ag
grades lies above 3,000m where it is associated with Cu-poor gold mineralisation. (b) A plot of As and Sb
demonstrates a similar pattern of erratic high concentration above 3,000m elevation. The plot shows that

As is dominant over Sb and closely correlated to Au between 2,800-3,000m, while Sb is relatively more

enriched above 3,000m.
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(@)

(b)

Figure 5-14 Characteristics of chalcopyrite and covellite-bearing ore relative to elevation

These two charts show the elevations variations of copper and gold relative to the main ore-bearing
assemblages, namely (a) magnetitehalcopyrite # pyrite and (b) quartz+ covellite # pyrite. The two

graphs show that magnetite and pyrite have unique maxima and that pyrite may accompany either
chalcopyrite or covellite ore. The data show a clear correlation between magnetite and chalcopyrite and
between quartz (as alteration) and covellite. The data also show that covellite is more closely associated
with pyrite rather than quartz at higher elevations. The plot of pyrite and gold demonstrates that they have
maximum concentrations at the same elevations, but that they are unrelated at the highest elevations in the

deposit.
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(@)

(b)

Figure 5-15 Distribution of copper, gold and sulphur phases relative to elevation

(a) A plot of average copper grades for each elevation in combination with chalcopyrite and covellite
abundances demonstrates the dominant effect of chalcopyrite on grade. It also demonstrates no apparent
elevation effect on covellite distribution. The sum of logged chalcopyrite and covellite matches almost
exactly the pattern of copper distribution. (b) A plot of copper and gold grades alongside abundances of
sulphur-bearing minerals demonstrates the very close relationship between gold and pyrite, in particular
the coincidence of their maxima. The vertical zonation of anhydrite is also made clear, having an
antipathetic distribution with pyrite. Mineralogical abundances have been calculated from the average

abundance of each mineral type for each elevation range.
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5.1.2 Inter-element associations

This section will examine the nature of Kucing Liar mineralisation in terms of the mineral forms
and the associated metal suite. Variable copper and gold enrichment and the ratio of the two
elements define at least two populations in the assay data. Copper and gold grades reach
maximum values of approximately 10%Cu and 10g/tAu respectively and can be divided into two
broad categories, a copper-rich (>0.1%) group and a copper-poor group (Figure 5-16). Both
groups exhibit a similar range for gold grades, but in the copper-rich group gold grades co-vary
with the copper grades, forming a single trend in grade, while for the copper-poor group there is
no relationship between copper and gold grades. The co-varying population has a ratio roughly
approximating 2Cu=10,000Au, though there is a large scatter of gold grades for a specific copper
grade (e.g. at 1% Cu there is a range from 0.2g/t Au to 2g/t Au). It appears that (Au*10,000)/Cu is
higher in higher grade samples, as demonstrated by the trend of covarying data points (Figure 5-
16a). As the data are divided into two populations, the analysis of ore deposition will focus of

high Cu (>0.1%) and low Cu (<0.1%) varieties.
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(a)
Cu-poor Cu-rich
High gold
relative to
copper \
Co-varying
copper and gold
population
(b)

Figure 5-16 Global relationship of copper and gold

(a) Copper-gold plot for all assays (n=27,290) illustrating two populations of copper-rich (>0.1% Cu) and
copper-poor (<0.1% Cu) samples. An ellipse drawn to represent broad trend of the data is steeper than
Au*10000=Cu line, indicating that the Au:Cu ratio is not constant (b) Frequency histogram of
Au*10,000/Cu with low-grade samples (<0.1% Cu or <0.1g/t Au) extracted (n=18,351). The co-varying
copper-gold population identified in (a) is apparent in (b) by the symmetrical distribution gold-copper
ratios between 0.1 and 1 (Au*10,000/Cu).
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Copper-gold relationships

The two main copper minerals, chalcopyrite and covellite are, in general, mutually exclusive
(Chapter 3). As such, each sample interval has been characterised as either chalcopyrite- or
covellite-bearing. The average grades of copper and gold for each type of mineralisation (Table 5-
1) demonstrate that chalcopyrite-bearing intervals contain roughly ~1.0% more copper than
covellite-bearing ones, but more importantly that the average gold grade of chalcopyrite-bearing
intervals is almost twice that of those bearing covellite. There is also a third population of samples
that contain no visibly identified copper-bearing sulphide. Analysis of the grade data from this
group confirms that some of these intervals must have contained copper-bearing sulphides that
were not identified (Figure 5-17). As a single sample was used to represent an average of 3m
lengths (Appendix V), weak or sporadically-developed mineralisation may not have been
represented. Furthermore, sample quality (grainsize and oxidation) may also have obscured
copper minerals and overrepresentation of the “no sulphide” group (oxidation is a result of sample
storage). The average copper and gold grades of the various alteration mineral assemblages
indicate that the more significant ore deposition was closely related to magnetite and pyrite
alteration while the remainder of the assemblages are relatively uniformly mineralised (Figure 5-
18). These data also indicate that most alteration assemblages except galena-sphalerite the gold-

copper ratio Au*10,000/Cu is greater than 1.

Data with low (<0.1% Cu) copper concentrations have uncorrelated gold-copper values and may
represent a distinct style of gold-dominant mineralisation. This form of gold enrichment is present
in most assemblages except magnetite, biotite, tremolite-actinolite and anhydrite but it is a
significant component of quartz and calcite + magnetite alteration (Figure 5-19). Galena-
sphalerite is distinct form other mineral assemblages in relation to low-Cu styles of mineralisation

as it is the only assemblage dominated by this style.
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(@)

(b)

(©)

Figure 5-17 Copper and gold distributions in assay populations classified by logged copper
sulphide species

The large number of samples in the “no Cu-sulphide” that have similar grade relationships to chalcopyrite
and covellite distributions are believed to contain sulphide that has not been recognised. Linear regressions

are, Au(g/t) = 0.78 Cu(%) and Au(g/t) = 0.52 Cu(%) for chalcopyrite- and covellite-bearing assay intervals

respectively.
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Table 5-1 Average grade of mineralisation in different mineral associations

Cu (%) Au (g/t) number
Av. Std. Dev. Av. Std. Dev.
Chalcopyrite 1.18 1.2 0.99 1.29 5,910
Covellite 0.99 1.1 0.59 0.87 2,868
No sulphide logged | 0.42 0.67 0.56 0.89 9,666

Averages are calculated from all samples that are >0.1g/t Au or >0.1% Cu. The presence of chalcopyrite
or covellite in a sample interval is usually accompanied by pervasive alteration. Low levels of copper and
gold in the “No sulphide logged” (NSL) group confirm the existence of low grade or sporadic
mineralisation in this sample population. Samples where no sulphide is observed and logged can be derived

from sporadic mineralisation which is not preserved in the skeletal core sample collection, or from

oxidation of sulphide minerals.

Figure 5-18 Cu-Au grades of assay intervals dominated by various paragenetic associations

Averages values have been extracted from samples containing >50% of the alteration. (anh=anhydrite,
bio=biotite, ccmg=calcite # magnetite, cpx=clinopyroxene, glsp=galena-sphalerite, gnt=garnet,
hmfo=humite-forsterite, kfs=K-feldspar, mag=magnetite, msti=muscovite/talc, phl=phlogopite, qtz=quartz

alteration, sul= pyrite+pyrrhotite, trsp=tremolite-serpentine).
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Figure 5-19 Copper and gold grade distributions in populations classified by dominant paragenetic
stage in assay interval
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Figure 5-19 (cont.)

Each population includes assay intervals that contain more than >50% of the mineral(s) specified,
normalised to 100% of total alteration. A line of 10,000Au=Cu is included in each plot to distinguish gold-
rich and copper-rich samples. Only data from calcitenagnetite and the two sulphide associations plot
predominantly on the gold-rich side of the graph. Garnet and pyrite-dominated intervals correlate very
closely with the 10,000Au=Cu line, while humite-forsterite, magnetite and anhydrite have non-linear
correlation of Cu-Au as indicated by a slightly steeper trend of the data than y=x. K-feldspar, biotite,
tremolite-serpentine and quartz alteration all have steepest data trends indicating varying gold-copper
ratios.
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Trace metal relationships

The aim of this section is to identify the element suites that are related to high-Cu, low-Cu,
chalcopyrite and covellite-dominant populations. The previous section demonstrated the
relationships between copper and gold and showed that there were populations with distinct
copper-gold correlations that could be identified in the dataset. Further comparisons were made
between copper and gold and the remainder of the elements in the assay suite (Figure 5-20 and
Figure 5-21, respectively). It is clear that the copper-rich and copper-poor segregation also holds
for other metals. All metals except Co show Cu partitioned into low and high concentration
groups. Further data analysis indicates that only As-Sb have very weak correlations with Au for
the copper-poor mineralisation (Figure 5-21). Comparisons of average concentrations of the
various metals in the different mineralisation groups defined above indicate the basic metal
partitioning. Copper-rich mineralisation is enriched relative to copper-poor mineralisation in Au,
Co, Mo and Cr, which only has higher average concentrations of Zn and Pb (Table 5-2). In the
copper-rich ore, chalcopyrite ore is more enriched in Au, Zn and Co than covellite-bearing ore,

which has higher concentrations of As, Sb, Mo and Cr.

The copper-rich population has independent Cu-Au-(Co) and Ag-Pb-Zn-Bi-(Se-Hg) associations
while copper-poor mineralisation has As-Au-(Sb-Hg) and Pb-Zn-Ag-(Sb-Se) associations (Figure
5-22). The chalcopyrite-dominant population has Cu-Au-Co and Ag-Pb-Zn(Se-Sb) where Sb is
associated with precious metal and base metal mineralisation. The brackets indicate lower
correlation coefficients. Chalcopyrite-dominant ores are characterised by Cu-Au-(Co) with weak
associations of Ag-Pb-Se-Hg-Bi-(Zn) while covellite-dominant ores are defined by associations of
Cu-Au-(Co-Se), Ag-Pn-Zn-Bi-(Hg) and As-Sb-Hg-(Ag). Mercury is associated with base metal

mineralisation in high-Cu populations but is associated with Au-As in the low-Cu population.

This indicates that the primary copper association is Cu-Au-Co while base metal mineralisation is
an association of Zn-Pb-Ag plus Bi-Sb-Se. A third association defined in the copper-poor

population is Au-As-(Sb-Hg).
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Figure 5-20 Minor element variations with respect to copper

The plots illustrate bimodal distributions of the ratios of copper to other elements. The graphs show that all
of the metals except cobalt are divided into high and low copper groups the same as for gold. They also
indicate that the average metal grade in low-copper populations is higher for Zn, Pb, and Sb and higher in

the high-copper population for Mo, Ag, and Se (see Table 5-2).
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Figure 5-21 Minor element variations of the low-Cu ore sample population with respect to gold
This sample population is derived from the samples that are below 0.1%Cu. The data shows that there are

no significant relationships with other metals although As and Sb do form roughly coherent trends with Au.
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Table 5-2 Average metal concentrations in assay intervals classified by copper species present

Total High-Cu  Low-Cu Cpy Cov

N=26940 N=14698 N=3744 N=5975 N=3177

Cu (%) 0.52 0.94 0.02 1.16 0.93
Au 0.49 0.79 0.35 0.98 0.55
Ag 5.0 6.4 6.55 4.4 5.2
Zn 2,139 2,591 3,464 1,441 902
Pb 1,208 1,106 2,591 425 483
As 94.2 136.3 97 62.9 196.7
Mo 128.5 184.4 136.7 166.8 231.0
Bi 11.3 15.3 12.7 8.9 9.1
Co 13.3 225 3.1 26.1 19.1
Sh 8.4 111 11.0 3.3 19.9
Se 121 16.2 14.7 13.0 13.3
Cr 64.4 85.9 44.2 71.7 142.9
Hg 0.10 0.13 0.20 0.06 0.15

Au/Cu 8.24 0.84 37.43 1.04 0.86
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Cu Au Ag Zn Pb As Mo Bi Co Sb Se Cr Hg
Cu| 1.00

Au [JBIBE] 1.00 Coppel’ > 0.19%
Ag | 0.15 0.16 1.00

Zn | -0.01 0.12) 0.53] 1.00

Pb | -0.03 0.03]0.68] 0.50] 1.00

As | 0.17 0.08 0.30 0.14 0.13 1.00

Mo | 0.06 0.06 0.03 0.04 0.01 0.07 1.00

Bi 0.04 0.1040.55] 0.34 0.21 0.15 0.05 1.00

Co O.47| 0.38 0.07 0.12 -0.04 0.04 0.06 0.03 1.00

Sb | 0.06 0.02 0.26 0.10 0.15 0.38 0.02 0.07 -0.02 1.00

Se | 0.06 0.10[0.49] 0.37 0.35 0.08 0.04] 0.53] 0.10 0.06 1.00

Cr | 0.01 -0.04 0.01 -0.05 -0.02 0.09 0.05 -0.01 -0.04 0.06 0.00 1.00

Hg | 0.05 0.07]0.45] 0.29 0.31 0.36 0.03 0.10 0.00 0.28 0.06 0.05 1.00

Cu Au Ag Zn Pb As Mo Bi Co Sb Se Cr Hg
Cu | 1.00

Au | 018 1.00 Copper < 0.1%
Ag | 0.21 0.23 1.00

Zn | 0.27 0.25[0.60] 1.00

Pb [ 0.18 0.17]0.72] 0.76] 1.00

As | 0.27[0.55] 0.29 0.31 0.22 1.00

Mo | 0.21 0.24 0.06 0.08 0.03 0.27 1.00

Bi |0.14 0.10 0.29 0.27 0.14 0.12 0.13 1.00

Co|0.36 0.15 0.03 0.09 0.01 0.16 0.17 0.07 1.00

Sb | 0.20 0.30[0.42] 0.37 0.36[0.44] 0.11 0.06 0.07 1.00

Se | 0.15 0.13[0.46] 0.35 0.43 0.16 0.05 0.39 0.08 0.18 1.00

Cr | 0.26 0.12 0.02 -0.01 0.00 0.13 0.15 0.03 0.19 0.07 0.04 1.00

Hg | 0.10[0.41] 0.21 0.27 0.16[0.43] 0.12 0.04 0.06[0.40] 0.09 0.08 1.00

Cu Au Ag Zn Pb As Mo Bi Co Sb Se Cr Hg
Cu [ 1.00 .

Au - 1.00 Cha|COpyrIte > 1%
Ag | 0.32 0.30 1.00

Zn | 0.02 0.10 0.39 1.00

Pb | 0.00 0.04]0.56] 0.48] 1.00

As | 011 0.11 0.30 0.20 0.24 1.00

Mo | 0.07 0.04 0.03 0.04 0.00 0.08 1.00

Bi | 0.05 0.09 0.32 0.24 0.17 0.10 0.04 1.00

co [J@BBI040] 0.22 0.19 -0.02 0.09 0.05 0.03 1.00

Sb | 0.02 0.02 0.31 0.16 0.25 0.25 0.00 0.05 -0.01 1.00

Se | 0.22 0.23[0.42] 0.41] 0.51] 0.16 0.05[0.52] 0.27 0.07 1.00

Cr | 0.01 0.01 0.05 -0.02 0.03 0.08 0.02 0.00 -0.06 0.08 0.00 1.00

Hg | 0.03 0.05[0.49] 0.34] 0.54] 0.33 0.02 0.09 0.03 0.34 0.18 0.08 1.00

Cu Au Ag Zn Pb As Mo Bi Co Sh Se Cr Hg
Cu | 1.00 .

Au B8] 1.00 Covellite > 1%
Ag | 0.33 0.29 1.00

zn | 0.08 0.19[ 0:55] 1.00

Pb | 0.04 0.10]_0.60] 0.65] 1.00

As | 0.25 0.14[ 0.43] 0.14 0.13 1.00

Mo| 0.12 0.11 0.02 0.02 0.02 0.06 1.00

Bi | 0.18 0.25[ 0:57] 0.50] 0.42 0.21 0.02 1.00

Co [[043] 041 0.13 0.12 0.01 0.08 0.09 0.12 1.00

Sb | 0.14 0.06] 0.46] 0.09 0.08[0.55] 0.01 0.18 0.00 1.00

Se [ 0:41] 046] 0.37 0.35 0.19 0.18 0.08 0.38[J@EE 0.08 1.00

cr [-0.08 -0.04 -0.04 -0.06 -0.04 0.01 -0.02 -0.05 0.03 0.00 -0.01 1.00

Hg | 0.19 0.14]70:50] 0.26 0.27[0.56] 0.06 0.23 0.09[0.57] 0.16 -0.01 1.00

Figure 5-22 Correlation coefficients for signficant sample populations in Kucing Liar
The chalcopyrite and covellite >1% groups are a subdivision the >1% copper group. Different colours are
used to identify individual associations. Red-orange is used to identify copper correlations, blue-cyan are

used to identify Pb-Zn associations, and yellow is used to highlight arsenic correlations.
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5.2INTERPRETATION OF METAL ASSAY DATA

The discussion will be divided into two parts, the first will be concerned with interpreting the data
supplied in the chapter, in terms of mineralisation packages and the sequence of events. The
second section will examine models for processes of metal precipitation from a hydrothermal

fluid in light of metal associations found at Kucing Liar.

5.2.1 Defining the mineralisation process through metal associations

The first part of the discussion of results is a summary of the mineralised ore packages, their
metal assemblages, and the relationships between them. In some instances, data from this chapter
are integrated with the mineral assemblage relationships from Chapter 3 as well as the mineral
assemblage distributions from Chapter 5. The assay data provide further definition of the
mineralisation process. The differences and similarities between copper mineralisation forms as
well as the partitioning of gold between individual ore packages are of particular interest. Kucing
Liar mineralisation is dominated by copper and is accompanied by economic gold concentrations.
Copper and gold are closely associated with each other and form a core zone that is hosted within
a fault jog and along specific stratigraphic contacts adjacent to the fault. Presumably, metal-
carrying fluids were channelled into the Idenberg Fault Zone and migrated to complex
intersections of fault elements with pre-existing heterogeneities created by a transition from
massive sandstone to thinly bedded limestone. Around this Cu-Au core is a zoned complex of Ag-
Pb-Zn though in subeconomic concentrations. Small concentrations of Au outside the main zoned
system are associated with As-Sh, which appear to be associated with pyrite and base metal (Zn-

Pb) mineralisation.

Styles of mineralisation

Ore deposition in the two copper sulphide-bearing assemblages have similar primary metal
associations of Cu-Au (Zn-Pb) though they have individual trace element associations as

chalcopyrite ores have higher concentrations of Au, Zn, and Co, while covellite ores have higher



144 Mineralisation

Mo, As, Sb and Hg average concentrations. There remains no definitive constraint for the
temporal relation ship between chalcopyrite-bearing and covellite-bearing ores. The shape of the
1% Cu contour is not related to the individual distributions of chalcopyrite or covellite (Figure 5-
23). Gold appears to have three separate associations. It is association with chalcopyrite and Cu in
the lower elevations, but is then strongly associated with pyrite and As before passing to a Au-As-
Sb association at the top of the deposit where it is associated with highest Ag-Pb-Zn-(Bi)
mineralisation (Figure 5-13 and Figure 5-14), thought the association is not strong (Figure 5-21
and Figure 5-22). There is a strong spatial association between covellite and arsenic as well as
pyrite and arsenic. Arsenic-rich covellite mineralisation may result from the inclusion of enargite,
which is known to occur with covellite (Chapter 3). Arsenian-rich pyrite forms from substitution

of As into the crystal lattice of pyrite, which increases its capacity to carry Au (lReiah

2005). Due to the time-consuming requirements of the existing research program, no detailed
microchemical study of sulphides was performed in this research in order to comprehensively
characterise the occurrence of gold (this would make a particularly enlightening study for future
researchers). It is expected that gold occurs as inclusions within chalcopyrite or pyrite in the lower
zone, but may be refractory where hosted in arsenian pyrite in the upper zone and possibly as

substitutions of tennantite-tetrahedrite in the topmost zone.

Zoning patterns

The Cu-Au core comprises both chalcopyrite and covellite-bearing mineralisation, where covellite
occupies a central location within the major offset of the Idenberg Fault Zone (Figure 5-23).
There is a clear structural relationship between chalcopyrite and covellite-bearing rocks. This
structural association also extends to pyrite concentrations, which are also associated with the
Idenberg Fault Zone offset. Chapter 3 indicated a general temporal progression of sulphide from
chalcopyrite to covellite, then pyrite and lastly galena-sphalerite. A chalcopyptgite has
precipitated Cu-Au-Co, and was accompanied soon after by a spatially distinct cavpilitiee
package with similar metal assemblage but with a greater proportion of copper. These styles of

mineralisation changed to a pyrite-dominant Au4A#\g style of mineralisation. This precious
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metal package changed downflow (up elevation) to an Au-Sh-As package, which is suspected to
be in the form of tennantite-tetrahedrite. A shell of Pb-Zn formed about the pyrite, chalcopyrite

and covellite core in the form of galena-sphalerite.

5.2.2 Metal complexes and ore precipitation

An outward pattern of Cu-Au, and Ag-Zn-Pb may be related to the solubility of these metals in
chloride solutions. Published work (Hemley et al., 1992) indicates that at the same temperature,
there is a progression of increasing solubility fron®FE&u® Zn® Pb. The solubility of all of

these metals decreases at a steady rate with decreasing temperature. The solubility data neatly
predicts the zoning of metal enrichment found at Kucing Liar. This assumes that all metals are
carried as a chloride complex and that the solution is saturated with respect to chloride-complexed
minerals. It is assumed that gold is carried in an Au-Cl complex although experimental work has
suggested that gold may be transported and even sequestered at elevated temperatures and
pressures by #$ ligands rather than chloride (e.g. Loucks and Mavrogenes, 1999). If gold were to

be complexed as a bisulphide complex rather than chloride, it would require a different set of
changes to the hydrothermal conditions in order for precipitation to take place, as it is known that
the factors affecting solubility of Cl-complexes are different, and sometimes opposite to those

affecting HS-complexes (Barnes, 1979).

A second form of metal complex is in the form of bisulphide, which may carry Au, As, and Sb in
solution (Crerar and Barnes, 1976; Heinrich et al.,, 1992; Bessinger and Apps, 2003). Some
workers have also suggested that Cu is preferentially partitioned into bisulphide solutions, but
recent experiments have indicated specific conditions must prevail for bisulphide to be preferred
over chloride for copper complexing (Mountain and Seward, 2003). It is significant that Fe is not
transported as a bisulphide complex (Crerar and Barnes, 1976) as this implies that the Fe, Cu and
possibly Au in the pyrite mineralisation package precipitated from chlorine solutions. Gold is
more likely to have been precipitated from bisulphide rather than chloride as experiments by

Loucks and Mavrogenes (1999) found that “Au-Cl complexes are not important in pyrite-
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saturated brines”, which these fluids are expected to be given that they have deposited locally
abundant pyrite. The change from Cu-Au to precious metals may point to a change in the state of
the hydrothermal system as copper transport is more favoured in oxidised conditions whereas
gold transport can occur under oxidised or reduced conditions (Rowins, 2000). Finally, the fluids

that deposited Au-Sb-As at the upper portions of the base metal zoned system most likely carried

the metals as bisulphide complexes (Bessinger and Apps, 2003).

This chapter has shown that the Kucing Liar mineralised zone is a progressively zoned pattern of
overlapping base and precious metals. It is presumed that the same fluid has carried the metals
from the original source due to the close temporal and spatial relationships of the ore minerals and
metal suite. The interpretation provided here implies a change in fluid conditions, from chloride-
dominant to bisulphide-dominant, which favours the transport and precipitation of distinct metal

assemblages, changing from Cu-Au-Ag-Zn-Pb to Au-As-Sb.
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Figure 5-23 Zoning of ore sulphides, pyrite, chalcopyite and covellite and Cu-Au-As
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the highest part of the IFZ

in the study area.
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6 Fluid inclusion studies

This section documents the results of fluid inclusion analysis, including thermometric
experiments. Fluid inclusion studies yield data relating to the salinity, temperature of mineral
formation and, in some cases, the approximate composition of the fluid. Data were collected from

a small population of appropriate samples with the aim of identifying fluid populations.

Samples were initially examined petrographically in order to identify key samples as well as the
major fluid inclusion types. The distinction between the different types and generations of fluids
preserved in Kucing Liar rock samples was resolved by careful microscopic inspection and
documentation of the individual inclusion properties as well as the relationships between fluid
inclusions. Suitable samples from as many stages of the paragenesis as possible were identified
and prepared for inclusion analysis. Cooling and heating experiments were conducted on small
wafers of doubly polished thin sections in order to determine the melting temperatures of ice, the
melting temperatures of any salt phases present in the inclusions, and the homogenisation
temperature of the vapour bubble with the liquid phase of inclusions. Pieces of 3-5mm diameter
were broken from doubly polished thin section wafers, suitable inclusions within the chip were
identified and a sketch of each visible inclusion in a single field of view was made documenting
each inclusion in terms of type and context. The sizes of vapour bubbles relative to the inclusions

(degree of fill) were also recorded.

Empirical and theoretical studies of fluid inclusions have identified relationships between
thermometric behaviour and fluid composition. The data are converted to salinity and temperature
at entrapment by means of published equations. The different types of fluids involved in the

development of Kucing Liar alteration and mineralisation can be identified from these data.
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6.1FLUID INCLUSION PETROGRAPHY

6.1.1 Sample location and descriptions

Fluid inclusions have been identified in diopside, andradite, forsterite, humite, quartz, anhydrite
and fluorite, however, only quartz and fluorite were found to contain inclusions large enough to
study. Samples were preferentially selected from drill station KL32 as drilling from here presents
a cross section through the middle of the known strike extent of mineralisation. Some samples
were studied from drillholes on other sections due to their particular high quality and abundance
of fluid inclusions (Figure 6-1). As quartz is the main host for fluid inclusions, only Groups Il and
Il of the paragenesis were the major foci of the study, although one sample of fluorite represents
the Group IV assemblage directly related to mineralisation. The texture, relative timing and
spatial relationships of the fluid inclusion host minerals are described below in order of

decreasing elevation.

KL32-1 236.8m — fluid inclusions hosted in idiomorphic crystals from quartz infill in
millimetre and centimetre-scale veins (Plate 6-1a, Plate 6-2a). Pyrite, covellite and enargite
have infilled vughs along the middle of the veins. It is unclear if the vein is Group Il potassic
or Group lll silica as it is atypical for both stages. The wall rock is intensely altered by quartz,
typical of the later silicification assemblage. The sample comes from the Idenberg fault zone

and the original lithology and stratigraphical position are unknown.

KL32-1 254.7m — fluid inclusions hosted by fluorite infill from vughs that are lined with sub-
millimetre crystals of Group Il quartz (Plate 6-1b, Plate 6-2b). Covellite and pyrite occur as
inclusions in fluorite alongside fluid inclusions. Muscovite infill is present within vughs that
are lined with Group Il quartz. This muscovite has been used as a geochronology sample (see
Chapter 3). The sample is from the centre of the Idenberg fault zone and the original lithology

is unidentifiable.
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KL48-1 100.2m - fluid inclusions hosted by fragments of coarse-grained quartz crystals
(Plate 6-1c, Plate 6-2c). The crystal fragments occur in matrix of covellite, chalcocite and
pyrite. The quartz is very similar to that in sample KL32-1 236.8m, and both are believed to

most likely be coarse varieties from Group Il that occur at higher elevations in the system.

KL38-5 224.4m — fluid inclusions hosted in a single millimetre-scale quartz crystal as infill in
a vugh surrounded by coeval fine-grained Group Il quartz alteration that has replaced

penetrative diopside alteration in Waripi limestone (Plate 6-1d, Plate 6-2d).

KL32-5 339.2m — fluid inclusions hosted in idiomorphic crystals from millimetre-scale Group

Il quartz veins (Plate 6-le, Plate 6-2e). The veins are associated with quartz selvedge
alteration that has overprinted K-feldspar-muscovite altered Ekmai limestone. Covellite and
pyrite have infilled in vughs adjacent to the grains that host fluid inclusions and occur as spots

in the fine-grained quartz alteration.

KL32-5 376.4m — fluid inclusions are hosted in idiomorphic crystals from a Group Il quartz
vein (Plate 6-1f, Plate 6-2f). Bornite and chalcopyrite have infilled vughs in the centre of the
vein. The veins are hosted in Ekmai limestone that has separate alteration zones comprising

magnetite-calcite-chalcopyrite and K-feldspar-biotite-covellite-chalcocite.

KL32-3 354.3m - fluid inclusions hosted in subhedral crystals from centimetre-scale quartz
veins (Plate 6-1g, Plate 6-2g, also see Plate 6-4). It is not evident whether the veins developed
during Group Il potassic alteration or Group Il silicification, though they appear to be
overprinted by Group lll grey quartz alteration. Covellite and minor pyrite infill in fractures
and vughs crosscut both the quartz vein and wall rock. The host is unclear but believed to be

Ekmai limestone.
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KL32-5 706.7m — fluid inclusions hosted in crystals from centimetre-scale quartz veins and in
wall rock quartz grains (Plate 6-1h, Plate 6-2h). The veins are either Group Il or Group III.
Minor covellite and pyrite occur as spots and fracture infill crosscutting both veins and wall

rock alteration. The host rock is the upper Waripi sandstone member.

Figure 6-1 Location of fluid inclusion samples
Samples not collected from KL32 drill holes are projected onto section KL32 (see Chapter 3) and marked

by an open circle.
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Plate 6-1 Photographs of wafers and blocks of fluid inclusion samples
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Black circles are drawn around studied fluid inclusion locations. (a) Long quartz crystals protrude into
vein centre now filled by coarse pyrite. The quartz is believed to be from Group Il and is affected by later
quartz-muscovite alteration (b) Fine-grained quartz alteration containing vughs infilled by fluorite and
muscovite. (c) Broken quartz crystals in a matrix of pyrite-covellite-chalcocite. The timing of the vein is
unknown (d) Fine grained quartz and talc alteration of diopside. (e) Millimetre-scale quartz veins and
associated alteration selvages associated with muscovite replacement of feldspar. (f) Potassic-group quartz
vein containing pyrite-chalcopyrite-bornite infill. The host rock is K-feldspar + biotite alteration. (g)
Quartz veins in quartz alteration crosscut by covellite fracture infill. (h) Crosscutting quartz veins in Group

Il quartz alteration.
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Plate 6-2 Photomicrographs of textural settings of crystals that host fluid inclusions

—

(a) KL32-1 236.8m

2mm
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(c) KL48-1100.2m
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(b) KL32-1 255.7m

(e) KL32-5 339.2m

(d) KL38-5 225.4m

(f) KL32-5 376.4m

(g) KL32-3 354.5m

< \

(h) KL32-5 706.7m

(a) Vein quartz crystals where the host has also been quartz altered host inclusions as crystal growth zones
and annealed fractures (b) Fluorite vugh infill lined with quartz crystals in quartz-muscovite altered rock
host inclusions as clearly defined trails (c) Fragments of quartz crystals in sulphide matrix contains many
large multi-phase inclusions in close proximity to each other (d) A single crystal infilling a vugh in quartz
alteration contains inclusions of similar dimension in banded crystal growth (e) Vein quartz crystals
adjacent to mineralisation host many different types of inclusions (f) Individual crystal from a quartz vein
hosting chalcopyrite-bornite host inclusions in primary growth zones as well as annealed fracture. (g) A

variety of fluid inclusion types are hosted in vein quartz crystals in as well as adjacent wall rock alteration.

(h) Inclusions are hosted as trails and clusters in quartz stockwork.
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6.1.2 Occurrence and paragenesis

There are five principal different types of inclusions distinguishable on the basis of phases present
at room temperature. In decreasing order of abundance they are; SLV (solid-liquid-vapour), LV
(liquid-vapour), VL (vapour-liquid), V (vapour) and L (liquid) types (Plate 6-3a). SLV inclusions
were identified in quartz and diopside only, VL inclusions are only recognised in quartz, and LV
inclusions were identified in all minerals containing inclusions. SLV inclusions typically contain

a small vapour bubble and at least one solid phase, typically high relief cubic halite commonly
accompanied by low relief round sylvite (Plate 6-3b). Hematite is present in some cases as
translucent red-coloured chips or idiomorphic hexagonal crystals (Platef6{4ash, 1976).

SLV inclusions are rounded, equant and six-sided in cross section. The two-phase inclusions that
contain only liquid and vapour are designated as either liquid-vapour (LV) or vapour-liquid (VL)
type inclusions depending on degree of fill (e.g. Sheppara., 1984). Two-phase inclusions

(LV and VL) are commonly irregular although significant numbers of VL and LV inclusions are
rounded, equant and six-sided in cross section. Idiomorphic inclusions tend to be much smaller
than irregular inclusions and of more regular size. SLV inclusions and two-phase inclusions may
occur in clusters that display a large range in size. Monophase liquid-only (L) and vapour-only
(V) inclusions were not closely scrutinised, as they do not undergo any observable changes during
experiments. In one sample (KL32-1 255.7), fluid inclusions were found in close proximity to and

seemingly coeval with sulphide inclusions in fluorite including pyrite and covellite.

Fluid inclusions are considered to be primary, pseudosecondary or secondary depending on their
mode of occurrence. Primary inclusions form from the same fluid as the surrounding crystal and
are recognisable as they commonly are found along planes parallel to the crystalcEhape (
Shepparcet al., 1984; Wilkins, 1990). Pseudosecondary inclusions form before the host crystal
has annealed so may appear non-parallel to crystal boundaries, but can be distinguished from
secondary inclusions as they do not cross crystal boundaries. Secondary inclusions form after the

crystal has annealed, implying a separate fluid source to that which the host mineral precipitated
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from. Secondary inclusions generally form in distinct fractures which may cross the boundaries
between individual host crystals. Fluid inclusions from Kucing Liar samples occur in a variety of
settings, including curvilinear trails, random clusters or as isolated inclusions (Plate 6-4). SLV,
LV and VL-type inclusions all form trails, though SLV and LV types are the most common.
Trails and clusters of SLV and VL inclusions tend to be consistent in size while LV inclusions are
more variable. Trails generally comprise a single inclusion type and may be related to growth
planes (primary) or visible fractures (secondary) within a crystal (Plate 6-5a, b). SLV inclusions
are hosted in regular-shaped voids and tend to be concentrated within the core of crystal shapes
and in some examples exhibit layering parallel to crystal boundaries. Clusters of SLV inclusions
typically lie in the centre or the apex of quartz crystals (primary or pseudosecondary), whereas the
margins of quartz crystals are inclusion free. LV inclusions generally form trails and may be
associated with visible fracturing in the crystal, though this is not always the case. The setting of
LV inclusions varies from trails constrained within crystal boundaries (pseudosecondary) to less
common examples where trails clearly cross crystal boundaries (secondary). LV inclusions are
not restricted to fractures and commonly occur as trails that are not continuous across domains
within the quartz grain (pseudosecondary) (Plate 6-6b). Large VL inclusions are occasionally
hosted in regular voids but do not show any real association with location inside a crystal shape,
though they do locally form trails. In many cases it was not always possible to establish primary
from pseudosecondary or pseudosecondary from secondary, though secondary was commonly
easy to distinguish. SLV inclusions in Kucing Liar are generally primary, related to crystal growth
while LV inclusions may be either, primary, pseudosecondary or secondary. SLV and VL
inclusion trails are both intersected by fractures which host LV inclusions, indicating the LV-type
formed after both SLV and VL-type inclusions. Earlier inclusions are commonly destroyed near
the intersection. (Plate 6-6a). LV inclusions were found to be both pseudosecondary and
secondary while the VL inclusions may be primary, pseudosecondary or secondary (Plate 6-6a).
VL inclusions are the most difficult to assess as they have a number of textural settings and

commonly occur as randomly distributed populations (Plate 6-4).
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Plate 6-3 Fluid inclusion types in quartz

(8) VL-type inclusions are commonly the largest and occur within irregular or idiomorphic spaces in
quartz. LV-type inclusions vary from irregular to regular shapes but are generally not idiomorphic. (b)
SLV-type inclusions contain at least one and commonly two salt crystals, a vapour bubble and occasionally,
opaque crystals. The low relief of sylvite makes it difficult to observe during melting but the final melt

temperature is usually indicated by sudden movement of coexisting phases. Inclusions hosted in quartz.
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trail/cluster (3)

random (4)

—  trail (1)

KL32-3 354.3m

Plate 6-4 Fluid inclusion occurrences in quartz

A photomicrograph of showing possible primary inclusions as trails of uniform-sized VL inclusions (1),
pseudosecondary or secondary trails of variable-sized LV inclusions associated with crystal fractures (2),
primary or pseudosecondary linear arrays of SLV inclusions (3) and random single VL inclusions that may
be primary, pseudosecondary or secondary (4). The parallel nature of SLV and VL trails in examples (1)
and (3) suggest formation in a similar setting. While LV trails in (2) are suggestive of overprinting an

adjacent VL-type inclusion there are no clear temporal relationships between SLV and VL inclusion trails.
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Plate 6-5 Examples of fluid inclusion trails

(@ LV inclusions as single trails across a grain of fluorite. It is unclear if the inclusions are
pseudosecondary or secondary. (b) Trails of SLV inclusions in a crystal of quartz. Changing the depth of
focus in this sample indicated that single trails form planes through the quartz crystal. The inclusions are
considered to be pseudosecondary as they are trapped in curved trails which do not parallel observed

crystal faces at low magnification but appear restricted to the quartz grain (see Plate 6-2d).
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Plate 6-6 Crosscutting fluid inclusion relationships

(a) A trail of LV inclusions that crosscuts trail of VL inclusions in a quartz crystal. The VL inclusions are
consistent in size whereas the LV inclusions are highly variable. Both sets of inclusions may represent
secondary inclusions, or the earlier VL inclusions may be pseudosecondary. (b) A cluster of variable-sized
SLV inclusions (primary or pseudosecondary) is surrounded by variably-sized LV inclusions which are
most likely pseudosecondary. Inclusion hosted in clear fractures running top left to centre are either

pseudosecondary or secondary and appear to truncate trails of pseudosecondary LV inclusions.
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6.2THERMOMETRIC EXPERIMENTS

The behaviour of the phases within fluid inclusions was observed at 400x magnification and video
surveillance in the —20C to 670C temperature range (Appendix VI). The chip temperature was
monitored to an accuracy of 0.1°C using a slender gauge that also held the chip in place within the
sample viewing stage. The temperature of the rock wafer was reduced using gas pumped from a
liquid nitrogen vessel and raised by air heated by an electrical element being pumped through the
sample stage. The level and rate of heat increase was controlled by a resistance switch. A switch
that also cut power to the heating element preserved the temperature at which particular fluid
inclusion behaviour was observed. Equipment accuraay2sC was established in trial heating
experiments on synthetic standards with established homogenisation temperatures 6f -10.5°
190°C & 376.5TC. Freezing experiments were usually conducted prior to heating as a precaution
against decrepitation. However, condensation required that apparatus be heated to moderate
temperatures (<25Q@) between multiple freezing behaviour measurements to remove vapour

before more freezing experiments could be conducted.

6.2.1 Results of freezing and heating

Various features were investigated including:

first melting (eutectic temperature) of completely frozen inclusion
final melting of high relief phases (hydrohalite and antarticite)
colour and final melting of ice

final melting of salt phases

homogenisation of vapour and liquid phases

High relief phase melting, ice melting and vapour-liquid homogenisation temperatures were all
difficult to establish for LV-type and VL-type inclusions due to combinations of low visibility and
high vapour volumes. Some inclusions hosted in cavities that could not be viewed due to depth of

focus were also problematical.
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Solid phase melting temperatures

During freezing, 78 of the total 206 inclusions examined turned brown. There were 25
measurements obtained from 14 SLV, 9 LV and 2 VL inclusions for first melting of a non-ice
phase, though due to uncertainties in observation and limitations of the equipment the values are
only approximate. Thirteen of these eutectic temperatures were measured at or abGut —52°
seven between —45 to —49°three between —-35 to —&and two at —267& (Figure 6-2a). In
general, SLV inclusions have lower eutectic temperatures than LV and VL inclusions. There were
18 recorded instances where a high relief phase, hydrohalite or antarticite, was identified but only
in SLV-type inclusions. The high relief phase hydrohalite was commonly observed to develop in
SLV inclusions after first melting but was not consistently identified. Likewise, antarticite, a
phase that melts above@°was occasionally recognised in SLV inclusions but not consistently
measured. Melting of these high relief phases occurred at different temperatures, which in order
of increasing temperature included; nine instances throughout the interval —26 @y a3dfigle
instance at —14, and six instances between +10 and €5Mistinct populations exist for ice
melting (Tmcg) observed in LV inclusions. A small group has the lowestdd)rbetween —28 to

—24°C and then a steady increase in numbers to a maximum with ice melt temperature between —4
and 0T (Figure 6-2). The majority of VL inclusions underwent ice melting from -12 t€-0°

and have maxima from —12 and €3{Figure 6-2b). Halite (NaCl) melting temperatures were
recorded for 71 SLV inclusions, 40 of which also have sylvite (KCI) melting records. Sylvite melt
temperatures are generally lower than halite melt temperatures (Figure 6-3a). There is a general
correlation of sylvite (TryLvire) and halite (Tmaute) Melting temperatures (Figure 6-3b). The
halite melting temperatures are separated into a smaller low temperature (13-d®darger

high temperature (250-4507 populations (Figure 6-3a). The higher temperature population has
an apparent bimodal distribution, the two internal groups distributed symmetrically about maxima

at 300-325€ and 374-40QC (Figure 6-3a).
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Figure 6-2 First melt (eutectic) and final melting temperatures of ice in frozen inclusions
(a) Eutectic temperatures cluster about <50These data have uses in determining fluid compositions (see
section of fluid compositions). (b) Final ice melting temperatures display a primary maximum@eas 0

well as a secondary maximum at -7 The bin ranges are plotted along x-axis.
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Figure 6-3 Final melting temperatures of halite and sylvite in fluid inclusions

(a) Frequency distribution histogram of halite and sylvite melting temperatures. The data indicate three
populations of halite data, one centred on 124-Ty(a second on 300-325 and a third, comprising the

most inclusions, centred on 374-400 Bin ranges are 2% (b) Relationship between halite and sylvite

melting temperatures indicates a broad positive correlation.
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Vapour homogenisation

The vapour phase in an inclusion either homogenisegddidx) to liquid (The.vy) or vapour
(Thvyv). In general, vapour-rich inclusions homogenised to vapour and liquid-rich inclusions
homogenised to liquid. As with salt melting, homogenisation occurred gradually, the vapour
bubble either became smaller, and vibrated more rapidly with increasing temperature until it
disappeared completely, or slowly expanded until the entire inclusion became vapour. Vapour
homogenisation, whether to liquid or vapour, was recorded in 194 inclusions. There is a broad
trend of increasing vapour homogenisation temperatures with decreasing ice-melting temperatures
(Figure 6-4a). There are also indications that there may be more than one fluid represented in

individual samples (Figure 6-4).

The majority of SLV-type inclusions have halite melting temperatures similar to or greater than
Thyapour, While two smaller populations respectively have low and high halite melting
temperatures compared with vhbour (Figure 6-5). Low halite melting temperatures were
observed mainly in a single sample (KL48-2 100.2m), while a group of highgk fgmare
derived from inclusions hosted in a number of different samples. Different relationships between
halite and vapour occur in cases whergapbur and Tmyare are similar, as exemplified by
KL32-1 236.8m and KL32-5 706.7m. In the formerddur vVaries over a large range whereas in
KL32-5 706.7m Tmayute displays the greater variation (Figure 6-4b). In contrast, the small
number of inclusions from KL38-5 224-4m display a consistent relationship @f_Fesimilar

to Thyapour (Figure 6-5)
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Figure 6-4 Final homogenisation temperature versus ice melting temperatures

(&) The term final homogenisation is used as graph includes LV and VL-type inclusions. A very broad
correlation between temperature and ice melting temperature for individual samples is apparent. (b) Only a
small number of VL-type inclusions have estimated salinities. LV-type inclusions homogenise to liquid

(Thy-v), while VL-type inclusions homogenise to vapoug ().
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Final homogenisation temperatures §{k ), whether to vapour, liquid or salt were recorded in

194 fluid inclusions including 81 SLV, 96 LV and 17 VL inclusions. Final homogenisation
temperatures have generally symmetric distributions about discrete maxima (Figure 6-6). Each of
these includes different proportions of the three types of inclusions. The low temperature
population is represented by LV-type inclusions(Jf) only and is centred at 174-2@°The

lower of the moderate temperature groups is centred at 30@G-3#%t dominated by LV-type
inclusions (Th.v) ) but also contains some SLV (dhour OF Tmyare) and VL-type inclusions
(Thev) (Figure 6-6). Conversely, the higher of the moderate temperature groups is centred at
400-425TC dominated by SLV-type inclusions but also contains some LV and VL-type
inclusions. The high temperature population include temperatures in excess °af &50
comprises only VL and SLV-type inclusions. These inclusions had not homogenised at the upper
equipment capability limit of 67C, and so their real homogenisation temperatures may be
somewhat higher. These temperatures were mainly derived from SLV inclusions and a single VL
inclusion in sample KL32-5 376.4m as well as a single SLV inclusion from KL32-1 236.8m. The
inclusions in sample KL32-5 376.4m were of similar appearance (shape, size) and grouped
together in trails within an overgrowth on a well-defined quartz crystal. As such these very high
measurements are not considered to be due to heterogeneous trapping or necking. Harrison (2000)
measured homogenisation temperatures with similarly very high values from inclusions sampled

from Grasberg.
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Figure 6-5 Vapour homogenisation versus salt melting temperatures in SLV-type inclusions

A line has been drawn for Vipour= Thyaure: It is also apparent that while inclusions from individual

samples form clusters, most samples have more than one cluster, possibly indicating the presence of

multiple fluids in a single sample
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Figure 6-6 Final homogenisation temperatures of fluid inclusions

There were 13 SLV and 5 VL inclusions which did not homogenise at temperatures <650°C. LV-type

inclusions homogenise to liquid (Tky), VL-type inclusions homogenise to vapour (T}, while SLV-

type inclusions homogenise to liquid either by salt(;{fE)) or vapour (TRapour-
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6.2.2 Determination of fluid composition
Salt system

Eutectic temperatures (Bectc) cluster into groups equivalent to the temperatures for
compositions of four different systems. Inclusions with the lowest measured eutectic temperatures
have small ranges of FRa. but those with higher Teyrectic display a larger range of ERar.

So, while fluids resembling the systemgd-NaCl-CaC} and HO-CaC}, have restricted variation

of final homogenisation temperatures, those that resemfleHdC} and HO-NaCI-KCl systems

have a greater range of {ifa.. The change of ice colour to brown is indicative of the presence of
calcium as CaGl (Brown, 1998). Of the 25 inclusions where a eutectic temperature was
measured, 21 were brown ice, suggesting that the fluid inclusions in this group that,@ave H
FeClL and HO-NaClI-KCI as suggested by Emecric also contained CaglThe presence of
hematite as solid phases in inclusions indicates the presence of abundant Fe in some fluids. Based
on the solid phases present in inclusions and melting temperatures of ice, compositions of fluids
are most likely to be in the system@®NaCl (x KCI + FeGl = CaC}) (Table 6-1). SLV
inclusions generally resemble the systep®©HNaCl-KCI-CaC} while LV inclusions are kD-

NaCl-CaC}.

Table 6-1 First melt temperatures of selected water-salt systems

System Eutectic (°C)
H,O-NaCl-CaCl,-MgCl, -57
H,O-NaCl-CaCl, -52
H,0O-CacCl, -49.5
H,O-FeCl, -35
H,O-MgCl, -33.6
H,O-NaCl-KCl -23
H,O-NacCl -21.2
H,0O-KCl -10.6

Data reproduced from various sources compiled by Brown (1998).
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Salinity calculations

NacCl equivalent fluid inclusion salinities have been calculated from (e.g. Brown, 1998).

LV-and VL  (-1.78*Tm) - (0.0442*Trf) - (0.000557*Trm)

SLV 26.242 + (0.4928*Td) + (1.42*TY- (0.223*Td) + (0.04129*T4) +

(0.006295*Td) - (0.001967*T@) + (0.00011112*T9

Where Tm = melting temperature of ice and Td = (halite dissolution temperature) /100. Fluid
inclusions from individual samples cluster in terms of their temperature-salinity relationships
(Figure 6-7). High salinity inclusions include moderate (250-@%@thd high temperature groups

(>600°C). Low salinity inclusions generally have lowergsKi. .
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Figure 6-7 Homogenisation temperature versus calculated salinities of fluid inclusions

(a) Results plotted using subdivision by sample. All inclusions are hosted within quartz except for those in
sample KL32-1 254-7m which are hosted in fluorite. The linear trend exhibited by the high salinity,

moderate temperature group is an artefact of the salinity calculation, and represents inclusions that

homogenise by halite dissolution. (b) The same salinity measurements divided by inclusions type (LV, VL

and SLV). The term FRa. is used as LV-type inclusions homogenise to liquigd (Jh VL-type inclusions
homogenise to vapour ({hy), while SLV-type inclusions homogenise to liquid either by salt{T##)
or vapour (TRapouR-
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6.3INTERPRETATION OF FLUID INCLUSION DATA

Experimental data from fluid inclusion analysis indicate that a variety of fluids were involved in
the Kucing Liar hydrothermal evolution. The fluids show a distinct populations of high
temperature, high salinity brines, more moderate temperatures brines, medium density liquids and
finally low density-low salinity water. The last of these is directly related to covellite
mineralisation. Low-density phases, characterised as vapour inclusions at room temperature, are
found in the same samples and have the same homogenisation temperatuggg &shhigh and
moderate temperature brines (Jdnre or Thyapour). The fluids show little or no graduations
between inclusion groupings. The data may suggest temperature shifts and phase changes
occurred between the paragenetic stages established in Chapter 3. High temperature fluids are
associated with potassic-stage quartz veining while later phyllic-stage quartz alteration host
moderate temperature brines (SLV) as well as medium (LV) and low density (VL) phases. While
there are no definitive data, many observations point to a phase separation event after

silicification which is possibly related to covellite mineralisation.

6.3.1 Fluid populations

Kucing Liar fluids can be divided into discrete populations based on homogenisation temperatures
(Figure 6-8a). The data are divided here into four distinct groups; one group (A) having
temperatures above 550°C (including many above 670°C), another population at ~420°C (B), a
third centred at 300°C (C) and a fourth at 175°C (D). The high temperature group (A) is
dominated by brine (SLV) inclusions but also contains a number of vapour (VL) inclusions. The
two moderate temperature groups having temperatures around 300°C and ~420°C are more
complex and contain variable amounts of all three types of inclusions. Moderate temperature
inclusions can be split into two distinct groups based on composition. A higher temperature group
at ~420°C (B) is dominated by SLV inclusions while a lower temperature group at ~300°C (C) is
dominated by LV inclusions. This second group is associated with covellite mineralisation. The

low temperature group (D) is populated by LV-type inclusions only, many of which appeared to
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be of secondary origin.

The high and low temperature groups show no real continuity with moderate temperature
populations when plotted on a scatter diagram with salinity (Figure 6-7), but there does appear to
be a general trend of decreasing temperatures between samples when arranged in a simple plot of
inclusion temperatures for each sample (Figure 6-8b). When arranged in this manner it appears

that fluids within a single sample exhibit a ~150°C temperature range.

6.3.2 Fluid phase development

There are three main types of inclusions found in Kucing Liar samples, namely, SLV (solid-
liquid-vapour), LV (liquid-vapour) and VL (vapour-liquid). Hydrothermal fluids derived from
magmas may have a range of salinities based on the depth of exsolution (Figure 6-9). Regional
and district studies (Chapter 1, Section 1.1.2) of igneous intrusions in the Ertsberg Mining District
indicate depth of emplacement as 2km or less. With a pressure of 0.5-1.0 kbar, fluids generated
from these magmas will have a salt concentration less than 10 wt.% NaCl (Figure 6-9). Figure 6-9
also indicates that fluids exsolved from magmas up to lkbar (4km depth) will have gradually
increasing salinity after initial water saturation, salinity rising sharply in the last 10% of
crystallisation. Note that in much deeper intrusions (2kBkm), water saturation occurs at a
higher crystallisation point and initial fluids have a very high salinity, while later exsolved fluids
have sharply decreasing salinity with increasing crystallisation. For a model of a continuously
exsolving fluid to produce the observed fluid types at Kucing Liar would require that the earliest
fluids have the lowest salinity and the latest fluids have the highest salinity. While stringent
primary, pseudosecondary and secondary distinction has not been possible for Kucing Liar fluid
inclusions, general convention where SLV-type inclusions are primary or pseudosecondary while
LV-type inclusions are pseudosecondary or secondary. This infers that earliest fluids at Kucing
Liar are high density and progress to lower density with time. It is also apparent from
thermometric data that SLV-type inclusions are higher temperature that LV-type inclusions. This

precludes that the Kucing Liar fluids derived from a continuously exsolving shallowly emplaced
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magma.

A second process by which fluids of highly variable salinity may occur together locally is by
phase separation, perhaps through the processes of rapid decompression which probably occur
when magmatic fluids are released into the surrounding environment (Burnham, 1979). IN this
process a rising supercritical fluids intersects its solvus (two-phase field) and separates into high
and low density fractions (Figure 6-10). The depth at which this phase separation occurs is
dependent upon the temperature of the rising fluid and has an effect of the range in salinity of the
resultant high and low density phases (Figure 6-10). The contemporary development of a vapour
and brine will develop distinctive fluid inclusion assemblages whereby high and low density type
inclusion coexist in a single trail and have similar homogenisation temperatures (e.g. Nash, 1976;
Sheppardet al., 1984). Studies of Kucing Liar fluid inclusions do not indicate any instances
where this boiling assemblage occurs, however, there are brines and vapours co-existing in
samples (see Plate 6-4) that do have similar homogenisation temperatures (Figure 6-4 and also

Figure 6-8).

A third and final option is that the various fluid populations are developed from different magmas
which underwent fluid saturation at different depths (Figure 6-9). For this model to apply at
Kucing Liar, late medium density (LV-type), low salinity fluids would have exsolved from a
shallowly emplaced magma overprinting fluids from an early more deeply emplaced intrusion
which exsolved high salinity fluids. This process is not discounted though no data has been
collected to substantiate depth of emplacement of magmas coeval with Kucing Liar hydrothermal

fluids.
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Figure 6-8 Homogenisation temperatures of fluid inclusions

Separation of fluid inclusions into the host samples demonstrates local ranges of homogenisation
temperatures. The term dig. is used as LV-type inclusions homogenise to liquid.(jih, VL-type
inclusions homogenise to vapour (T§y), while SLV-type inclusions homogenise to liquid either by salt

(Tmyaure)) or vapour (TRapouR-
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Figure 6-9 Bulk salinity of
magmatic fluids exsolved from
water saturated magmas

The graph indicates the salinity paths
taken by fluid exsolved from magmas
at various pressures with increasing
crystallisation. The dot represents the
point in salinity-crystallisation space
at which the magma is saturated with
water based on an initial
concentration of 2.5 wt.%. Figure
reproduced from Cline & Bodnar
(1981).

Figure 6-10 Phase separation of critical magmatic fluid (from Meinert, 1998)
The linework indicates that a magmatic fluid of bulk salinity of 8.5wt.%NaCl at 800°C which has cooled to
550°C before ascent can rise to depths equivalent to 0.5kbar before it will undergo separation to high and

low density fractions.
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7 Stable isotope geochemistry

Stable isotope data place constraints on source reservoir(s) for water in hydrothermal fluids. The
data in Chapters 2 and 3 enable these results to be assessed in terms of their temporal and spatial
context. This can be used to establish the evolutionary path taken by hydrothermal fluids and the

physical processes which occurred during their migration through wall rocks.

Pure mineral samples were collected from as many different minerals and paragenetic
assemblages as was available and submitted for isotopic analysis. Individual grains were picked
from crushed sample material and separated using a fine brush. Analyses of each sample are
converted from mineral to fluid compositions by way of experimentally and theoretically derived
fractionation equations for the relevant isotopes in each mineral. This section documents the
results of stable isotope analyses for the purposes of determining the sources of hydrothermal
waters. Small pieces of rock sample were crushed in hand mortar and pestle until the majority of
sample was less than 30G6h. Individual crystals of each mineral were separated using fine
brushes, producing 50 separates samples of 16 mineral phases which were analysed for oxygen
isotopes, 13 (6 mineral phases) for hydrogen isotopes, 13 (7 mineral phases) for sulphur isotopes
and 3 (2 mineral phases) for carbon isotopes. Oxygen and carbon isotope analyses were submitted
to Monash University in Melbourne, Australia, samples for hydrogen analyses were sent to
Adrian Boyce the SUERRC East Kilbride Research Park in Glasgow, Scotland and samples for
sulphur analyses sent to Sue Golding at the University of Queensland, Brisbane, Australia. The
analytical methods are documented in Appendix VII. The oxygen and hydrogen compositions are
reported relative to Standard Mean Ocean Water (V-SMOW). Sulphur is recorded as relative to
Caron Diablo Troilite (CDT). Carbon is reported as relative to calcite from the Peedee Belemnite
(PDB). Calculated fluid compositions are then compared to published ranges for primary
magmatic water, water derived from metamorphism, and local meteoric water in order to assess

the origins of Kucing Liar fluids.
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7.11 SOTOPIC ANALYSES

A total of 63 mineral separates (23 different minerals) from 43 hand specimens were collected
(Table 7-1). Most of the samples for stable isotope analysis were collected from a single drill
station (KL32) in order to apply consistent spatial context to each sample. Additional samples off
this section were dictated by the availability of material or a specific paragenetic association. All
minerals except talc, calcite, sphalerite and galena were analysed from more than one sample. A
deliberate effort was also made to collect a variety of the modes of development of minerals as
documented in Chapter 2 (e.g. pervasive alteration, selvedge alteration of fracture infill). The
collection includes samples representing both alteration and infill for single minerals (K-feldspar,
biotite, magnetite, anhydrite), plus analyses of the same phase from different host units and
lithology. Multiple pure samples of various minerals from each paragenetic stage were collected
for oxygen isotope analysis. Only six hydroxyl-bearing minerals were analysed for hydrogen
isotope composition. For green phlogopite, muscovite and serpentine only one sample was used.
Nevertheless, each Group of the paragenesis is represented by at least one hydrogen isotope
analysis (Table 7-1). Only Groups Il and Il have been assessed for sulphur isotope composition
via pure samples of anhydrite, pyrite, chalcopyrite and covellite. A variety of styles of anhydrite
and pyrite occurrence were sampled but only two samples each of chalcopyrite and covellite are

included.

7.1.1 Results of analyses

Multiple analyses of individual mineral phases define single population’®f spread over
narrow ranges of 2-3%. except for K-feldspar, tremolite, anhydrite, which are bimodal, and quartz
alteration which has a large range &10 (6-12%0). Most **Oynerac Values lie between 0 and
12%o, with only dolomite samples having outlying values at 22%. (Figure 7-1). Earlier formed
minerals display narrower ranges dfO than later formed minerals (Figure 7-1a). Skarn and
potassic minerals (diopside, garnet and humite as well as biotite and quartz veins) all display

narrow ranges of 1-3%.. Two samples of K-feldspar have quite different values. Magnetite has a
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slightly broader range of 4%. while tremolite-actinolite values are divided into 3-4%. and 7-8%o
(Table 7-1). D ranges between —-275 and —100%., with an apparent mode between —150 and —
175%. (Figure 7-1b). Two humite samples display a large differencB,imith the single green
phlogopite sample lying between them. Three biotite samples have a narrow rabgfah —

180 to —200 (Table 7-1)3S values form two populations, respectively comprising sulphate and
sulphide species (Figure 7-1c). Anhydrite samples have a narrower raifid® (#%o) relative to

d®0 (3.5%0) for the same samples (Table 7-1). The six samples of pyrite have a large but
continuous range of*S between —8 and 2%.. The lowest of these (—6.2%o), is from a sample of
fine pyrite, whereas®’S in coarse pyrite from the same sample is —4%. and similar to other
samples of coarse pyrite (Table 7-1). Only three samples of chalcopyrite and two of covellite were
analysed and have very different valuesdd$s, within the same range as pyrite. Galena and

sphalerite have similafts equivalent to the highest pyrite and chalcopyrite values.

Lithology is not a significant factor in the isotopic composition of hydrothermal minerals.
Diopside samples collected from shale and limestone wall rocks have identical oxygen
compositions, as do biotite samples from shale and fault zone and quartz veins hosted by shale,
sandstone and fault zones (Table 7-1). Similarly, although quartz alteration samples have a wider
range of compositions than skarn minerals, the variation is not related to wall rock lithology.
Limited data from K-feldspar might suggest some lithological control though the data are limited
to two samples (Table 7-1). Textural variations in mineral development have a minor effect on
mineral compositions where some minerals display variability in isotope chemistry that may be
related to mode of occurrence. For example, anhydfi@ values for alteration are significantly
higher (2.8 and 4.8%o.) than infill (1.2%.) (Table 7-1). However, there appears to be no textural
characteristic (grainsize or colour) or growth form (infill or alteration) of tremolite-actinolite that

is coincident with the variabld'®0, nor a single textural characteristic that parallels the large

range of fO of quartz alteration.
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Table 7-1 Stable isotope samples and results (%o)

Drill hole  Depth Lith Mineral Form Group  d*0 db d*s d®c
KLS3-1 1420.7 st dolomite Alt  Host 22.0 1.3
KL38-05 814.1 st dolomite Alt  Host 225 25
KL32-03 388.3 shl diopside Alt I 4-4
KL32-09 342.9 Ist diopside Alt I 4-8
KL32-04 247.5 Ist diopside Alt I 6.0
KL32-07 394.5 shl diopside Alt I 6.1
KL38-05 708.2 Ist diopside Alt I 6.5
KL26-08 384-4 shl garnet (green) Alt I 4.1
KL32-03 381.5 shl garnet (green) Alt I 4.2
KL26-08 384-4 shl garnet (red) Alt I 4.5
KL16-09 57.2 st humite Alt I 3.0 -257
KL26-08 318.0 Ist humite Alt I 3.3 -168
KL28-01 360.3 unk green phlogopite Alt I 6.1 -217
KL32-08 331.0 Ist green phlogopite Alt I 7.0
KL28-01 360.3 unk K-feldspar Inf Il 8.0
KL38-05 711.5 shl K-feldspar Alt Il 12.0
KL32-07 601.0 sst quartz (vein) Inf Il 104
KL32-08 480.1 shl quartz (vein) Inf Il 10.5
KL32-01 263.8 unk quartz (vein) Inf Il 114
KL32-07 349.5 shl quartz (vein) Inf Il 115
KL32-07 342.2 |Ist magnetite Alt Il 0.9
KL28-01 272.9 Ist magnetite Alt Il 1.3
KL32-03 416.9 unk magnetite Alt Il 1.6
KL32-05 313.9 Ist magnetite Alt Il 2.6
KL32-07 349.5 shl magnetite Inf Il 3.1
KL20-09 464-3 shl biotite Inf Il 34 -195
KL32-05 652.4 shl biotite Inf Il 4.0 -204
KL32-05 539.6 unk biotite Alt I 4.3 -181
KL32-08 410.0 Ist serpentine Alt i 6.1
KL32-08 331.0 Ist serpentine Alt i 6.2 -154
KL32-05 539.6 unk tremolite Alt Il 32 -181
KL32-04 500.8 Ist tremolite Alt Il 34 -110
KL32-08 357.1 Ist tremolite Alt Il 34 -154
KL38-05 638.9 Ist tremolite Alt Il 7.0
KL28-01 266.9 Ist tremolite Alt Il 7.9 -159

KL32-07 329.0 st talc Alt 1l 4.9
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Hole Depth Lith Mineral Form Group  d*0 db d*'s d“c
KL32-07 342.2 |Ist anhydrite Inf i 1.2 11.6
KL32-08 410.0 Ist anhydrite Alt i 2.8 9.5
KL32-08 480.1 shl anhydrite Alt i 4.8 10.2
KL32-03 416.9 unk anhydrite Inf i 1.2 10.7
KL38-05 224-4 |Ist quartz (alt) Alt i 6.3
KL32-05 339.2 shl quartz (alt) Alt i 7.1
KL30-01 222.1 st quartz (alt) Alt i 8.4
KL32-03 354.3 shl quartz (alt) Alt i 9.9
KL32-05 296.3 Ist quartz (alt) Alt i 10.0
KL32-05 706.7 sst quartz (alt) Alt i 11.0
KL32-01 254-7 unk quartz (alt) Alt i 11.3
KL32-01 254-7 unk muscovite Inf 1 6.2
KL32-08 454-9 shl muscovite Alt 1 6.9 -105
KL32-03 426.6 unk calcite Inf v 9.3 0.4
KL32-05 539.6 unk chalcopyrite Inf v -3.8
KL32-03 416.9 unk chalcopyrite Inf v -2.9
KL28-01 266.9 Ist chalcopyrite Alt v 2.4
KL28-01 266.9 Ist pyrite Alt v -2.0
KL32-05 539.6 unk pyrite Inf v -3.1
KL32-03 426.6 unk pyrite (fine) Alt v -6.2
KL32-03 426.6 unk pyrite (coarse) Alt v -4.0
KL32-08 454-9 shl pyrite (coarse) Inf v -2.7
KL32-01 254-7 unk pyrite (coarse) Alt v 0.1
KL20-05 237.8 st covellite Inf v -6.1
KL42-02 100.2 sst covellite Inf v -0.1
KL42-05 337.0 st galena Inf v 1.3
KL42-05 337.0 st sphalerite Inf v 2.4

Table 7-1 Stable isotope samples and results (cont.)

Abbreviations: Ist = limestone, shl = shale, sst = sandstone, unk = unknown; Alt = alteration, Inf = infill.
The measured isotope ratios are calculated as a shift from zZgregorted in permil (%0) deviation from
standard (V-SMOW for oxygen and hydrogen, CDT for sulphur and V-PDB for carbon). Analytical
precision is# 0.2%o in silicates and+ 0.1%. in carbonates in for oxyges,2%. for hydrogen and: 0.3%o

for sulphur.
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Figure 7-1 Histograms showing analysed oxygen, hydrogen and sulphur isotope ratios
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7.1.2 Fluid compositions

The isotopic fractionation between a mineral and a coexisting fluid is calculated by determining

the differenceD) in isotopic compositiongd of the mineral (substance) and water thus (e.g.):

8 — A8 8
Dl OMINERAL—FLUID - dl OMINERAL - dl OFLUID

For the selected minerals from Kucing Liar, the valu® @ calculated fot?0, D, and*'S from

the equations listed in Table 7-3, Table 7-4 and Table 7-5 which allow for the calculation of the
isotopic composition of fluids. Calculation & values requires the temperature of mineral
formation for input into the equilibrium equations. Estimated temperatures of formation for each
mineral are listed in Table 7-2 and are based on constraints from phase equilibria (Group 1, 1l and
[II) and fluid inclusion homogenisation temperatures (Group Il and 1ll). While the temperatures
may be broad estimates only, the slope of the curves in the vicinity of the temperatures are so
slight that in many cases a difference between assumed and real temperatures of £100°C will only
result in a change of calculat&@nerariup Of £2%0 and not greater than +5%. in the most

extreme cases (dolomite, anhydrite, serpentine, talc, calcite).



182 Kucing Liar, Ertsberg mining district

Table 7-2 Temperatures used for calculating fluid isotope compositions

Mineral Estimated T (°C)
Dolomite: CaMg(CO3), 300
Diopside: CaMgSi,Og 650
Andradite: CaszFe,Si;O1» 650
Grossular: CazAl,;Siz012 650
Humite: (Mg,Fe),(SiO,)s(F,0OH), 650
Phlogopite-OH: KMgzAlSizO19(OH)» 550
K-feldspar: KAISi;Og 550
Quartz veins: SiO, 700
Magnetite: FesO, 450
Biotite: K(Mg,Fe)s(SisAO10(OH,F), 550
Tremolite: Ca;MgsSigO2,(OH), 450
Serpentine: Mg3zSi,Os(OH), 350
Anhydrite: CaSO, 400
Quartz alteration: SiO, 350
Muscovite: KAI3Si;0,0(0OH), 350
Talc: Mg3Sis019(OH)» 350
Calcite: CaCOg 350
Pyrite: FeS, 350
Chalcopyrite: CuFeS, 350
Covellite: CuS 350
Sphalerite: ZnS 300
Galena: PbS 300

Temperatures for quartz veins and quartz alteration are based on directly measured homogenisation
temperatures for fluid inclusions while covellite is assumed from measurement of paragenetically
associated fluorite-hosted inclusions (see Chapter 6). All other temperatures are based on either
paragenetic associations or published information for similar styles of alteration in skarn deposits. The
assumed temperatures for all other of the minerals either lie on a low slope section of the fractionation
curve or are well constrained such that the amount of error introduced is expected to be low. Calculations
for the range of +50°C were also completed to assess the reliability of the derived data, these figures
emphasise that uncertainties in the temperatures used to calculate fractionations will generally produce
small errors in the estimated fluid compositions and could not affect the conclusions in any substantive

way.
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Table 7-3 Mineral-H,O fractionation equations for oxygen (Temperature (T) is in Kelvin)

Mineral

Fractionation equation

Reference

Dolomite:
CaMg(COs),
Diopside:
CaMgSi,O¢
Andradite:
CazFe,Siz01,
Grossular:
CazAl,Siz01,
Humite:
(Mg,Fe)7(SiO4)s(F,OH)
Phlogopite:
KMgsAISi;O14(OH),
K-feldspar:
KAISi;Og

Quartz:

SiO,

Magnetite:

Fe;0,4

Biotite:

K(Mg,Fe)s(SisAl)O10(OH,F),

Tremolite:
Ca,FesSig0,,(0H),
Serpentine:
MgsSi;O5(OH)4
Anhydrite:
CaSO0,
Muscovite:
KAI;Si3040(OH),
Talc:
Mg3SisO10(0OH),
Calcite:

CaCOs;

3.06x10°/ (T)* +10°/ T — 3.24

3.92x10°/ (T)*-8.43x10° / T+ 2.4

3.76x10° / (T)*= 9.05x10° / T+ 2.52

3.74x10°/ (T)* = 9.11x10° / T+ 2.52

3.77x10°/ (T)* = 9.01x10° / T + 2.51

3.86x10° / (T)* - 8.68x10° / T + 2.45

4.32x10°/ (T)* = 6.27x10° / T + 2.0

4.48x10° / (T)* = 4.77x10° / T + 1.71

3.02x10°/ (T)* = 12.0x10°/ T + 3.31

3.84x10°/ (T)* = 8.76x10° / T + 2.46

3.95x10°/ (T)* - 8.28x10° / T + 2.38

3.99x10°/ (T)* = 8.12x10° / T + 2.35

3.21x10%/ (T)* + 10° / T —4.72

4.1x10°/ (T)* = 7.61x10° / T + 2.25

4.2x10°/ (T)* = 7.04x10°/ T + 2.14

4.01x10°/ (T)* — 4.66x10° / T — 0.06

Matthews and

Katz (1977)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Zheng (1993)

Chiba et al.

(1981)

Zheng (1993)

Zheng (1993)

Zheng (1993)
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Table 7-4 Mineral-H,O fractionation equations for hydrogen (Temperature (T) is in Kelvin)

Mineral Fractionation equation Reference
Phlogopite: —22.4x10° / (T)* +10°/ T+ 27.1 Suzuoki and
KMgzAISizO1o(OH), Epstein (1976)
Biotite: —21.3x10°/ (T)*+10°/ T-2.8 Suzuoki and
K(Mg,Fe)s(SizAl)O1o(OH,F), Epstein (1976)
Tremolite: —31.0x10° / (T)* + 10°/ T + 14.9 Graham et al.
CasFesSigOs(OH), (1984)
Serpentine: 27.5x10° / (T)* = 76.9x10° / T + 40.8 Sakai and
Mg5Si;05(OH)a Tsutsumi (1978)
Muscovite: —22.1x10%/(T)* +10°/ T+ 19.1 Suzuoki and
KAI,Si5016(OH), Epstein (1976)

Table 7-5 Mineral-SO,4/H,S fractionation equations for sulphur (Temperature (T) is in Kelvin)

Mineral Fractionation equation Reference
Anhydrite: 4-26x10° / (T)° +10°/ T + 6.0 Ohmoto and Rye
Cas0, (1979)

Pyrite: 0.4x10° / (T)* +10°/ T Ohmoto and Rye
Fes, (1979)
Chalcopyrite: —0.05x10°%/ (T)* +10°/ T Ohmoto and Rye
CuFesS, (1979)

Covellite: —-0.4x10° / (T)*+10°/ T Ohmoto and Rye
cus (1979)
Sphalerite: 0.4x10°/ (T)* +10°/ T Ohmoto and Rye
7nS (1979)

Galena: -0.63x10°/ (T)*+10°/ T Ohmoto and Rye

BbS (1979)
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Figure 7-2 Fractionation curves for oxygen (a-d), hydrogen (e) and sulphur (f)

@) Isotope fractionation curves
generated from equations in
Table 7-3, Table 7-4 and
Table 7-5. (a) (b) (c) (d)
oxygen (e) hydrogen (f)
sulphur. A dot has been
placed on each curve to
indicate the temperature
that was used to calculate
the isotope composition of
the fluid for each mineral.
The oxygen fraction curves
indicate that lower

(b) temperatures than those
selected will result in higher
fractionation values, except
for magnetite, while lower
temperatures than those
selected will result in
comparatively lower
fractionation values for
hydrogen (except
serpentine). As the
fractionation curves for
skarn (a) and potassic (b)

(©) minerals have gentle slopes
near the  temperature
selected (dots), the assumed
temperatures are
considered sound. No data
exists for estimating
temperature of magnetite
formation, however, the
fractionation curves are
very gentle in the vicinity of

the temperature chosen.
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Figure 7-2 Fractionation curves for oxygen (a-d), hydrogen (e) and sulphur (f) (cont)

(d)

(e)

(f)

Although  tremolite and
anhydrite have relatively
large slopes the
temperatures are thought to
be robust (see Discussion)
Dolomite and anhydrite may
have the greatest
temperature  uncertainty-
related error, as the
assumed temperatures used
to calculate fluid
compositions  for  these
minerals lay along steep
sections of their respective
fractionation curves.
Although  the  assumed
temperatures of minerals in
(d) lie on segments of high
slope the formation
temperatures are
constrained by fluid
inclusion  homogenisation
temperatures (Chapter 6) in
related quartz alteration. (f)
Predicts higher  *s
fractionation differences at
lower temperatures for
anhydrite. As sulphide-fluid
fractionations are small the
possibility of a large error
on calculated fluid
composition is also small.
Sulphur isotope
fractionation is less
sensitive to temperature for

sulphides than for anhydrite.
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Results of fractionation calculations

Estimatedd®Or,yp displays a positively skewed distribution between 0 and 12%. with the
majority of samples between 4 and 1080 and a maximum at 8-9%. (Figure 7-3a).
Dolomitisation fluids fall outside the main range of fluid compositions, having significantly
higher %0 of 16-17%.. Group | diopside, garnet, humite and phlogopite plus Group Il quartz
veins and magnetite formed from fluids with restricted range'# between 4 and 10%o.
Individually, each of these minerals impl{fOr_uip values do not vary by more than 2%R of
fluid for Group | minerals are preserved in humite and phlogopite which have a large but evenly
spread range of values between —225 and —150%. (Figure 7-3b). Group Il biotite and tremolite-
actinolite have distinct fluid compositions. While biotite fluid compositions are a single
population restricted between 5 and B8O (Figure 7-3a) and —175 to —1508 (Figure 7-3b),
tremolite-actinolite fluids are in two groups of 4-5%. and 8-10850 (Figure 7-3a). DrLup
derived from these two minerals range between —175 to —125%. and —100 tadB7@%gure 7-
3b). Fluids associated with Group lll quartz alteration appear to have had a large and continuous
variation in *®0 from 6 to 0% (Figure 7-3a). Group |l anhydrite precipitated from fluids with
%0 near 0%o and*'S from —12 to —8%.. Muscovite fluids hatfO between 5 and 7%. and the
highestdD recorded for all fluids between —75 and —50%. (Figure 7-3b). Talc fluids have lower
80 between 3 to 4%d"°0 (Figure 7-3a). Calculated“Sq o for pyrite overlaps with those for
anhydrite ranging from —10 to —2%. with a concentration between —8 and —4%. (Figure 7-3c).
35 up values for chalcopyrite and covellite are similar, each having some values close to 0%o
as well as a second group ofS-Luip Similar to values for pyrite fluids between —8 and —4%o
(Figure 7-3c). The single samples of sphalerite and galena give comparable values close to 0%o
similar to chalcopyrite and covellite values. Calcite infill that post-dates pyrite alteration and
occurs as fracture infill along with high sulphidation nukundamite mineralisation has a calculated

0k up between 6 and 7% (Figure 7-3a).
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Figure 7-3 Histograms showing calculated oxygen, hydrogen and sulphur isotope ratios
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7.2 NTERPRETATION

Stable isotopes, in particular oxygen and hydrogen, have been used to constrain the origin of
hydrothermal fluids in Kucing Liar. Oxygen isotope compositions have been used to great effect
in understanding the origin of fluids in geological environments. Restricted ranges of oxygen
compositions for waters derived from deep-sea sediments, limestone, metamorphism and magmas
have been established and are reported as enrichment or deplefiénraiative to Standard

Mean Ocean Water (SMOW) measured at the equator. However, studies in the North American
continent reveal that isotope fractionation is affected by elevation as well as latitude (Taylor,
1979). As elevation increases, botflO and D become progressively lower due to fractionation

of oxygen and hydrogen during evaporation and precipitation. As such, data from local snow,
glacial ice and mine water, which indicate values of -123%and -15%. *°O (Harrison, 2000)

may not be valid for comparison against fossilised hydrothermal systems due to the potentially
dramatic changes in elevation in such an active environment and the potentially large amount of
uplift that has occurred since hydrothermal activity. Local studies at Big Gossan (Mgiakrt

1998) and regional studies of the Southern Ranges (Weiland and Cloos, 1996) have arrived at
comparable figures of 2km for erosion and uplift within the district. The current uplift of Imm/y
for New Guinea could have produced 3km of uplift in the 3Ma since mineralisation occurred.
This relatively dramatic change in elevation for the Ertsberg Mining District will cause®e

and D of local meteoric waters at the time of mineralisation to be different from those of
contemporary waters. As such, the local meteoric water compositions at the time of hydrothermal

activity may have been similar to SMOW, and for simplicity in discussion, are treated as such.

Fluid reservoirs and isotopic compositions

The distinct isotopic signature of dolomitisation in Kucing Liar samples matches that of basin
waters, which are expelled from the sediments during orogemésiditgman et al., 1997). By
contrast, Group | skarn and Group Il potassic fluids all fall within the range of magmatic water.

Quartz and anhydrite from Group Il had®’ Oy, in part similar to SMOW, ranging up to
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compositions of magmatic waters. The systematic variation of isotopic compositions can arise
from the gradual mixing of magmatic and local waters (Campbell and Larson, 1998). The
progressive shift toward lower values observed in Groups | & Il may be the result of minor

interaction with meteoric waters, while the oxygen isotope composition of quartz indicates total
interaction with a fluid of meteoric water compositiof’O values of anhydrite from Group I

also indicate derivation of oxygen from fluids with compositions similar to those of standard

mean ocean waters (SMOW).

Estimated fluid compositions during the earliest stages of alteration display relatively
homogeneous™0, and these compositions are shifted significantly from valueS®fcollected

from two samples of dolomitic wall rocks. This would suggest that composition of the wall rocks
have no influence of hydrothermal alteration, indicating that the oxygen component of the original
carbonate rocks has been completely replaced by the introduced fluid. This is most likely due to
high fluid-rock ratios, or in other words that the Kucing Liar is fluid-buffered. Skarn vein material

is shifted significantly from that of the sampled dolomite. Three minerals analysed from the skarn
group display a progressive decrease with paragenetic time (Figure 7-4). This may indicate some
large-scale effect on the fluids by local conditions while the gradual progressidiD in
compositions indicates evolution of a common fluid source or mixing with local isotope sources.
There is a major change in composition between the composition of calc-magnesian silicate
minerals and that of phlogopite alteration, which was assigned to Group | skarn in Chapter 2. The
large compositional change is thought to indicate a different fluid source for phlogopite from calc-
magnesian skarn. The hydrogen isotope analyses are less exhaustive but display a different
relationship in skarn minerals. Two humite samples have very diffe@ntwhile a single

phlogopite analysis reports ® value between the two samples of humite.

Sulphur isotopes have also been analysed for anhydrite as well as the primary sulphides and
indicate a range from a source depleted*® for anhydrite, a source equivalent to primary

magmatic sulphur for some of the copper mineralisation, and a source for sulphur that is mixed
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between these two end-members. Sulphur isotope data from Kucing Liar are difficult to interpret
due to a lack of knowledge concerning details of the fractionatidfSofiuring fluid evolution

and in fluid-rock reactionscf. Ohmoto and Rye, 1979). While the origin of sulphur is elusive,
some appreciation can be gained from comparison of data from different minerals. The sulphur in
anhydrite is depleted ifS compared to pyrite, which exhibits a range in compositions, and base
metal sulphides have compositions similar to primary magmatic sulphur. As anhydrite is likely to
be derived from strongly mixed magmatic-meteoric waters (see above) it is assumed that the
depleted™S values of anhydrite indicate meteoric mixing, leading to an interpretation where the
range of pyrite values represents variable mixing between the primary magmatic and non-

magmatic sulphur anhydrite.

Figure 7-4 Calculated dlBOF,_U,D for the Kucing Liar paragenesis
Calculated *°Og yp arranged in paragenetic sequence illustrate the magmatic affinity of Group I-lll as
well as their systematic variation. Ranges for fluid reservoirs are from Campbell and Larson (1998).
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Magmatic exsolution processes

While oxygen compositions distinguish between ultimate fluid sources, hydrogen isotope
compositions can also identify melt-fluid-vapour interactions within the parent magma. As the
mass difference between hydrogen and deuterium is 100%, it is the most sensitive to fractionation
processes (e.g. Campbell and Larson, 1998) and thus may indicate subtle influence more readily
than oxygen isotopes. As deuterium is preferentially fractionated into vapour at high
temperatures, a partially degassed magma will be left isotopically lighter in terms of hydrogen
(Taylor, 1988). Fluids are either passively exsolved from their magmatic source or are ponded at
the upper carapace (Burnham, 1979). Gradual removal of a deuterium-enriched vapour will cause
the residual magma and any subsequently derived fluids to have progressivelydwer
However, vapour ponding and catastrophic release will cause the release of fluids with
homogenous@ (Taylor, 1988; Taylor, 1997). In this way, magma degassing can account for both
clustering (closed system) and large variations (open system) of deuterium compositions due to
the preferential fractionation of deuterium into an escaping gas phase (Talyor, 1988; Hedenquist
and Richards, 1998). Open system degassing can produce deuterium depletions down to —140%o
for small water fractions, which has been corroborated by observations of natural systems where
there is direct correlation between lo dnd low remaining fractions of wt%,8 as determined

from gas trapped in lava (Taylor, 1988).

Hydrogen isotope analyses conducted on a small group of samples indicates that magnesian skarn,
represented by humite and green phlogopite, formed from fluids with variable but consistently
very low D values. By contrast, Group Il biotite fluids, although still much lower than primary
magmatic waters are tightly clustered about -150%.. Tremolite-actinolite fluids also have a large
range in D values that are lower than primary magmatic waters, whereas these minerals suggest
little variation in O up. The development of very lowD values in hydrothermal minerals

may result from degassing of magma prior to fluid exsolution. The trend of incre@singh

time for Kucing Liar fluids is opposite to what is expected to result from continued exsolution of
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a finite water source from magma chamber. This could indicate mixing with isotopically
“heavier” local meteoric waters, or replenishment of the source area with new magma influxes,
which would “reset” the D values for new fluid fractions. If this were the case, replenishment

would have had to have occurred prior to potassic alteration and again prior to phyllic alteration.

Figure 7-5 Calculated Hydrogen and oxygen isotope compositions of Kucing Liar fluids

Magmatic box based on Campbell and Larson (1998) and meteoric water line from Craig (1961).
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8 “Ar>Ar geochronology

The primary geochronological tool used War-**Ar dating, providing a much higher degree of
precision than K-Ar published dates in the Ertsberg Mining District. Re-Os dates of molybdenite
are also presented. These methods are reported to be comparable in terms of accuracy and high
precision (Richards and Noble, 1998). It has been suggested that Re-Os dating techniques are
more reliable than other dating techniques as it is not susceptible to resetting due to thermal
disturbances post-formation, and that, together {f#th-*°Ar, provides the most accurate ages for
mineralisation (Steirt al., 1997). The use of Re-Os has been found to be reproducible and able
to give an age for mineralisation even in disturbed terranes (Watanabe and Stein, 2000). Two
green phlogopite samples, three biotite samples and two muscovite samples of pure mineral
material were despatched to Lisa Peters at the New Mexico Geochronology Research Laboratory
(NMGRL) and a single sample containing molybdenite was delivered to Ryan Mathur at the
University of Arizona for Re-Os analyses. Details of the analytical procedures followed by each
laboratory are included in Appendix VIII. Minerals suitable fo&r/**Ar geochronometry are
restricted to phases containing >0.3wt%0kKcontent and were chosen to represent two separate
groups of paragenetic assemblages; green phlogopite and biotite represent latest skarn and
potassic alteration while muscovite represents the Group Il assemblage. Samples of pure mineral
were generated by hand picking grains and clusters of grains from pulverised rock sample after
splitting to 250m size fractions. Green phlogopite places a maximum age constraint for potassic
alteration and a minimum age for skarn development, while biotite is considered to place
minimum age constraints on potassic alteration. Together, these two micas should reveal the time-
scale for potassic alteration. Muscovite provides a minimum age of quartz alteration and a
maximum age for covellite-bearing mineralization. Molybdenite is expected to place a minimum

age on covellite-bearing high sulphidation mineralizaton as it overprinted covellite (Chapter 3).
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8.1SAMPLE COLLECTION

Mineralogical and textural/relative timing descriptions plus a photograph (Figure 8-1 & Figure 8-
2) is provided for each sample from which pure mineral separates were collected. The samples in

paragenetic order are:

KL28-1 360.3m, composed of very coarse-grained green phlogopite, vein K-feldspar,
magnetite fracture infill and chalcopyrite alteration/infill spots (Figure 8-2a). The phlogopite
that was extracted is penetrative alteration of an unknown precursor and is restricted to a 5m
drill intersection that marks a spatial transition from a K-feldspar-quartz-muscovite-pyrite-
covellite-native sulphur assemblage to intense magnetite-pyrite-chalcopyrite replacement of
unknown lithology and is interpreted to be within a fault zone (see Chapter 3).

Petrographically this phlogopite has pale green pleochroism.

KL32-8 331.0m, composed of strongly fragmented humite-phlogopite-chrysotile-anhydrite-

gypsum-serpentine rock (Figure 8-2b). The phlogopite separated consisted of coarse, very
pale green to almost colourless idiomorphic grains associated with the fragment of humite-
altered rock. Pyrite-chalcopyrite mineralisation is associated with a band of anhydrite-gypsum

and is crosscut by serpentine. Petrographically the phlogopite has pale green pleochroism.

KL32-5 539.6m, composed of coarse-grained red-brown biotite-tremolite-talc-pyrite-
chalcopyrite in which the biotite has cross-cut tremolite as centimetre scale selvage alteration
(Figure 8-2e). Petrographically the biotite has very pale brown pleochroism and similar
transparency to the green phlogopite samples collected from KL28-1 360.3m and KL32-8
331.0m. The sample is from a discrete 5m-scale zone of coarse-grained biotite-tremolite-
anhydrite within a 10m-scale zone of magnetite-pyrite-chalcopyrite alteration. Together these
are interpreted to represent a fault zone which separates fine-grained K-feldspar-muscovite-
pyrite-covellite altered sandstone from clinopyroxene-humite-tremolite-anhydrite altered

limestone (see Chapter 3).
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KL32-5 652.4m, composed of penetrative K-feldspar and fine and coarse-grained biotite
alteration and fracture infill and quartz infill (Figure 8-2c). Petrographically the biotite has
dark orange pleochroism. Pure biotite was collected from infill that lines a fracture later
infilled with quartz and from intense alteration directly adjacent to the fracture. The sample
originates from displaced sections of the upper Waripi shale marker (see Chapter 3) in the

footwall of the Idenberg fault zone.

KL20-9 465.3m, composed of clinopyroxene-feldspar alteration overprinted successively by
quartz veins, magnetite fracture infill and anhydrite alteration. Coarse-grained biotite is
associated with the quartz veins (Figure 8-2d). Petrographically the biotite has dark orange
pleochroism. It is unclear if the biotite in this sample has overprinted the quartz vein in a
crosscutting fracture or if it is wall rock included at the margin of the vein. In the former case
it would represent the only identified example of biotite infill in a quartz vein, though there
are few examples of definitive relationships between quartz and biotite (see Figure 8-2c¢). The

sample is derived from the lower Ekmai limestone (see Chapter 3).

Sample KL32-8 455.9m, a rock affected by semi-penetrative fine to medium-grained
muscovite alteration (plus vugh infill) of penetrative K-feldspar alteration (Figure 8-2f).

Petrographically the muscovite forms clusters of coarse-grains in vughs and fine-grained
accumulations in zones where the underlying K-feldspar can still be identified. The sample
also contains vein and fracture selvage alteration comprising anhydrite-pyrite-nukundamite-
chalcocite (Figure 8-2f). The sample is collected from the centre of a quartz-muscovite-pyrite

alteration zone localised about the Waripi limestone-Ekmai limestone contact (see Chapter 3).

Sample KL32-1 255.7m is fine-grained muscovite infill that has grown in millimetre-scale
cavities in quartz-altered rock (Figure 8-2g). The muscovite is very fine-grained and the
cavities are lined with quartz crystals that protrude inwards (Figure 8-1). Elsewhere, similar

vughs are infilled with fluorite-pyrite-covellite. The sample is from a thick section of quartz-
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pyrite-muscovite altered drill core at the very top of the mineralised zone that is interpreted to

be in the centre of the Idenberg fault zone (see Chapter 3).

Sample KL42-2 440.5m contains intensely coarse-grained molybdenite mineralisation in K-
feldspar-quartz-pyrite alteration (Figure 8-2h). Covellite occurs in the molybdenite clumps
and is interpreted to predate the molybdenite. The sample was collected from a K-feldspar-
quartz alteration sandwiched between zones of 10m-scale penetrative pyrite alteration that
overprinted locally intense magnetite. Although petrological examination was indeterminate
concerning the relative timing of covellite and molybdenite, petrographic textures illustrated

in Chapter 3 suggest that some molybdenite formed after covellite.

20mm

ms

gz

KL32-1 255.7m

Figure 8-1 Grainsize of muscovite crystals
An SEM image illustrating a cavity surrounded by Group IV quartz alteration infilled with very fine-
grained muscovite. The grains of muscovite are only Al length, which is at the borderline of

acceptable grainsize for tH8Ar/**Ar method.
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Figure 8-2 Photographs of geochronology samples

() & (b) Samples from which pure green phlogopite was extracted for Group | age. (c) (d) & (e) Samples
from which pure biotite was extracted for Group Il age. (f) & (g) Samples from which pure muscovite was
extracted for Group Il age (h) Sample from which pure molybdenite was extracted for Re-Os analysis to

determine youngest possible age for hydrothermal activity.
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8.2AGE SPECTRAAND RESULTS FROM ANALYSES

The ages established from the results of high preci§an**Ar and Re-Os geochronology
conducted on alteration minerals are recorded in Table 8-1 and Figure 8-10. All samples except
KL28-1 360.3m (green phlogopite) were analysed in the same sample®Am2°Ar ages are
determined from a plateau or an isochron. A plateau age is defined as the age of contiguous
temperature steps whose individual ages overlap within experimental error and whose cumulative
%Ar comprises greater than 50% of the tdtar, released from the sample (Snee et al., 1988).

The results of step heating are presented as age spectra and isochrons in Figure 8-3 to Figure 8-9

and detailed analyses of the results as reported by the laboratory are included in Appendix VIII.

The ages of green phlogopite samples overlap with one biotite sample. Green phlogopite samples
have similar ages with broadly overlapping uncertainties that define a large time period totalling
180ka between 3.42 + 0.04Ma and 3.34 + 0.07Ma (Table 8-1, Figure 8-10). By contrast, two
samples of biotite collected from infill, KL32-5 652.4m and KL20-9 465.3m, have nearly
identical ages and age uncertainties recording a total age range for their formation of only 80ka
between 3.2 £ 0.04Ma and 3.18 + 0.02Ma (Table 8-1). Biotite collected from selvedge alteration
in sample KL32-5 539.6m has an age of 3.28 + 0.04Ma which overlaps with both the older green
phlogopite and the younger biotite infill. While the mica crystals in this sample are brown-
coloured, they are more similar petrographically to the green phlogopite than the biotite infill
samples. The two samples of muscovite returned very different ages. Sample KL32-8 455.9m
records an age of 3.180.02 contemporaneous with biotite infill, while sample KL32-1 255.7m
from the uppermost section of the Idenberg fault zone records an age af 3.@6, which is
contemporaneous with green phlogopite (Table 8-1). This age is problematical as textural
evidence indicates significant episodes of mineral development occurred between green

phlogopite and muscovite.
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(@)

(b)

Figure 8-3 Age spectra and isochron plots of sample KL28-1 360.3m (green phlogopite)
The slight downward curve of steps E-H is suggestive of eX#essThis sample was part of a different
study and this plot was provided by Pollard (pers comm.) after material initially supplied by Peters (pers

comm.).
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(@)

(b)

Figure 8-4 Age spectra and isochron plots of sample KL32-8 331.0m (green phlogopite)

The first ~70% of the age spectrum (a) from sample KL32-8 331.0m phlogopite displays decreasing
apparent ages correlated with increasing radiogenic yields. A weighted mean age of 3.27 + 0.03Ma with an
acceptable MSWD is calculated from the remaining portion of the age spectrum. Inverse isochron analysis
(b) of this sample reveals two trapped components (Heizler and Harrison, 1988). Steps C-F reveal an age
of 3.28 + 0.04Ma with &°Ar/*°Ar intercept of 326 + 10 and an acceptable MSWD of 1.3. Steps C-F,
calculated using th&°Ar/*°Ar ratio indicated by the inverse isochron analysis rather than the atmospheric
value that is normally used for age spectrum analysis, are shown plotted with cross hatching on the
spectrum diagram. A weighted mean age of 3.28 + 0.02Ma is calculated from steps C-F of the isochron
analysis and steps G-I of the age spectrum analysis. Figure and discussion reproduced from Peters (pers
comm.) (see Appendix VIII).
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(@)

(b)

Figure 8-5 Age spectra and isochron plots of sample KL32-5 539.6m ( brown biotite)

The slight downward curve of steps C-E (a) is suggestive of eXéess\fter the first ~4% of th&®Ar
released, the age spectrum from phlogopite sample KL32-5 539.6m is concordant and yields a weighted
mean age of 3.34 £ 0.02Ma with and acceptable MSWD otf.B&hon, 1996). Inverse isochron analysis

(b) of this sample reveals“8Ar/*°Ar intercept (306.8 + 4.4) above the atmospheric intercept of 295.5. The
isochron age of 3.28 +0.04Ma also has an acceptable MSWD of 1.0. The old apparent ages in the first 10%
of the®®Ar released correlates with an increase in radiogenic yield, a pattern often seen in samples that
contain excess argon (trapped component greater than atmospPerAr ratio of 295.5). Figure and

discussion reproduced from Peters (pers comm.) (see Appendix VIII).
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(@)

(b)

Figure 8-6 Age spectra and isochron plots of sample KL32-5 652.4m (brown biotite)

The first 10-20% of th&Ar released from phlogopite sample KL32-5 652.4m vyields old apparent ages and
the remainder of the age spectrum is relatively flat (a). A weighted mean age calculated from steps D-J
(3.23 £ 0.04Ma) has an MSWD value of 3.0, slightly above the acceptable value. When plotted on an
inverse isochron (b), an age of 3.20 + 0.04Ma is revealed wiAm>°Ar intercept of 308.9 + 14.3. Figure

and discussion reproduced from Peters (pers comm.) (see Appendix VIII).
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(@)

(b)

Figure 8-7 Age spectra and isochron plots of sample KL32-5 465.3m (brown biotite)

Phlogopite from sample KL20-9 465.3m yields a nearly concordant age spectrum (a). A weighted mean age
of 3.18 + 0.02Ma with an acceptable MSWD is calculated for steps G-J. Inverse isochron analysis (b) of
steps A-L yields an isochron age of 3.19 * 0.03Ma wifl{Aa/*°Ar intercept (297.6 + 6.9) that agrees

within error to the atmospheric ratio. Figure and discussion reproduced from Peters (pers comm.) (see

Appendix VIII).
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(@)

(b)

Figure 8-8 Age spectra and isochron plots of sample KL32-8 455.9m (muscovite)

Muscovite from sample KL32-8 455.9m yields a nearly flat age spectrum (a). A weighted mean age of 3.18
+ 0.02Ma calculated from heating steps D-G contains ~67% of%wereleased and has an acceptable
MSWD. The rise in apparent ages displayed in the last ~10% of the age spectrum correlated with a drop in
both K/Ca and radiogenic yield is probably due to high Ca inclusions such as sphene or apatite. An inverse
isochron (b) of steps B-J reveals an apparent age of 3.18 + 0.16Ma wifth&f?Ar intercept (293 + 20)

that agrees within error to the atmospheric ratio and has an acceptable MSWD value of 4.2. Figure and

discussion reproduced from Peters (pers comm.) (see Appendix VIII).
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(@)

(b)

Figure 8-9 Age spectra and isochron plots of sample KL32-1 255.7m (muscovite)

The slight downward curve of steps E-H is suggestive of eX¥&ssMuscovite from sample KL32-1
255.7m yields a slightly hump-shaped age spectrum. A weighted mean age of 3.45 + 0.06Ma with an
acceptable MSWD value is calculated for heating steps D-H. The inverse isochron rev&ss/ 8ar

intercept (288.1 £ 9.1) that agrees within error to atmosphere.
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Table 8-1 Ages and precisions for “°Ar/*’Ar methods on selected minerals

Sample Mineral Lithology Age (Ma) MSWD error (Ma) Age (Ma) error (Ma) MSWD
Plateau Isochron
KL28-1 360.3m Phlogopite Fault 341 0.04 3.42* 0.04 1.7
KL32-8 331.0m Phlogopite Limestone 3.27 15 0.03 3.28 0.04 1.6
KL32-5539.6m  Biotite Fault 3.34 15 0.02 3.28* 0.04 1.0
KL32-5652.4m  Biotite Shale 3.23 3.0 0.04 3.20* 0.04 4.7
KL20-9 465.3m  Biotite Shale 3.18* 0.5 0.02 3.19 0.03 3.0
KL32-8 455.9m Muscovite Shale 3.18* 0.42 0.02 3.18 0.16 4.2
KL32-1 255.7m Muscovite Fault 3.45* 1.6 0.06 3.54 0.12 2.3

Both plateau and isochron age dates are shown for each mineral for comparative purposes. The age
attributed to each sample by Peters (pers comm.) has been marked by an asterisk (see caption discussions
of Figure 8-3 to Figure 8-9). Note that only sample KL32-8 331.0m does not have good agreement between
plateau and isochron ages. As such Peters (pers comm.) has attributed a weighted mean age of 3.28 *

0.02Ma to this sample (see Figure 8-4 and Appendix VIII).

Figure 8-10 Absolute ages of hydrothermal minerals and their accuracies

Mineral phases are grouped into paragenetic sub-stages and placed in order from left to right.
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8.3INTERPRETATION OF AGE DATA

Geochronology has been used to confirm and calibrate the relative sequence of minerals

established from visual examination.

Interpretation of Kucing Liar age data

“Ar/*Ar ages in general represent the time when argon exchange between mineral and

surrounding rock ceased. As such, this time may represent either:

1. crystallisation
2. resetting of the potassium-argon system by some event after mineral formation

3. closure to argon diffusion after slow cooling from crystallisation temperature to closure

temperature (Snee et al., 1988).

The spectra recorded from results of this study all appear undisturbed and do not record any
significant overprinting, resetting or disturbances in the argon gas emissions (e.g. Richards and
Noble, 1998) from the sample, though several samples have small indications of* ¥ces=e
Appendix VIII). Hence, the ages reported for Kucing Liar samples are interpreted to represent the
age of crystallisation of the mineral as there is no disruption of the age spectra and, the shallow
depth of the Kucing Liar system would not be conducive to slow cooling which precludes any of
the ages being a closure age for argon diffusion (closure temperatures for argon diffusion are
reported as 300-35Q° for biotite (significantly higher for phlogopite) and 350-400for
muscovite (Peters, 2001)). While the results derived f%#m*?Ar geochronology indicate that
analyses represent ages of crystallisation, the tendency for older ages to have lower precision
could indicate an extended period where the temperature was greater than the closure temperature.
The large disparity in ages for muscovite is thought to be a function of grainsize, which may
cause recoil due to very fine grainsize (Richards and Noble, 1998), supported by the apparent

influence of exces&Ar (Appendix VIII). The problematical muscovite age derived from sample
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KL32-1 255.7m (Figure 8-1) may be unreliable, as anomalously old ages have been reportedly

derived from samples that have very fine grainsize offéri@Richards and Noble, 1998).

It is not known when skarn alteration began. The two green phlogopite samples have two very
different ages of 3.42 + 0.04Ma and 3.28 + 0.02Ma (Table 8-1), indicating a timespan of at least
~100ky when the hydrothermal system remained at temperatures >350°C, the cliosure
temperature for phlogopite. Two samples of biotite infill have identical ages of 82@Ma and

3.18 £ 0.02Ma. The age dates for phlogopite and biotite indicate that the potassic alteration
assemblage K-feldspar biotite began at 3.28 + 0.02Ma and continued to 3.18 + 0.02Ma. The
rapid age transition for potassic alteration relative to the older phlogopite samples may indicate a
more rapid transition through the closure temperatures of phlogopite and biotite. A single
muscovite sample with an age of 3.18 + 0.02Ma provides an oldest age for the zoned quartz-pyrite
alteration, which is within error of the potassic group biotite ages. However, a second, potentially
unreliable age for muscovite is older at 3.45 £+ 0.06Ma and apparently contemporaneous with
early skarn alteration. An age for molybdenite post-dating covellite has been determined from Re-
Os techniques as 3.02 £ 0.02Ma (Mathur, pers comm.), which is the average of two analyses from
the same sample as presented in Mattftual (2005). The two analyses of covellite-pyrite
mineralisation from Kucing Liar have ages of 3.00.82Ma and 3.03 #.02Ma in Mathur et al.,

(2005) are from the sample KL42-2 440.5m and are given geological and paragenetic context

here. These ages suggest that quartz-pyrite alteration took no longer than 200ky.

Geochronology of the Ertsberg Mining District

Ages derived from magmatic biotite collected from intrusive bodies demonstrate a distinct period
of magmatic activity between ~4.5 and ~2.5Ma (Table 8-3). The oldest intrusive rock is the Kay
intrusion, situated between the Kucing Liar and Big Gossan deposits, at 4.44 + 0.1Ma and the
youngest is a component of the Ertsberg intrusion at 2.65 + 0.12Ma. Ertsberg ages (~3.09-
2.65Ma) overlap with the younger part of the total range of Grasberg ages (~3.33-2.77Ma). The

Karume intrusion, situated between the two, has an age 3.13 + 0.09Ma, overlaps with ages from
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both the Grasberg and Ertsberg igneous suites (Table 8-3). The single date of 3.51 + 0.02Ma from
the Lembah Tembaga porphyry is contemporaneous with a date from the Wanagon sill (3.46 +
0.06Ma). A second age from the Wanagon body is older at 3.81 + 0.06Ma. The North Grasberg
intrusion also has two inconsistent ages; the older age of 3.5 + 0.23Ma overlaps with ages from
Lembah Tembaga and Wanagon, while the younger age of 3.04 + 0.14Ma coincides with the

middle of range from the Grasberg suite (Table 8-3).

Ages for alteration minerals in the two complexes display a continuum of hydrothermal activity,
though the Ertsberg Igneous Suite was mineralised significantly later than Grasberg as deduced
from Re-Os dating of sulphide material, which indicates younger ages for Ertsberg than Grasberg
(Figure 8-11). An oldest constraint on Grasberg copper mineralisation of+3@@1Ma is
proposed based dfiAr/**Ar geochronology of coarse brown phlogopite immediately preceding
chalcopyrite mineralisation in the paragenesis (Pollard and Taylor, 2001). A younger age of 2.9
0.3Ma is provided for Grasberg copper mineralisation based on a Re-Os isochron age éMathur
al., 2000). An*°Ar/**Ar age of 2.82 + 0.04Ma for phlogopite from Big Gossan (Prendeetjass

2005) indicates that this deposit is similar in age to the EESS, whifAdfAr age of 3.62 +
0.06Ma for K-feldspar from Wanagon indicates that this deposit is older than Grasberg, implying
that the pyrite-Au-As-Zn-Bi-Te is either a much later overprint related to EESS mineralisation, or

that this type of mineralisation developed at two distinct periods.

Sillitoe (1994) suggests that the maximum timespan of a single hydrothermal system is 1Ma. The
Kucing Liar system appears to be half that at 500ky, but was a single event within a period of
regional igneous activity lasting 1.5 Ma. Two other major hydrothermal events are related to the
Grasberg Igneous Complex and the Ertsberg Intrusive Suite. The Kucing Liar system may be
partially related to the Grasberg system though mineralised assemblages have different ages.
Porphyry emplacement appears to predate and be contemporaneous with hydrothermal alteration,
while the Kucing Liar mineralisation is contemporaneous with early stages of silicate alteration

but older than mineralisation assemblages at Grasberg.
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Figure 8-11 Geochronology of the Ertsberg Mining District

Ages of magmatic biotite and hydrothermal green phlogopite, brown phlogopite, muscovite and
molybdenite samples collected in the district (this study (Chapter 2); McDowell et al., 1996; Pollard and
Taylor, 2001 (Chapter 1)). Squares are magmatic ages, filled indicates a K-Ar ages while open indicate
“OAr-3%Ar ages. Triangles are hydrothermal minerals, all of which“3#e->°Ar ages. Diamonds are Re-Os

ages for sulphides. Kucing Liar ages are presented in paragenetic sequence, while all other samples are

organised by spatial association and age.

Table 8-2 Geochronology of Ertsberg Mining District hydrothermal minerals

Sample System Method Mineral Age (Ma)

A96-43-5 275.0m Grasberg CAr-Ar Muscovite 3.16 + 0.35
A96-43-568.5m  Grasberg (Kali) OAr-*Ar Biotite 3.13+0.05
A96-41-392.5m  Grasberg Oar-*Ar Biotite 3.07 £0.01
A96-36-4 150.1m Grasberg OAr->Ar Biotite 3.02 +0.06
Unnamed Grasberg Re-Os Molybdenite 2.90+0.30
Unnamed Grasberg Re-Os Sulphides 2.89+0.10
B42 DOZ Ertsberg East OAr-*Ar Phlogopite 2.94 +0.10
B43 GBT-A Ertsberg East OAr-*Ar Phlogopite 2.80 + 0.03
B41 DOZ Ertsberg East OAr-*Ar Phlogopite 2.76 + 0.07
DZ5-04 290.2m  Ertsberg East OAr->Ar Biotite 2.71+0.04
Unnamed Ertsberg East Re-Os Molybdenite  2.54 + 0.10

Sources of data: Pollard et al. (2001) and Mathur et al. (2005)
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Table 8-3 Geochronology of Ertsberg Mining District intrusions

Sample System Method Mineral Age (Ma)

1001 Ertsberg East K-Ar Biotite 3.00 +0.08
1002 Ertsberg East K-Ar Biotite 2.65+0.12
1003 Ertsberg East K-Ar Biotite 3.09 £ 0.25
DZ5-06 269.3m  Ertsberg East “Ar-*Ar  Biotite 2.66 +0.03
2001 Grasberg K-Ar Biotite 2.83+0.07
2002 Grasberg K-Ar Biotite 277+0.34
2003 Grasberg K-Ar Biotite 3.01+£0.23
2004 Grasberg K-Ar Biotite 3.14+£0.08
2005 Grasberg K-Ar Biotite 3.13+£0.15
2006 Grasberg K-Ar Biotite 3.23+£0.32
A96-40-5 95.0m Grasberg “ar-*Ar  Biotite 3.33+0.12
A96-41-2 172.5 Grasberg “Ar-*Ar  Biotite 3.06 + 0.04
A96-43-557.3m Grasberg (Kali) “Ar-*Ar  Biotite 3.16 + 0.05
3001 North Grasberg K-Ar Biotite 3.50+0.23
3002 North Grasberg K-Ar Biotite 3.04+0.14
LT 1-5 953m Lembah Tembaga “Ar-*Ar  Biotite 3.51+0.02
4001 Wanagon K-Ar Biotite 3.81+0.06
4002 Wanagon K-Ar Biotite 3.46 + 0.06
5001 Karume K-Ar Biotite 3.13+0.09
6001 Kay K-Ar Biotite 4.44 +0.10

Sources of data: McDowell et al (1996) for K-Ar data, Pollard and Taylor (2001 °Asr*°Ar data. The
Kali dyke sample from Grasberg is considered a younger age for the complex as they are the last intrusive

phase.
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O Discussion

This discussion chapter aims to integrate the various results of the research program. Of interest in
the first section is the nature of deformation and its relationship to tectonic forces, as well as the
influence the deformation mechanism has on the emplacement of magmatic-hydrothermal
systems. The second section intends to develop a model for the hydrothermal evolution, which is
consistent with the results of fluid inclusion, stable isotope and metal distribution studies. These
data indicate that zoned alteration mineralogy and base and precious metal mineralisation are
related to phase separation and fluid mixing. The final section aims to compare and contrast the

Kucing Liar genetic model with existing models of porphyry-epithermal mineralisation.
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9.1 TECTONIC-MAGMATIC SETTING OF FLUID INFILTRATION

The major results that relate to tectonic models are the local structural setting and the
geochronology of intrusive suites and spatially related hydrothermal systems. As limited data has
been collected in relation to fault vectors, published literature concerning deformation

mechanisms are used to review the results.

9.1.1 Tectonic transition and porphyry emplacement

The interpreted local tectonic history involves a change from folding and thrusting to more lateral
fault displacement (Quarles van Ufford, 1996; Sapiie and Cloos, 2004). A change in deformation
style can be brought about by a change in convergence direction of tectonic plates as shown by
experiments for various collision angles at various obliquities (Cesad., 2001). A sharp
contrast in deformation styles occurs at convergence angles between 15° and 30° (Figure 9-1). At
angles 15° strike-slip displacement occurred on ‘R’ and ‘Y’-type shears and no significant uplift
was observed, while for convergence anglgd° an uplift zone bound by two fault zones formed.

The strike-slip component of displacement decreased with increasing convergence angle, as did
the number of ‘R’-type faults. Arc-oblique ‘P’-type orientations tend to dominate in the back limb

of the uplifted zone and have been reproduced in experimental modelling of thrust environments.
The change from reverse to strike-slip faults is caused by a change in convergence angle below
30° (Figure 9-1). Such change in convergence angle has been postulated for the development of
New Guinea where southerly directions apparently changed to west southwesterly at ~5Ma
(Sapiie and Cloos, 2004), immediately preceding igneous activity in the Ertsberg Mining District

which persisted from 4-2Ma (Chapter 8).

Change in deformation styles from folding and reverse faulting to lateral fault movement may
have driven fluid migration and could account for the temporal clustering of magmatic
hydrothermal systems. The Idenberg Fault Zone was evidently active during fluid infiltration as

revealed by the different offsets for stratigraphy and skarn (Chapter 4) as well as permeability
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considerations which require continued generation of secondary porosity through fracturing to
offset infilling of fractures with mineral growth (Cox et al., 2001). The expected stress differential
and associated relaxation of confining pressures due to deformation changes arising from tectonic
transitions could facilitate magma ascent (Tosdal and Richards, 2001), as well as causing fluid
redistribution (Sibson, 2001). An association of porphyry emplacement with tectonic transition is
consistent with general models for gold-producing porphyry episodes which are considered to be

short-lived and commonly formed as an end-stage of arc development (Sillitoe, 1997).
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Figure 9-1 Analogue model of deformation front for various convergence angles
The figures range from pure strike-slip (a) to pure thrusting (h). The shadowed zones represent regions of
uplift. The predominance of Reidel (R) structures for low convergence anplss@pported by models of

strike-slip displacement (reproduced from Casas et al., 2001).
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9.1.2 Progressive deformation and structural geometry

Kucing Liar is centred on the intersection between a complex fault zone and a heterogeneous
litho-stratigraphic section containing sandstone, calcareous shale and thinly-bedded limestone.
The main Kucing Liar mineralized zone lies in the Ekmai Limestone and the lower part of the
Waripi Limestone where the sequence is displaced by the Idenberg Fault Zone. Minor alteration
and mineralization (mainly covellite-bearing), is hosted by the upper sandstone member of the
Waripi Limestone (Chapter 4). This stratigraphical control of ore deposition is repeated in other
mineralized systems in the Ertsberg Mining District (Chapter 1). However, the localisation of
hydrothermal systems requires both a primary fluid focus such as the Idenberg Fault Zone, as well
as a favourable local environment of high permeability, such as the thinly-bedded limestone in the
lower Waripi Limestone. Neither faults nor the units which act as a local host are uniformly
mineralized, a combination of fault and stratigraphic control being required. Alteration and
mineralization at the Nena deposit in Papua New Guinea are concentrated at the intersection of a
vertical fault with a permeable coarse pyroclastic horizon (Bainbgtagé, 1998). The Lepanto

ore body in the Philippines occurs at the intersection of the Lepanto Fault and an unconformable

contact between dacite and volcaniclastic rocks (Hedenquist £088).

Fluid flow was focused along major stratigraphic contacts in stratabound breccias, probably
produced by deformation of heterogeneous stratigraphy as well as where the favourable
orientation of stratigraphic layering relative to fault movement resulted in tensional strain
(Chapter 4). Fluid infiltration most likely occurred during active fault movement as indicated by
continued development of new veins and fracture infill. The Idenberg Fault Zone is characterised
by a number of internal offsets (Chapter 4) that have different asymmetry and resulted in >600m
of vertical displacement based on the relative positions of distinctive marker horizons (Chapter 2).
While there is enough evidence to indicate both reverse-slip and strike-slip movement in the
Idenberg Fault Zone, it is unclear if it represents separate deformation episodes or was combined

in an oblique-slip system. The development of offsets within the primary fault zone is the result of
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progressive deformation and has resulted in the concentration of late stage hydrothermal activity
(Chapter 4) including copper-gold mineralization (Chapter 5) within complex fault jogs. The
Idenberg Fault Zone possesses two distinct offsets as defined by lithological distribution models
(Chapter 4). The displacement of stratigraphy is evident by identification of marker horizons and
record a relative vertical offset of ~600m. Skarn alteration is also displaced across the Idenberg
Fault Zone although the stratigraphy on either side is altered at different stratigraphic levels
(300m difference). Based on the assumption that alteration would occur at similar levels on either
side of the fault zone in similar rock types, the difference between lithological and skarn

displacement indicates skarn formed after substantial fault movement had already occurred.

Offsets or jogs in fault zones are either dilatant or compressional structures (Sibson, 1989)
depending on their orientation and the direction of movement. The visible displacement of key
marker horizons within the Kucing Liar stratigraphy suggests the Idenberg Fault Zone is a steep
reverse fault. However, lateral movement for the Idenberg Fault Zone could also account for the
apparent vertical displacement of stratigraphy. For instance, left-lateral movement of stratigraphy
folded about a west-northwest plunging fold axis, such as occurs in the Yellow Valley Syncline,
would result in apparent north side up vertical displacement. Fault offsets or jogs may form from
the intersection of and incorporation of older structures with younger structures (e.g. Hildenbrand
et al., 2000), or from progressive deformation (Dube and Guha, 1992). The offset within the
Idenberg Fault Zone may represent two periods of faulting in which an early wide vertical fault
has been intersected and offset by northeast dipping structures. If this were the case, another wide
subvertical fault segment should be present at deeper levels on the southwestern side of the fault
zone. Due to complex lithological relationships combined with low data density, the existence of

a fault at this location is not ruled out. A second option for explaining the Idenberg Fault Zone
geometry is that the pattern of narrow and wide structures is the result of progressive deformation.
A left-lateral strike-slip history involving an early dilational jog followed by a later compressional

jog would be consistent with published deformation models. Experimental studies of continuously

deforming fault zones (Tchalenko, 1970; Dube and Guha, 1992) indicate an evolution of fault
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structure from:

1. low angle tensional (‘R’-type) structures forming at peak shear resistance in dilational
orientations accompanied by a conjugate high angle fractures (‘R1’-type) that are also

dilational

2. oblique restraining, or compressional (‘P’-type) shears form following peak shear strength

in an asymmetric orientation to the R-type fractures, and finally,

3. throughgoing (‘D’- or 'Y’-type) fault structures (Figure 9-4).
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Figure 9-2 Geometry and structural detail of fault jogs

(a) Geometry of contractional and dilatant jogs. (b) Wing cracks and contractional splays developed
around fault terminations (c) Geometry of a dilatant jog relative to fault slip direction (d) Orientation of
jogs in contractional, extensional and lateral movement vectors. Figure reproduced from Cox et al., (2001).
Note that the Idenberg Fault Zone is very similar in geometry to the normal fault geometry, however, this

relationship is ruled out due to inconsistency with the only possible movement vectors which are reverse

and left-lateral.

Figure 9-3 Naming convention for structures present in a left lateral fault-slip system
Adapted from Tchalenko (1970)
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Figure 9-4 Geometric characteristics of strike-slip faults
Progression of deformation features produced in experiments of left-lateral fault displacement. D=distance

of displacement. Reproduced from Tchalenko (1970).
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Figure 9-5 Speculative models for development of structral offset in Idenberg Fault Zone

@) Three alternatives for the
development of offsets in the
Idenberg Fault Zone. (a) A
model of two-phase faulting
where an early near-vertical
fault is overprinted and
offset by steeply dipping
faults. The lack of data in
the expected location of the
displaced fault zone means
that this model is not
precluded. (b) A
compressional or
contractional offset where

(b) progressive deformation of
a steeply-dipping fault zone
results in a stepover
between parallel fault
structures.  The  model
implies that each line
through the offset is a small
thrust-fault. These types of
structures will eventually
seize up and progress to
throughgoing structures (c)
The small offset visible in
long section must be a
dilational offset whether

(c) produced during vertical or
left lateral movement. The
lack of later paragenetic
minerals in this offset
suggests it formed during
vertical displacement. This
is supported by the
association of early garnet

with this structure.
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9.2FLUID EVOLUTION LEADING TO HYDROTHERMAL MINERALIZATION

The Kucing Liar deposit is associated with a complex alteration succession which includes some
26 major minerals in distinct assemblages (Chapter 2). The hydrothermal minerals can be divided

into four distinct groups which include:

prograde and retrograde calcic and magnesian skarn
potassic-magnetite alteration plus retrograde skarn
silicification £ muscovite and anhydrite alteration

sulphide mineralization, including chalcopyrite or covellite + pyrite zones plus galena-

sphalerite

The relationship of prograde skarn in limestone and hornfels development in shale is unclear.
Both exhibit a similar early paragenetic history where clinopyroxene + garnet is overprinted by K-
feldspar + biotite (Chapter 2). Timing relationships between the two copper-bearing sulphides and
pyrite indicate that they must be near-contemporaneous (Chapter 2), which supports the observed
metal zoning. Overprinting of an early chalcopyrite-bearing mineralized zone by later covellite-
bearing mineralization should produce a new metal zonation, or at least some interference

patterns, but none is observed (Chapter 5).

9.2.1 The collapse of magmatic-hydrothermal systems

The hydrothermal mineral paragenesis records a decrease in temperature conditions, from >600°C
to <400°C, which may have been influenced by fluid mixing in the Idenberg Fault Zone. Fluid
conditions for quartz alteration that overprints skarn and potassic alteration are well constrained
by fluid inclusions in quartz which suggest temperatures of formation <420°C. Quartz alteration
also hosts lower temperature (~300°C) fluid inclusions though these are probably not related to
primary growth and could be interpreted to represent later overprinting fluids. Temperatures
>400°C at shallow depths mark the normal limit for the brittle behaviour of rock types (e.g.

Meinertet al., 2003). Ductile behaviour seals the system from significant interaction with local
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waters (Fournier, 1996; Meinedt al., 2003), while brittle conditions would be expected to
promote infiltration by external fluids. This is in agreement with stable isotope data which record

shifts toward lower **Og,yp values during retrograde skarn and quartz alteration (Chapter 8).

The water associated with skarn and potassic alteration was clearly magmatic (Chapter 8), while
later quartz and anhydrite alteration were caused by distinctly loWeér fluids which are
believed to have been close to local meteoric water (Chapter 8). Quartz alteration is closely
associated with the Idenberg Fault Zone, and this association may indicate that structural
evolution was a driving force behind fluid mixing and dilution. Fluid dilution in the Idenberg
Fault Zone may also have been promoted by phase separation of magmatic fluids. Phase
separation may occur during sudden pressure drops such as massive hydrofracturing, sudden
removal of lithostatic load (sector collapse of a volcanic edifice), or rupturing at the brittle-ductile
transition (Fournier, 1999). If phase separation of hydrothermal fluids did occur at Kucing Liar, it
was probably a consequence of the low hydrostatic pressures in the Idenberg Fault Zone during
active deformation. Hypersaline fluids, such as those generated by phase separation and that
produced quartz alteration, may not pass across the ductile-brittle boundary, due to their high
density and viscosity (Hedenquigt al., 1998). However, the ductile-brittle boundary is
permeable to buoyant, low-salinity and low-viscosity vapour, as evidenced from passive

degassing in volcanoes unassociated with eruptive events (Hedenquist et al., 1998).

9.2.2 Effect of fluid mixing on ore chemistry

The combination of lower temperatures and increased external fluid input is expected to have had
a significant impact on the hydrothermal chemistry, resulting in conditions favourable for
sulphide deposition and high sulphidation mineralization. A higher degree of local water
interaction is believed to have promoted quartz precipitation below 420°C from highly mixed
waters the Idenberg Fault Zone. The effect of reduced temperatures in the system was probably to
promote hydrolysis-disproportionation of S the magmatic fluids, a process which occurs at

~400°C (e.g. Seedorff et al., 2005). This process is a hydrolysis reaction defined as:
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4SQ, + 4H,0  H,S + 3HSO,

Anhydrite is derived from the reaction of sulphuric acid with calcium-bearing fluids which

generate anhydrite via the reaction:

CaCL + H,SO, CaSQ + 2HCI

(Burnham, 1979). The effect of producing anhydrite is to generate hydrochloric acid which is

involved in the formation of the assemblage quartz + muscovite from K-feldspar by the reaction:

3KAISiz0g + 2HCI  KAI3Si30,¢(OH), + 6SIQ + 2KCI.

The development of chalcopyrite and the accompanied sulphidation of magnetite are achieved via

reactions:

CuChL + FeCh+ 2H,S CuFe$S + 4HCI

FeO,+6HS +Q  3FeS + 6H,0

Precipitation of base metals from brine is based opSihteraction via similar reactions to that
above. Advanced dilution would have exacerbated th® #evelopment through continued
cooling and availability of kD, resulting in the quartz-muscovite-anhydrite assemblage as well as
driving metal precipitation from brines and sulphidation of magnetite to form extensive pyrite and
chalcopyrite development. The development of the assemblage quartz £ muscovite, anhydrite has
been linked to the process of sulphur disproportionation (Burnham, 1979, Tosdal and Richards,

2001).

Low salinity magmatic fluids related to covellite mineralization were circulating at temperatures
around 300°C (Chapter 6). Phase separation was probably limited to the quartz alteration process

(Chapter 6), which in turn was closely associated with movement of the Idenberg Fault Zone
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(Chapter 4) and related fluid mixing (Chapter 8). Therefore the origin of Au-As-(Sb-Hg) low
sulphidation mineralization, which is concentrated at the upper zones of Kucing Liar, is believed
to be related to the interaction between low density phases and local meteoric waters due to
Idenberg Fault Zone movement. Extraction of a low-density magmatic phase may have
preferentially partitioned Au, Sb and As as bisulphide complexes (Bessinger and Apps, 2003;
Heinrich et al., 2004). Interaction of this low density phase with local meteoric waters would have
caused the “vapour” to contract to form a low salinity liquid, as preserved in fluid inclusions in
fluorite related to covellite (Chapter 7). Heinrieh al., (2004) have suggested that contracted
magmatic vapour may be in equilibrium with muscovite. A model whereby low density vapours
are contracted back to a liquid form following cooling due to contact with local meteoric water
(cf. Mancano and Campbell, 1995) is consistent with the observed pattern of low salinity liquids
related to covellite-bearing mineralization hosted in quartz alteration that previously developed
from high density brines. The expected high-acidity fluid derived from mixing of magmatic
vapour and meteoric water would form kaolinite, however, the carbonate wall rocks would have
had a high capacity for acid buffering. The effectiveness of fluid mixing in the mineralization
process is demonstrated by the almost total precipitation of saturated gold from magmatic brine
that is diluted 10-fold with meteoric fluid containing negligible chloride (Gammons and
Williams-Jones, 1997). Calculations also indicate that 99% of copper partitioned into the aqueous
fluid precipitates as the fluid is cooled to 250°C, most between 350-250°C window, though copper
does precipitate at higher temperatures from NaCl-saturated fluids derived from shallow, low

pressure systems (Cline and Bodnar, 1991).
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9.3KUCING LIAR IN THE CONTINUUM OF PORPHYRY -RELATED ORE SYSTEMS

9.3.1 Classification of porphyry-epithermal ores

Porphyry-related ore deposits are a very common deposit throughout the Pacific Rim with

numerous examples in New Guinea, the Philippines, the Rocky Mountains of Canada and USA,
Central America, Peru and Chile. There are a number of classes that have distinct mineralization
styles and gangue alteration assemblages that are all ascribed an origin related to porphyry

magmas (Figure 9-6).

1. Porphyry-hosted mineralized systems are common with chalcopyrite + bornite hosted in

quartz stockworks in potassic alteration zones

2. Skarn deposits are frequently found at the margins of the intrusive bodies and are divided

into proximal and distal varieties

3. High sulphidation epithermal deposits are typically external to porphyry stocks and have
typical assemblages of covellite, enargite, digenite, chalcocite related to advanced argillic

alteration characterised by alunite, kaolinite and diaspore.

4. Base metal veins (Au-As-Sb + Ag-Zn-Pb) are common at more distal locations from the

porphyry stocks where mineralization is related to locally massive sulphide deposition

5. Low sulphidation epithermal Au-Ag deposits are distal to hypothesized coeval porphyry

stocks

Kucing Liar contains zones with characteristics similar to the first four of these styles that
represent a chemically zoned system. The chalcopyrite (-magnetite) ores is typical of proximal
Cu-Au skarns, whereas the quartz-muscovite-covellite is typical of high sulphidation epithermal

in phyllic environments (Hedenquist al., 1997) and the locally massive pyrite bodies with
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accompanying enargite and auriferous arsenian pyrite, possibly with tennantite are similar to
descriptions of base metal veins such as is the major ore source at Butte, Mchtainaydi et

al., 2003). One abnormality is that high sulphidation mineralization at Kucing Liar is related to
silica-pyrite-muscovite (phyllic) style alteration rather than advanced argillic alteration. This may
because the pH was not low enough to form kaolinite and alunite, most likely due to buffering by
carbonate rocks. Alternatively, covellite + pyrite + enargite may have formed in equilibrium with
muscovite. Heinrich et al., (2004) have now suggested a process involving contraction of
magmatic vapour which is predicted to be in equilibrium with muscovite. Muscovite-stable
alteration at Lepanto-Far Southeast was associated with water cooler, and less saline than that

responsible for only slightly older potassic alteration.

As the primary minerals of economic interest tend to be sulphides, discrimination of conditions
tends to be based on the concept of sulphidation, or the oxidation state of the sulphur species. This
condition will be based on both th&,ffO,and temperature conditions (Figure 9-7). The porphyry
skarn ore represented by chalcopyrite + bornite developed under low to intermediate sulphidation
conditions, in contrast to those of the high sulphidation assemblage covellite = ercrgite (
Sillitoe and Hedenquist, 2003). Chalcopyrite precipitation at Bajo de la Alumbrera (Argentina) is
constrained to a temperature window between 400€320trich et al., 2001b) derived from Cu
concentrations measured in fluid inclusions, and mineralization at Far Southeast is reported at
~500°C deposited from brines (Mancano and Campbell, 1995). The conditions of intermediate
sulphidation are within chalcopyrite, tetrahedrite-tennantite and Fe-poor sphalerite stability, and
sulphide assemblages lack appreciable arsenopyrite and pyrrhotite. Based on the environment and
conditions, it appears that Kucing Liar is a combination of porphyry skarn chalcopyrite ores, high
sulphidation covellite + enargite ores, and intermediate sulphidation base metal veins represented

by auriferous arsenian pyrite and galena-sphalerite ores.
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Figure 9-6 Generalised model of porphyry-related ore systems

In this model porphyry and skarn are transitional while porphyry and epithermal styles of mineralization
will be distinct. It is tempting to assume from its location that Kucing Liar represents a proximal skarn at
the margin of the Grasberg Igneous Complex as indicated in Figure 9-6. However, covellite-bearing
mineralization at Kucing Liar preceded chalcopyrite + pyrite £ bornite mineralization in the GIC, as
constrained by biotite age of 2.94 + 0.02 (Pollard et al., 2006). Although Kucing Liar predates the main
phase of Grasberg mineralization (Chapter 8), it may actually be coeval with earlier phases of the
Grasberg Igneous Complex (Macdonald and Arnold, 1989). Figure reproduced from Tosdal and Richards
(2002).
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Figure 9-7 Plot of log fs, — Temperature for fluids in porphyry systems

This diagram is intended to illustrate the relationships between the various sulphidation states referred to
within porphyry-related systems. It is apparent that sulphidation state is not directly analogous to the
sulphur fugacity €,). The increase in sulphidation state with decreasing temperature at constas} log f
may be directly related to disporpotionation of ;S@hich occurs at temperatures <400°C. The plot is
considered relevant to Kucing Liar evolution as path A-B represents the progressive development of
pyrrhotite-pyrite-chalcopyrite followed by pyrite + bornite and finally digenite-covellite + pyrite. The path
B-C would represent a decrease in sulphidation state due to dilution in external water. Some fluids within
Kucing Liar continued along a constant logp from point B as evidenced by the precipitation of native

sulphur in some zones of covellite mineralization. Figure reproduced from Eieald{2003).

9.3.2 Juxtaposition of porphyry-epithermal systems

Porphyry-(skarn) and epithermal mineralization may be juxtaposed by overprinting of a later
system due to withdrawal of the magma chamber, or by telescoping of the same process through
uplift and denudation (Figure 9-8). Padilla-Garza et al. (2001) propose such a model for the
Escondida copper deposit where advanced argillic alteration and high sulphidation mineralization

postdate the main stage potassic-style alteration by 3Ma. The Agua Rica deposit in Argentina



231 Kucing Liar, Ertsberg Mining District

resembles Kucing Liar in the sense that early porphyry-style alteration and mineralization is
juxtaposed with high sulphidation mineralization (Landtwing et al., 2002). However, in this case
Landtwing et al. (2002) proposed that the superposition of the different styles of mineralization
resulted from a protracted magmatic-hydrothermal history. This is also the case at the Collahausi
district in northern Chile (Masterman et al., 2005) where it is proposed that at least 1km of
denudation occurred over 1.8Myr between formation of early porphyry-style alteration at the
Rosario deposit and mineralization and high sulphidation mineralisation and related advanced
argillic and phyllic alteration zones. The porphyry-epithermal transition may be the result of rapid
uplift and denudation (Sillitoe, 1999), a condition that is likely during convergence tectonics
giving rise to volcanic activity. In this process, epithermal mineralization is not the result of a
later hydrothermal system but is generated due to rapidly changing conditions during a single
hydrothermal event. Such a dramatic change in conditions may be the result of volcanic processes
and involve catastrophic unloading due to collapse of the volcano (e.g. van Wyk det\&igs

2000), as is believed to have produced the large Ladolam Au resource within the Luise caldera in
the Lihir Island Group. However, at Lihir, the porphyry system is dated at ~1Ma, while the
mineralized epithermal system is dated to 250ky and the current geothermal system is no older
than 100ky. The differences in these ages are similar to those between the different mineralized
systems in the Ertsberg Mining District, indicating that they may have been sourced from

different magma generations.

Based on the uplift of Imm/yr discussed in Chapter 8, 0.5km of uplift may have taken place
during the life of the Kucing Liar hydrothermal system. The transition from potassic alteration to
phyllic + quartz alteration occurred within a 40ky period (Chapter 9), precluding any telescoping
due to denudation in that time. Sector collapse is not ruled out though there is no hard evidence
for this process. The process most likely to have caused the observed development of chalcopyrite
and covellite-dominant mineralized zones at Kucing Liar is believed to be chemical changes in
hydrothermal fluids (Figure 9-7). The relative sulphidation state of mineralising fluids will be

controlled by interaction with external water that caused reduction of magmatis&OSection
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9.1). Figure 9-7 indicates that the mineralization in Kucing Liar may represent the transition to
high sulphidation (chalcopyrite covellite) and back to low sulphidation (such as the auriferous
arsenian pyrite) due to addition of external water, which dfiSgkower. The lack of variability

of alteration and mineralization styles in some deposits may indicate a lack of fluid mixing, or too
much mixing. The sulphur budget of a hydrothermal solution cannot be changed without external
influence. Disproportionation of SQvould not in itself change the sulphur content, but would
drive the system towards high sulphidation states at lower temperatures (Figure 9-7). A steady
addition of water would lower relative sulphur content thereby maintaining a constant
sulphidation state. Thus, in the case of Kucing Liar, sealing off the ldenberg Fault Zone would
control thefS, while fluids that escaped into the overlying rock mass would come into contact

with meteoric water and have their sulphur content diluted.

Figure 9-8 Telescoping of epithermal systems into porphyry environment

This figure illustrates how high sulphidation pyrite-enargite with associated quartz-muscovite alteration
can be juxtaposed against a porphyry intrusion and its proximal skarn zone. This model requires some time
lapse between skarn formation and high sulphidation mineralization. Figure reproduced from Sillitoe
(1994).
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9.4CONCLUDING REMARKS

Kucing Liar holds evidence that porphyry-related deposits are mineralogically and
metallogenically zoned and that transitions from one style to the next can be relatively rapid, as
seen from the near contemporaneous development of potassic and overprinting quartz-pyrite
alteration zones. The results of this research have indicated that the range of porphyry-related
deposits, skarn (calc-silicate-magnetite rocks), porphyry (potassic altered rocks), high
sulphidation epithermal (quartz covellite £+ pyrite), carbonate replacement (arsenian pytite
chalcopyritex covellite) and low sulphidation epithermal (galena-sphaletritdu-As-Sb) can

form during a single prolonged hydrothermal event. The variations are due to varying degrees of
fluid evolution related to cooling and dilution by local water and hence represent relative distance
from source in terms of time, space and composition. Interactions with external waters are related
to the brittle-ductile transition, which may causes phase separation in the hydrothermal fluid,
segregating ore metals between chloride-dominant brines (Fe-Cu-Zn-Pb-Ag) and low density
bisulphide-dominant phases (Au-As-Sb). The separation of low and high-density phases at the
brittle-ductile transition is expected to facilitate cooling and dilution effects through interaction
with local groundwaters. Fault movement localised the conditions required for hydrothermal fluid
evolution, in particular the pressure. The study has shown that fault movement and the level of
complexity inside the fault system facilitate the local fluid infiltration and may even have some

effect on the separation of a hydrothermal phase from magma.

The results were possible because of the detailed nature of data collection, which provided
information for building a detailed model of the context of the mineralization as well as allowing
comprehensive cross-correlations between mineralogical and geochemical data. Methods exist
today for recording and analysing large amounts of data in a full 3-dimensional interactive
environment. Observations must be factual rather than subjective to the knowledge and

experience of the geologist.
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Appendix | - 1 Drill locations and survey

Appendix |: Drillhole positioning and survey

PATTERNS OF DRILLINGAT KUCING LIAR

All data collected for this research is derivednir@a pattern of diamond drilling intended to
measure the Kucing Liar resource. The drillingasducted from a single elevation from a level
expressly excavated for purpose of exploration.akations spaced at 50m intervals along this
drive were completed for drilling stations, of whi&é6 were originally completed spaced 100m
apart covering 1,500 metres of regional stratigi@ptrike (Chapter 1). Only these drill holes are
included in this research program. Later infilllldig was conducted in the centre of deposit to
confirm continuity of the resource at a distancéd@m. The data collected from these holes was
found to correlate well with the data collected1@®m spacing. Drilling was conducted along an
azimuth of 39-219 which is perpendicular to the regional strikestvatigraphy. The drill stations
are labelled with the prefix KL, followed by theaibn number and a number exclusive to each
hole (eg. KL16-03, KL32-04). The dip and azimutheafch drill hole have been surveyed every
3m on average and this data has been used toopostich sample interval. The layout of all
holes drilled from each station is illustrated ihapter 1. Collar positions and orientation at start
of hole for all drilling is recorded in Table I-A file of downhole survey data is provided in

digitial format.

TABLES OF DRILL HOLE LOCATIONS AND DIRECTIONS

The northing, easting and elevation of the coltazation of each drillhole examined for the
research program plus the total depth of the dd#lland the planned azimuth and dip of each are
included in the following table. The downhole syrnmeformation including dip and dip direction
were measured at regular 3m intervals for each &otethe records are presented in the digital

file drillholes.xlsalong with all collar information.



Appendix | - 2

Table I-1 Drill hole locations and orientations at collar

Drill locations and survey

Hole Northing(m) Easting(m) Elevation(m) Depth(m) Azimuth(°) Dip(°)
KL16-01 9549813.741 734889.575 3028.321 489.0 219.98 -86.75
KL16-02 9549813.760 734889.375 3028.431 180.0 220.07 -71.26
KL16-03 9549814.009 734889.004 3028.781 191.5 219.76 -41.14
KL16-04 9549813.381 734889.537 3031.321 191.2 219.18 33.60
KL16-05 9549814.001 734889.625 3032.851 218.2 219.21 51.58
KL16-06 9549817.646 734893.129 3028.301 1051.2  38.94 -86.51
KL16-07 9549814.275 734892.804 3028.251 678.4 38.83 -76.94
KL16-08 9549817.006 734893.361 3028.371 380.3 49.83 -67.16
KL16-09 9549817.147 734893.800 3028.091 614.6 45.12 -46.36
KL18-01 9549959.832 734843.019 3032.681 330.5 161.66 -84.32
KL18-02 9549962.490 734841.636 3031.191 323.5 218.15 -65.79
KL18-03 9549960.109 734841.878 3030.421 235.0 217.26 -36.27
KL18-04 9549959.910 734841.900 3030.991 216.2 212.88 -19.72
KL18-05 9549959.791 734841.849 3031.461 227.0 212.32 2.60
KL18-06 9549961.259 734840.956 3034.041 326.3 215.55 34.11
KL18-07 9549967.538 734847.728 3030.101 407.0 35.81 -75.89
KL18-08 9549966.721 734848.099 3030.101 525.7 35.78 -59.41
KL18-09 9549961.662 734843.067 3035.091 431.2 217.70 49.47
KL18-10 9549966.696 734846.009 3030.211 885.0 42.76 -48.18
KL20-01 9550107.647 734806.450 3031.711 416.6 220.93 -83.24
KL20-02 9550107.518 734806.480 3031.611 377.5 220.84 -71.05
KL20-03 9550107.239 734806.230 3033.651 538.0 220.30 -54.65
KL20-04 9550106.816 734805.812 3031.711 501.7 219.87 -40.06
KL20-05 9550106.488 734805.552 3032.121 433.5 219.01 -27.94
KL20-06 9550106.716 734805.772 3033.011 409.5 218.85 -8.25
KL20-07 9550110.971 734809.166 3031.651 389.4 36.49 -82.65
KL20-08 9550110.971 734809.166 3031.651 468.3 36.49 -82.65
KL20-09 9550111.482 734809.484 3032.011 645.2 36.33 -63.64
KL22-01 9550228.113 734796.102 3033.541 511.0 37.92 -84.00
KL22-02 9550228.263 734796.141 3032.051 549.0 36.74 -75.68
KL22-03 9550224.087 734792.348 3032.071 505.0 221.49 -85.04
KL22-04 9550223.946 734792.147 3032.101 600.0 219.18 -75.23
KL22-05 9550223.997 734792.138 3032.151 871.6 220.26 -60.09
KL22-06 9550223.256 734791.599 3032.781 584.9 220.76 -45.54
KL22-07 9550222.415 734790.820 3032.481 436.3 221.49 -28.77
KL22-08 9550222.025 734790.641 3032.701 360.1 220.10 -14.45
KL22-09 9550222.105 734790.551 3035.931 419.2 220.01 1.42
KL22-10 9550222.003 734789.621 3035.611 295.0 37.92 -59.00
KL24-01 9550229.701 734646.200 3047.111 506.8 220.96 -84.53
KL24-02 9550229.142 734646.560 3047.411 460.0 219.09 -69.17
KL24-03 9550229.103 734646.461 3047.431 904.0 219.57 -58.09
KL24-04 9550231.397 734644.007 3048.201 914.7 267.52 -19.13
KL24-05 9550229.869 734646.103 3047.261 373.0 220.84 -40.58
KL24-06 9550229.441 734645.610 3048.071 374.5 220.29 -18.00
KL24-07 9550229.091 734645.591 3048.231 349.6 222.84 -2.59
KL24-08 9550229.080 734645.742 3048.961 388.0 221.76 13.74
KL24-09 9550229.070 734645.881 3050.151 577.7 216.96 27.20
KL24-10 9550233.678 734648.263 3046.897 684.0 45.79 -76.15
KL24-11 9550233.787 734648.504 3046.898 651.5 44.80 -59.63




Table I-1 Drill hole locations and orientations at collar (cont.)
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Drill locations and survey

Hole Northing(m) Easting(m) Elevation(m) Depth(m) Azimuth(°) Dip(°)
KL26-01 9550269.782 734550.989 3049.071 498.3 218.54 -46.45
KL26-02 9550270.112 734551.433 3049.502 993.0 218.46 -62.77
KL26-03 9550270.551 734551.328 3048.931 775.1 218.45 -80.01
KL26-04 9550269.910 734550.761 3049.241 485.4 218.37 -35.00
KL26-05 9550269.939 734550.829 3050.371 436.6 217.21 1.99
KL26-06 9550273.284 734553.405 3049.121 364.2 38.37 -80.10
KL26-07 9550273.240 734553.365 3049.504 205.0 39.62 -81.18
KL26-08 9550272.695 734553.177 3048.745 689.8 39.44 -81.43
KL26-09 9550269.914 734550.665 3050.787 418.1 219.43 -19.00
KL26-10 9550269.989 734550.723 3050.903 450.0 219.21 12.59
KL26-11 9550487.452 734723.680 3036.141 451.2 198.96 -84.72
KL28-01 9550312.035 734455.568 3052.921 824.9 217.68 -42.90
KL28-02 9550312.010 734455.517 3053.751 658.4 218.02 -28.00
KL28-03 9550312.071 734455.558 3053.491 433.0 217.65 -9.11
KL28-04 9550312.280 734455.757 3052.391 855.0 216.18 -59.18
KL28-05 9550311.892 734455.664 3052.226 843.0 219.76 -75.20
KL28-06 9550323.336 734462.120 3052.880 636.0 38.42 -83.00
KL28-07 9550316.301 734458.906 3052.012 738.0 38.79 -70.10
KL28-08 9550318.642 734460.509 3054.545 1024.0  37.79 -59.40
KL28-09 9550567.512 734703.391 3037.011 501.2 221.91 -86.03
KL30-01 9550353.585 734359.660 3053.975 840.0 221.21 -44.04
KL30-02 9550353.429 734359.946 3054.291 459.3 217.65 -27.01
KL30-03 9550353.288 734359.837 3054.171 486.9 217.29 -13.00
KL30-04 9550353.609 734360.137 3055.161 439.0 217.21 2.75
KL30-05 9550353.940 734360.946 3053.921 768.0 217.43 -70.80
KL30-06 9550353.976 734361.035 3053.861 798.0 219.02 -84.05
KL30-07 9550353.454 734360.490 3055.440 419.5 217.85 17.60
KL30-08 9550357.930 734363.250 3053.444 926.8 40.49 -74.15
KL30-09 9550761.610 734658.073 3038.385 557.5 220.68 -61.26
KL32-01 9550397.896 734263.800 3056.281 315.8 219.52 0.97
KL32-02 9550396.083 734268.552 3057.171 416.0 219.32 -22.22
KL32-03 9550396.079 734268.551 3056.252 601.0 219.01 -37.30
KL32-04 9550396.214 734268.647 3056.133 693.0 219.62 -63.24
KL32-05 9550396.560 734268.873 3056.061 775.7 220.29 -75.00
KL32-06 9550395.990 734268.415 3058.465 438.0 218.85 17.75
KL32-07 9550399.112 734270.984 3056.132 819.0 38.67 -87.71
KL32-08 9550402.130 734271.902 3056.220 992.8 40.42 -60.41
KL32-09 9550403.469 734272.845 3056.034 611.5 37.42 -28.11
KL32-10 9550396.510 734268.068 3060.214 518.5 216.95 40.07
KL32-11 9550401.303 734271.546 3052.740 476.7 36.17 -71.77
KL34-01 9550436.237 734172.427 3059.652 567.7 218.24 -0.33
KL34-02 9550436.351 734172.575 3056.298 733.7 217.26 -43.97
KL34-03 9550436.837 734172.819 3058.163 734.7 218.84 -75.00
KL34-04 9550437.051 734172.845 3058.207 734.7 218.35 -88.83
KL34-05 9550436.526 734172.651 3058.145 809.5 218.90 -64.27
KL34-06 9550436.300 734172.573 3058.585 665.8 217.40 -31.70
KL34-07 9550436.254 734172.423 3059.138 518.7 217.04 -15.33
KL34-08 9550440.912 734176.740 3058.037 526.2 38.01 -74.40
KL34-09 9550441.669 734177.340 3058.071 1229.4 42.40 -45.73
KL34-10 9550449.590 734190.851 3057.972 425.7 39.42 -60.63




Table I-1 Drill hole locations and orientations at collar (cont.)

Appendix | - 4

Drill locations and survey

Hole Northing(m) Easting(m) Elevation(m) Depth(m) Azimuth(°) Dip(°)
KL36-01 9550481.311 734077.303 3062.268 371.4 218.29 0.28
KL36-02 9550481.614 734077.516 3060.802 473.5 218.13 -45.06
KL36-03 9550481.854 734077.868 3060.538 762.8 218.79 -63.88
KL36-04 9550481.578 734077.664 3064.063 563.0 216.70 30.02
KL36-05 9550482.144 734078.029 3060.724 781.5 217.85 -87.89
KL36-06 9550485.406 734081.243 3060.486 10455 37.94 -59.64
KL36-07 9550486.832 734082.349 3057.296 474.6 38.31 -29.88
KL36-08 9550485.546 734081.040 3060.396 400.0 31.18 -75.21
KL38-01 9550525.144 733978.280 3064.627 621.4 275.11 2.02
KL38-02 9550521.528 733977.557 3064.611 242.8 218.38 0.26
KL38-03 9550521.960 733978.102 3063.688 456.5 217.79 -44.04
KL38-04 9550521.960 733978.102 3063.688 488.5 217.79 -44.04
KL38-05 9550522.616 733978.537 3063.453 1031.7 220.02 -61.03
KL38-06 9550522.484 733978.354 3063.180 497.3 218.76 -87.40
KL38-07 9550527.017 733982.569 3060.518 312.0 31.94 -75.13
KL38-08 9550527.017 733982.569 3060.518 599.0 31.94 -75.13
KL40-01 9550561.244 733889.032 3065.113 230.5 217.99 -14.50
KL40-02 9550561.770 733889.444 3064.489 594.4 217.02 -45.13
KL40-03 9550562.286 733889.762 3064.313 932.5 223.05 -74.07
KL40-04 9550567.038 733892.881 3064.020 809.1 37.76 -60.88
KL40-05 9550567.969 733893.569 3064.021 677.7 37.13 -29.90
KL40-06 9550566.640 733892.513 3064.045 808.6 31.67 -86.40
KL40-07 9550561.867 733885.429 3064.158 909.6 217.66 -60.69
KL40-08 9550561.405 733885.043 3064.624 495.0 218.59 -32.94
KL40-09 9550566.542 733888.755 3064.064 782.7 36.99 -74.65
KL42-01 9550601.985 733794.661 3068.424 343.5 219.12 -1.88
KL42-02 9550602.071 733794.761 3068.385 830.5 218.51 -59.68
KL42-03 9550602.863 733795.434 3067.798 1139.5 216.82 -86.40
KL42-04 9550602.038 733794.706 3066.566 365.7 219.10 -28.45
KL42-05 9550607.214 733798.695 3068.799 629.0 41.69 -76.50
KL42-06 9550608.212 733799.492 3067.069 774.3 38.24 -45.27
KL42-07 9550603.471 733795.006 3067.493 590.6 220.37 -45.67
KL42-08 9550603.186 733795.897 3069.831 407.6 218.52 35.76
KL42-09 9550607.351 733798.837 3066.883 820.6 37.90 -60.25
KL42-10 9550608.592 733799.823 3066.898 713.3 37.53 -30.01
KL44-01 9550641.470 733696.921 3069.323 208.0 220.94 -14.99
KL44-02 9550641.883 733697.256 3068.712 866.9 221.12 -44.70
KL44-03 9550642.366 733697.601 3068.842 956.8 223.63 -74.64
KL44-04 9550649.744 733703.680 3067.937 955.6 38.17 -60.10
KL44-05 9550651.092 733704.969 3067.880 778.6 42.58 -29.39
KL44-06 9550649.419 733703.417 3068.055 842.5 40.56 -85.83
KL44-07 9550642.850 733697.607 3068.338 638.4 222.32 -56.82
KL44-08 9550641.875 733697.170 3067.921 556.6 221.40 -30.16
KL44-09 9550642.595 733698.057 3069.194 935.5 216.86 -84.79
KL44-10 9550647.286 733701.953 3068.120 824.0 40.22 -74.35
KL46-01 9550686.196 733606.192 3069.878 951.0 219.68 -85.71
KL46-02 9550685.310 733605.495 3070.160 665.5 219.24 -59.10
KL46-03 9550685.308 733605.442 3069.909 565.8 218.10 -30.71
KL46-04 9550692.455 733611.051 3069.788 954.5 38.76 -74.75
KL46-05 9550693.162 733611.613 3069.791 827.1 37.10 -44.88




Appendix Il - 1 Staining carbonate rocks

Appendix Il — Thin section staining procedure

STAINING PROCEDURE

A thin section was prepared of each rock sampleowita cover slip.

Two solutions were prepared:

- Solution A: Alizarin Red S, concentration of 0.200inL of 1.5% HCI

- Solution B: Potassium ferricyanide, concentratib@g/100mL 1.5% HCI

The solutions A and B were mixed in the proportioh8 parts by volume of A to 2 parts

of B.

One half of each thin section was immersed in theéure of solutions for 30-45 seconds,

gently agitated for part of the time to remove gasbles from the surface.

Each thin section was then washed in running wWatea few seconds and allowed to dry.

A cover slip was placed over each thin section.



Appendix Il - 1 SEM analysis

Appendix lll— SEM analysis

RESULTS AND STOICHIOMETRIC CALCULATION

Total iron was determined as¥eand F&" has been calculated using the methods of Beal,

(1969) and Droop (1987) to determine the andramtiteponent. The formula used is:

F = 2X.(1-T/S)

Where F is the number of ¥dons per X number of oxygen ions, T is the idaahber of cations

per unit formula and S is the cation total obtaiméxkn all iron is assumed to be’Fe

A problem was encountered in some garnets with vegh FEé* values producing negative
grossular norms. Analyses of green garnet from Bar{h26-8 385.4m gave high negative
values of almandine, which have low total Fe aredy§-4%) and low totals. Calculation of
analyses of red garnet (matrix alteration) fromshme sample did not give any problems. In the
case of negative grossular norms, it is clearlpldisthed that all of the iron present is trivalent
and so the grossular content was assigned to zedotl®e remaining compositions were
renormalised without grossular. In the case of tiegaalmandine calculations, the garnet
composition was calculated assuming all iron issen¢ in