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ABSTRALT

Various hydrothermal processes have been suggested as important
in the formation of porphyry coppers, ¢.g. orthomagmatic eveolution of
salt—rich liguid, condensation of salt-rich liguid from magmatic
vapour, convection of groundwater driven by magmatic heat, bolling of |
groundwater. A fluid inclusion study based on detailed two-dimensional E
sampling indicates that all of these processes appear to have contri-
buted to the evolution of the Panguna deposit, but suggests that copper
was deposited mainly by salt-rich liquid expelled direct from the magma.

The deposit formed at the southern contact of the Kaverong Quartsz
Diorite with the Panguna Andesite. Three smaller porphyvritic stocks,
the Biotite Granodiorite, the leucocratic Quarte Diorite and the Biuro
Grancdiorite, were emplaced in the deposit during mineralisation, which
comprised three pﬁases of hydrothermal activity. The first, phase A,
took place when the southern part of the Xaverong Quartz Plorite was at
temperatures over 700°%Cc. The Panguna Andesite was pervasively altered
to an amphibole-magnetite—-plagioclase assemblage, upon which was super-
imposed cgyger mineralisation and associated K-silicate alteration. The
limit of copper depositicon and gquartz veining to the southwest coincides
closely wifh a zone in which salt-rich liquid was cooled and diluted.
A pyritic hale parallels this zone. The system cooled below %GQQC before
undergoing renewsd mineralisation at temperatures over 400°C in two
approximately concurrent but separate phases B and ¢. These phases were
accompanied by the intrusion of porphyritic stocks. Phase B formed a
well~defined cell bounded hy a pyritic haleo and centred on the
Leucocratic Quartz Diorite. Phase C was expressed as veining of the

Bicotite Granodiorite, the Biuro Grancodiorite and the area between them.
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Copper mineralisation took place at a pressure near 300 bars and
at temperatures between 35008 and ?OOQC or higher. Cu,Fe sulphides,
quartz, anhydrite and hematite in veins, and potassium silicate altera-
tion were formed from boiling salt-rich liquid, of density 1.2 - 1.5
g/cm’, mostly of magmatic origin. The composition of these liquids
{which nucleated both KC1 and NaCl in £fluid inclusicons) in terms of the
system NaCl-KCl-~HoO varied between 76% salts {60% NaCl, 16% KC1) and
46% salts (30% NaCl, 16% KC1} by weight. Other liquids, apparently
more dilute, nucleated only NaCl. The salt-rich liquids also contained
Fe, Ca and 8, and minor guantities of Mg, Cu, Mn and 2n. A Cu concen-
tration of 1900 ppm has been estimated in one ligquid. The atomic K/Na
ratios of malt~rich liquids from three principal phases of vein
mineralisation and from gquartz phenocrysts conformed to a single trend,
increasing from 0.17 to 0.46 as the HaCl content decreased.

Groundwater, mainly of less than 5% salinity, inundated the orebody
betweern phase A and phases B and C, and =zgain after phases B and C, at
tem@eraturag baelow 40606. Groundwater deposited guartz-pyrite and
probébiy p?riﬁewclay and sphalerite-pyrite veins at temperatures near
30006 and caused local nphyllic alteration. Given a hydrostatic pressure
regime in the groundwater system, the depth of formation was near 3 km.

Fluids of groundwater composition, trapped as inclusions at or
above their critical points, seem to bound the regions in which two
Fluids coexisted during phases A and B, and possibly C. The evolution
of fluid compositions and yphase properties across the two~phase region is
consistent with the predicted evolution of beiling salt-rich liguid
expelled unsaturated from the magma, coocled to saturation and super-
saturation byvﬁﬁsec, then cooled and diluted by mixing with salt-rich

liguid formed by the concentration of groundwater {(as high as 45% salts)
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by boiling. The salt-rich liguids were unsaturated near 43000, and at
lower temperatures the liquid and gas compositions converged to the
critical compesiﬁion at the boundary. Pressures fell sharply from
lithostatic between the magma and the zone of supersaturated liquids

of the ore-zone, and were hydrostatic in the lower-temperature
unsaturated fluids. In the zone of supersaturation, pressures may have
been lower than in the groundwater. Sali-rich ligquid was pumped into
the ore-zone by the lithostatic~hydrostatic pressure difference, then
dascended through the ore~zeone because of its density.

The transport of Fe and possibly Cu in the vapour is insignificant
under porphyry copper conditicns, but Zn and Mo may undergo significant
vapour transport. This may explain the separation of 2n and Mo from Fe
and Cu in porphyry copper systems.

The absence of major sericite alteration {as opposed to the
K~feldspar commonly associated with the salt-rich liguid) suggests that
beiling removed excess HCl formed during the alteration of plagioclase
and amphibole to biotite. The sulphate in anhydrite deposited by salt~
rich liguid probably originated from the decomposition of 505. This
mechanism doéﬁ not account for increased sulphide deposition below 500°C
because the liquid maintained a constant $0;:HeS ratio but the reduction
of SG» by Fe2+ may have become important at lower temperatures. The high
oxidation state of magmatic fluids during copper mineralisation was due
to the loss of Hy from the magma in thosa‘earlyuevolveé volatiles that
formed the amphibole«bearing assemblage.

Chalcopyrites have a 8§34 range of -1.6 to 1.5%, pyrites +0.5 to
3.1% and anhydrites +7.6 to 16.0% . The salt-rich liquid that deposited
anhydrite and chalcopyrite had §345 = +1%. The conmplexity of the hydro-
thermal processes indicates that there was not a simple relationship

between these values and the 63%S values of sulphur in the magma.
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INTRODUCTION

The Panguna porphyry copper deposit is situated in the Crown
Prince Range on the island of Bougainville, northernmost of the large
islands of the Solomons group (fig. 0-1)}. ©Politically, Bougainville
is part of the HNorth Sclomons Province of Papua Hew Guinea.

The depeosit is a large one by world standerds, with pre-mining
reserves estimated at 9200 million tons of 0.48% Cu (with an economic
cut=-off at 0.3%) andréﬁ dwt/ton Au {Espie, 1971). The presence of
copper mineralisation in the area had been known since the 1930's, when
small gold mines cperated on some of the richer veing at Panguna
{= Pumpkuna, Thompson, 1962} and at nearby Kupeli. Exploration of the
area by the C.R.A, group in the early 1960's established the existence
of a large, low-~grade orebody at Panguna and mining began in 1972.
Exploitation has iﬁvoived major engineering problems in a terrain of
steep slopes., high rainfall, high seismicity, and active vulcanigm,

The fluid inclusion study was designed to examine spatial and
temporal variations in temperature, pressure and fluild chemistry in the
various types and generations of guartz veins. The samples were
collected during a reconnaissance by Dr. M. Solomon (University of
Tasmania) in ﬁanuary, 1974 and in October~November 1974 by the author.
During the latter period, the open pit included the southeastern half
of the area enclosed by the outer 0.3% Cu contour {see fig. 2~3) and
took in all the main intrusions. Samples were taken between 595 and
775 m above sea level in the open pit, and from outcrop and diamond
drill core up to 1.5 km beyond the pit limits.

This study differs from previous studies of fluid inclusions in

porphyry coppers in that considerable effort was made to obtain and study
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vein samples covering the complete horizontal section exposed in and
around the open pit. Bectause the general geology has already been
described (Macnamara, 1968; Fountain , 1972, 1973; Knight et al., 1973;
Baumer & Fraser, 1975; Baldwin et «l., 1978), the deposit is particularly
well suited for such a study. In aédition, specialised work has been
done in the following fields: geochronology (Page & McDougall, 19872)f
ore nineralogy {Lawrence & Savage, 1875); host~rock geochemistry
{Fountain, 1972, 1873; Ford, 1976, 1978); igneous petrology (Mason &
McDonald, 1978): O and H isotopes (Ford, 1976: Ford & Green, 1977);:
S-isptop&a {avres ¢t al., in press). The deposit is voung {3 to 5 m.y.,
Page & Mchougall, 19%72) and lacks significant metamorphism and

deformation.

NOTATION

In the fluid inclusion work (Chapter 4 ££.} the following symbols

are used:

T temperature

F pressure

p density

Th temperature (measured during heating} of homogenisation
of two fluid phases, i.e. disappearance of a bubble, of the
liguid phase rimming a bubble, or of the distinction between
liguid and gas, whichever is applicable. Daughter minerals
may persist to higher tempsratures.

Tgsalt i temperature {measured during heating} of disappearance of
salt 1. Balt A refers to an unidentified salt other than
halite or sylvite.

T temperature {measured during warming) of fusion of ice.

Te cri&icél temperature

Fe critical pressure

% o#g. NalCl equivalent weight percentage of NaCl {corresponding to a

T¢ or T, reading).




in Chapters 10 and 11, the following symbols are used in the

discussion of chemical aspects of the study.

& activity

b bond dissociation energy of a diatomic molecule

D average bond dissociation energy of a polyatomic molecule

£ fugacity A

G Gibbs free energy

H enthalpy

m the hematite-magnetite buffer, or the value of log fez fixed by
this buffer,

Ky the equilibrium constant of the i'h reaction

m molality

P pressure

r ionic radius

R gas constant

s entropy

T temperature (absolute)

U potential energy

AVe partial molal volume change of éolid phases

X mole fraction

¥ activity or fugacity coefficient.

Specimens used in the study are housed in the University of
Tasmania Geology Department collection, and are referred to by their

catalogue numbers {(e.g. 1025924, 103047).
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CHAPTER ONE: REVIEW

The literature on porphyry copper deposits includes several
generalised discussions on the classification and on the genesis of this
type of cre deposit, It is the purpese of this section to review these

aspacts, as a background for the Panguna study.

CLASSIFICATION

Bince the recognition of the class of large, low-grade copper
deposits associated with intrusive rocks (porphyry copper deposits) the
process of classification has moved in directions both synthetic and
analytic.

It is recognised that a class of large, low-grade molybdenum
deposits, the porphyry molybdenums, shares much in common with porphyry
coppers, e.g. asscociation with dntrusive rocks and with similar types of
hydrothermal alteration {(Woodcock & Hollister, 1978). The term gorphyiy
deposits is now in use (e.g. in Sutherland Brown, 1976a} for porphyry
coppers and molybdenumg. Analyitic classifications of porphyry deposits
have been attempted on Lhe basis of ore~localisation, morphology and
environment, relative matal abundances and the composition of the assoc-

jated intrusive rocks as criteria.

Ore localisation. Titley {1972) suggested a classification of
porphyry coppers into "intrusion" and "wallrock” types, with the mineral-
igation resgpectively in intrusion and in wallrock.

Morphology and envirconment. Sutherland Brown (1976b) attempted

a morphological classification of the British Columbian deposits into

three types. These emerge from a consideration of symmetry (judged




subjectively) and age as functions of depth of formation (also judged
subjectively). The resulting clugte;s are correlated with deposit
types which differ most importantly in their geological environment.
This 1s implicit in Sutherland Brown's cholce of environmental names -
voleanic and plutonic — for two of the classes. It seems more appropriate
to continue the environmental approsch to all c¢lasses and to rename the
third categ&ﬁy {"phallic” in Sutherland Brown's scheme) "stock-associated”.
Briefly, the three classes are as follows:
1. Stock-associated. -The‘&egosit is located about a small stock
penetrating high into the c¢rust, and has cylindrical symmetry. Radial
dyke swarms and diverse breccias are common associates. The stocks
generally intrude unrelated country rock, and the depth of the aepogiﬁ is
‘ thought to be about 3 km. This is essentially the type of deposit
described by Iowell & Guilbert (1974).

James (1971) presented a diagram of ore distribution arcund stock-
associated deposits. It is based on four examples: Bingham, Chin® and
Ray {U.8.A.} and El Teniente {Chile)}. Bach of these is a different
section of a single type of system in which the ore is localised in an
inverted cup cutting the stock rather than capping it, and irregﬁlarly
draping lower portions of the stock with ragged skirts of prima;y ore.
Stockworks above such deposits, and favourable strata below, may also
carry ore. So stock-assoclated deposits which 4o not have a barren centre
at exposed levels might be annular at depth, and much ore may have been
eroded from deposits with exposed annular ore-zones.
2. Volcanlc. The deposit is assoclated with irregular, usually elongate
dyke~like intrusions penetrating a coeval volcanic edifice (at 1-2 km
depth). The orogenic setting is commonly marine; the hydrostatic pressure
of seawater may be an important factor in the formation of volcanic-type

deposits. Two kilometres of seawater exerts & pressure of about 225 bars.




3. Plutonic. The orebody is developed in medium~sizeﬁ rlutons which
show mineral zonation, and which may intrude a coeval volcanic pile at

a depth of about 5 km. The host rocks of the pluton exhibit a schistose
fabric parallel toe the contact and are metamorphosed io the amphibolite
facies. Breccilas are rare. Minerazlisation wmay be centrally or
eccentrically located, but is never peripheral.

3illitoe {1973} has compiled observations on the vertical
extensions of porphyry copper deposits. &An economic orebody generally
exposes about 1 km of the vertical extent of the whole hydrothermal
system which Sillitoe considers may extend over 5 km or more. The
bottoms are characterised by mineralisation or alteration lying within
batholiths. The centres are associated with small intrusions penetrating
volcanic edifices. The tops are expressed as argillic and propylitic
alteration associated with the development of large masses of native
sulphur, gypsum and pyrite or marcasite. A polymetallic vein deposit
may be the high-~level exXpression of a porphyry copper system in one South
American case. These considerations may, in fact, unite Sutherland
Brown's three classes into a single scheme, at least in the continental
setting.

Seraphim and Hollister {(1976) c¢lassify the structural settings of
porphyry deposzits into groups corresponding to Suthefland Brown's first
two types, and add stockworks, brecciés and also deposits where the
stratigraphy of the country rock cemplicates the cre—-distribution
{e.g. skarns).

Relative metal abundances. Kesler {(1373) showed that island-arc

and continental porphyry copper deposits differ in their relative Cu, Au
and Mo contents, the former being high in Au and low in Mo, and the

latter high in Mo and low in Au.




Composition of intrusive rocks. Hollister {1975) classified

porphyry coppers inte two categories: a calc-alkalic type, guartz-rich
with a high silica-to—alkalis ratio and a diorite type, quartz-poor,
with a low silica~to-alkalis ratic. This criterion differs slightly
from those used in other articles, e.g. the British Columbian deposits
have been divided into alkalic (syenitic) and calc-alkalic clans {Ney &
Hollister, 1976). Hellister (1975) pointed out that his diorite type
includes depeosits associated with silica-deficient gale-alkalic
intrusions difficult to distinguish from intrusions of alkalic affinity.

Classifications based on multiple criteria. Hollister {1975}

compared and contrasted his diorite type of porphyry copper with the type
described by Iowell & Guilbert (1970j. ‘Hollister gquated the Lowell &
Guilbert type with his cale-alkalic type, whereas lowell & Guilbert had
considered mainly morphology and mineralogy as criteria in establishing
their type deposit. According to Heollister, the Lowell & Guilbert type
characteristically has guartz and orthoclase in fractures, but only minor
albite; magnetite is minor, molybdenite is common and gold is rare;
well-developed phyliic alteration ocours betwsen potassic alteration in
the core and peripherzl propylitic alteration. 1iIn the diorite type,
quartz and orthoclase are erratic in fractures but albite is common;
magnetite is common, molybdenite rare and gold "important"; phyllic
alteration is only poorly developed, if at all, between potassic and
propylitic zones.

Ney & Hollister {1976} examined the relationship between relative
metal abundances and intrusive-rock composition for deposits of the
British Columbian province, and found that high Mo, low Au deposits are
never associated with alkalic rocks, and that old alkalic deposits {170-

205 m.y.) have low Mo and high Bu.
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vWioodcook & Hollister {1978) considered the differences between
porphyry coppers and porphyry molybéenums; Porphyry molybdenums are
distinguished by the presence of fluorine-bearing minerals, and by
higher W:Mo ratios than porphyry coppers. They may be of stock-assog-
iated or plutonic type, and a thick, sialic crustal environment appears
to be a necessary condition for significant molybdenum mineralisation in
the North American Cordillera. Common features in porphyry molybdenams
and coppers include the presence of a pyritic halo and late polymetallic
veining, and the peaking of the copper haloc just gutside the Mo halo in
depogits where both are visible.

Summary. The most comprehensive classification schemes to date
are those of Sutherland Brown {(1976b) and Hollister (1875}, WNeither
accounts for the whole spectrum of phenomena. Sutherland Brown's does
not consider the compositional variety that may occur within a given
environment, while Hollister's may not encompass deposits from the

volcanic and plutonic settings of Sutherland Brown's clasgification.

CLASSIFICATION OF THE PORPHYRY COPPER DEPOSITE OF THE SOUTHWEST PACIFIC

The classification schemes discussed above are based mainly on
studies of deposits in the North American Cordillera. The Panguna
deposit is part of a porphyry copper province in the southwest Pacific.
there is now considerable information on the province as a whole, =0
that the classification schemes can be tried out on an independent set
of data.

The province stretches from the Philippines through Indonesia and
New Guinea tec the Solomon Islands, the New Hebrides and Fiji, and also
extends along the entire east coast of Australia and into the North

Island of New Zealand. In BAustralia, the deposits are of Palaeczoic and
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Mesozoic ages (Horton, 1978). The lower Tertiary is represented in
Sabah (Kosaka & Wakita, 1978}, and the Miocene to Pleistocene in Hew
Guinea and the Solomon Islands (Page & McDougall, 1972). The
Coréilleran and southwest Pacific provinces have been subjected to
continual phases of mineralisation over hundreds of millions of years.
The superimposition of these in RHorth America contrasts with the spatial
separation of deposits of different ages in the southwest Pacifi&, and
this contrast reflects the differsnce in tectonic phenomena in general
between the eastern and western shores of the Pacific.

Complexity of intrusion and alteration history is the rule in
gouthwest Pacific porphyry copper deposits, and telescoping of alteration
and metal zening is characteristic (Titley, 1975). The complexity of
the intrusions makes classification of their morphology difficult ig many
cases, Panguna and Ok Tedi (Bamford, 1972} have some of the features of
stock-aszociated porphyry deposits and, true to Sutherland Brown's (1978b}
environmental criterion for this category, ocour in country rock
unrelated to the plutons. Other deposits occur within larger plutons
(e.g. Yandera, Titley ¢f «l., 1978) while Frieda may lie high within a
coeval volcanic edifice (Hall & Simpson, 1975}.

Titley {1978} has treated new assay data from this province in the
same way and found that the deposits differ from the island arc deposits
{mainly Caribbean}) examined by Xesler, but in an exaggerated relative Au
enrichment. Mo is low relative te the other metals with the sxceptions
of Sipalay {Philippines) and Yandera (Hew Guinea}. Economic porphyry
molybdenums are apparently absent.

The deposits are asseciated with cale—-alkaline intrusive rocks,
and Gustafson (1978) considers that none of alkalic affinity are present.

Hollister (1975), however, regards some of the Philippine deposits as
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belonging to his diorite type. The Panguna deposit {(see subsequent
chapters) seems to sit agtride Hollister's division of porphyry coppers
into Lowell & Guilbert and diorite types. The deposit is gquartz~rich i
and agsociated with quartz diorites and granodiorites {characteristics

of the Ilowell & Guilbert type), vet it lacks significant phyllic
alteration between the potassic and propylitic zones, has plentiful
magnetite, is low in Mo and high in Au {characteristics of the dicriie
type}. This suggests that Hollister's criterion of silica-to-alkali
ratios is but one of several independent factors, and does not on its

own govern all of the variety in porphyry deposits. The relative amounts
of K and Na may be another important factor: the deposits of the south-
west Pacific province are characteristically associated with intrusive

rocks low in ¥ {Gustafson, 1978).

GENETIC ASPECTS: THE ROLE CF FLUIDS IN PORPHYRY CCPPER FORMATION

A recent synthesis by Gustafson & Hunt {(1975) recognises three
elements in the formation of porxrphyry copper deposits:
"1. Relatively shallow emplacement of a usually complex series of

porphyritic stocks and dikes in and above the cupola zone of an under-—

lving batholithic body,

"2. Metasomatic introduction of copper and other metals, sulfur,

alkalis, and hydrogen ions from the solidifying melt into both the
porphyries and the country rock, usually during only part of the
intrusive process, and

"3. The interaction of groundwater with the cooling, mineralirzed center.”
The formation of each deposit is seen as a variation on this theme, and
the uniqueness of each stems from differences in the degree of develop~
ment of these elements. For example, late {groundwater) effects may be

minimal, or may completely mask earlier features, This, in turn, may
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depend on the depth of formation and the availability of groun&water;

The differences in environment emerging from Sutherland Brown's
{1976b) classification are likely to affect the character of porphyry
copper deposits through their influence on fluid phenomena. Problems
concerning relative metal abundances may be resclved by a consideration
of fluid phenomena, for example the occurrence of distinct porphyry
copper and porphyry molybdenum deposits. Thick sialic crust mey well
be required as a source for molybdenum in porphyry melybdenums, but
this does not explain the virtual absence of copper from some of these
deposits. Attempts to correlate metal zbundances with intrusive rock
compoesitions lead only to weak generslisations. It seems more
promising to look to veristions in the physics and chemistry of the
mineralising fluids to explsin metal sbundances. These matters will be
dealt with in subsequent sections.

studies of fluid inclusions and of oxygen and hnydrogen isctopes
have been brought to bear on problems related to fluids in porphyry
copper deposits.

Nash {1976} summarised the findings of fluid-inclusion studies on
porphyry coppers, mainly exgmples from the Americas. In the economic
Cu zone, four types of fluld inclusions have been reported:

I. Low to moderate salinity inclusions with small bubbles {say, <50% of
cavity velume) and no halite as & daughter salt at room temperature;

II. Gas-rich inclusions with large bubbles {say, >50% of the cavity
volume) sometimes with daughter sallts;

III. Halite-bearing, with small bubbles and commonly a rich variety of
other daughter salts;

IV. COs-rich, in which liguid £0, is present.
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Type I inclusions have been found in all deposits in which finid
inclusions have been examined. Type III occur in most, and type II in
a slightly smaller number, while type IV have been reported in ralgtively X
few. Types Il and IIT are characteristically closely associated,
although this ia/ﬁot universally =o. This iz usually taken to mean

that the salt-rich liquid was boiling. In some cases, types I and II

are closely associated, so that liguids of lower salinity may also have
boiled in these deposits. Type IV inclusions can be COp-rich versions
of any of the other three Lypes, which may in fact contain considerable

quantities of CO; without forming licuid CO;. The amount of CO, differs

greatly from deposit to deposit, and this suggests that COs: is not
ingtrumental in the formation of porphyfy coppers. In general, there is '
an associated between type III inclusieons, copper mineralisation and
potassic alteration. Those deposits in which ne type IIi inclusions ccour
may have suffered almost total masking of early effects during the super-
position of groundwater-associated effects. The supposed absence of
certain flulds in some deposits should be treated with caution; it is
negative evidence, to be welghed against the thoroughness of the

particular study. Suificient detail in fluid inclusion studies is

important in order that valid conclusions may be drawn about fluid
abundances. Few pxévious studies of porphyry coppers have been detailed f
enough; some of the more informative studies will be discussed below,
The usual interpretation of lsotopic studies of hydrous phyllo-
silicates in alteration assemblages is that waters of two different
origins were involved in the formation of porphyry coppers. In most
cases (summarised by Taylor, 1974) the waters are magmatic and meteoric.
The magmatic waters are assoclated with potassic alteration and the

meteoric waters with propylitic and phyllie alteration. One case,
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Valley Copper in British Columbia, had seawater in place of meteoric
water (Osatenko & Jones, 1978} and Sutherland Brown {1976b) has suggested
that this may be true of a whole class of porphyry deposits. The pre-
dominance of isotopic studies on continental stock-associated porphyry
deposits (particularly in the southwest U.8.A.) may be giving the
impression that meteoric water is involved in the formation of a larger
proportion of porphyry copper deposits than is actually the case.

Models of fluid interaction. The studies summarised above

suggest that two systems of fluid are involved, one magmatic and the
other the ambient fluid in the country rock, and that one system or both
may be boiling. The literature contains a variety of ideas about how

the fluids interact and deposit copper. Henley & McNabb (1978) grouped
them into four types:

1. The circulation of ambient waters is powered by heat from the
intrusion, and copper is leached from the country rocks by the convecting
waters. Cathles {1977, Norteﬁ«& Knight {19??} and Norton (1978) have
guantified this model for various cases of pluton size and depth, and of
wallrock permeability. Cathles computed f£low-lines and heat and fluid
fluxes to show the evolution in time of geothermal systems about cooling
intrusions. In general, most of the geothermal activity iz over in

20000 -~ 30000 years. In applying this to porphyry coppers, Cathles has
investigated copper precipitation over the temperature interval 350°C to
ESQOC, g0 chosen because it corresponds with the large decrease in copper
and iron solubilities found by Crerar & Barxnes (1976). He recognises
that this approach does not succeed, berause the type of cooling inherent
in the model will cause iscthermal surfaces to retreat inwards. Thig
could not g&ﬁerate the distinct ore-shells seen in many deposits. Rather,
he is forced to appeal to saiinity gradients or to some other chemical

changs.
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2. fa varlant of 1} The amblient waters, circulating‘as in 1, boil

near the pluton, This mechanism finds little favour at present, but
zould reconcile the high salinities of fluid inclusions with the lower
salinities of ambient waters. The possibility of boiling is dealt with
in Cathles' (l977) calculations.

3. Boiling salt-rich liquid is exsolved by the crystallising pluton,

and may spread, boiling, intc the country rock, depositing copper as it
cools, This is the orthomagmatic model, as proposed by Rose (1970},
among others,

4. (a variant of 3, due to Henley g McNabb, 1978) In exsolving fluids,
the crystallising pluton gives rise to large quantities of vapour bearing
a few percent Na(l. The vapour forms a plume above the pluton, eventually
mixing with groundwater. On cooling to GOGQC, at which temperature the
solubility of NMaCl in the vapour is at its minimum in the relevant
pressure range (Sourirajan & Kennedy, 1962), the wvapour must condense out
some salt-rich liguid. This would create a region containing two fluid
phases, indistinguishable (superficially at least) from the two-phase
region generated by mechanism 3. The salt~rich liguid could deposit
magma—derived copper, provided the concentrations of copper and ot?er
components in the vapour were sufficient.

Ostensibly, each of these processes is perfectly fsasible, and all
probably occur to some degree. All may bring about some transport of
copper, so that the guestion is one of dominant processes rather than
right and wrong alternatives, and of identifying which features of a

deposit might correspond to each process.
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SELECTED STUDIES OF PORPHYRY COPPER FLUIDS

Bingham, Utah. The Bingham Cu-Mo deposit is located largely in

a composite stock, the oldest part of which is an eguigranular gquartz
memzonite. The gquartz monzonite intrudes sediments and is in turn
intruded by three subseguent porphyritic phases. The distribution of
alteration types (potassic and sericitic) is apparently not related to
the age of the intrusions, and mineralisation {associated with gquartz
veins) likewise affects all phases {Moore & Nash, 1974}.

Roedder {(1971) published a reconnaigsance study of fluid inclusions
from Bingham, concentrating particularly on the compositions and
temperatures of formation of a limited number of samples. In the Cu-Mo
core of the deposit there are salt-rich and gas inclusions giving homo-
genisation temperatures of 400 - 72506. The salt-rich inclusions
contained more than 0% salts by weight in some cases. Volumetric and
microthermometric estimates agree at about 40% NaCl and 12% KCl in some
of the salt-rich ligunids. Some were boiling, and the vapour was COp-rich
steam. Iead-zine deposits (veins in limestone) contained f£inid
inclusions of.low salinity., Some of those fluids were boiling. They
gave temperatures of 294 - 33000‘ Some inclusions contain a liguid
identified as Hy3. Volumetric measurements indicated densities up to
1.3 gf¢m3 for the salt-rich liguids, 0.1 - 0.3 g}cma for the vapours and
0.75 ~ 0.95 gfcma for fluids from the peripheral deposits.

Moore & Nash {1974) studied the distribution of inclusions in a
large number of petrographic samples, also taking account of moderate
salinity inclusions {type I -Wash, 1976). Only 10 specimens were heated,
and compositions of 16 - 22 wt. % KCl and 28 - 36% NaCl were found.

The distribution of fluid inclusion types "shows little obvious relation
to the age of the host or type of silicate alteration.” Salt-rich

inclusions, however, correspond broadly with biotite alteration and
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copper mineralisation. The authors suggest that there were two hydro-
thermal peeks during the history of the deposit, one at 600 * SOOC; the

other at 400 + BOOC, and that pressures may have varied from 800 bars

under initial lithostatic conditions to 180 bars under subsequent hydro-
static conditicons. They regard the high temperatures as evidence of
continuity between magmatic and hydrothermal conditions.

Sar Cheshmeh, Tran. The porphyry copper of Sar Cheshmeh is of

considerable interest because of the detail in which it has been studied.
ﬁaterman & Hamilton {1975) have presented an account of the geology. and i
Etminan {1977) has amplified this account and given a detailed treatment
of the relationships between fluids, alteration and mineralisation.

The country-rock andesite has been intruded by an elliptical

grancdiorite porphyry stock about which are developed concentric halges

of potassic, phyllic and propylitic alteration assemblages in order out~—

;axés, This is the classic zonation of Lowell & Guilbert (1970). The
distributions of Cu and Mo are likewise classically annular, if asymmetrie,
the highest grades corresponding epproximately with the contact of the ' '
grancdiorite porphyry. Inside and cutside the annuli, grades are lower,
but Cu grades are sub-economicz only in subsequent intrusions. The
largest of these is an intrusive breccia which clearly intersects the
mineralisation pattern and is characterised by the alteraticn of plagio~
clase to sericite. Four more sets of dykes were emylacgd, and these are
altered ané miner#lised to different degrees, the last set being,essant—
ially fresh and barren.

Mineralisation is associated with quartz weins, of which there are
four main generations. One is asgsociated with the main phase of mineral-
isation, anotﬁer is Iater, and two are found only in the propylitic zone.

In the main mineralisation phase, boiling salt-rich liquid is associated
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with potassic alteratlon. Salt-rich liguid gives way te boiling liguid E
of lower salinity {unsaturated at room temperature) at about BSOOC in
veins transitional between potassic and phyllic alteration. 3Similar
fluids were present at 240 -~ 315°C in the phyllic and propylitic zones.
COs is abundant, and is commeonly observed as a rim of ligquid in gas-
rich inclusions. Fluid-inclusion studies on guartz phenocrysts from
the intrusive breccia and from one of the later sets of dykes have
shown that boiling salt-rich liquids were also associated witﬁ these

intrusions. The intensity of mineralisation seems to be related to

the abundance of gas-rich inclusions, and Etminan suggests that this is
an indication of the amcunt of boiling that took place.

Hydrogen and oxygen iscotopes at Panguna. Ford & Green {(1%77)

publiished an iscotopic study of whole rocks, individual phylleosilicates %
and guartz from the open pit and the surrowmding area at Panguna. The
usual type of porphyry copper iscotope study, a comparison of the waters
which were in equilibrium with hydrous minerals and waters of magmatic,
meteoric and oceanic origing, is hampered at Panguna by the overlap in
the 6D values of presenthdaylmeteoxic water on Bougainville and magmatic
water. It was assumed that Pliocene meteoric water differed little from
present~day water. Thus, unambiguous interpretations of the data wer#
not possible. Although 6180 and $D of biotites from Panguna are similar
to those of other porphyry copper deposits, the waters involved could
Héve been derived from groundwater or from a magma. Likewlse, the
sericite~baaring assemblages could have formed in equilibrium with
magmatic water at 5&800 or meteoric¢ water at SGGOC, cr both {i.e. two
separate generations of seririte may be present). There is no isctopic
evidence for the presence of seawater or connate water. The 518G values

of vein guartz increase away from the intrusive centres, consistent with
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declining temperature. Whole~rock isctopic data help to resolve the
ambiguity of the biotite data by indicating that there is insufficient
184 depletion in the propylitic zone to match g purely metecric-
hydrothermal model. HNonetheless, the data for the propylitic zone are
consistent with the presence there of meteoric water. 8o an inner
magmatic~hydrothermal system flanked by a meteoric~hydrothermal one is

proposed by Ford & Green.
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CHAPTER TWO: GEQLOGY

The islands of Bougainville and Buka consist of a complex pile §
of volcanic rocks and sediments, the stratigraphy of which was estab-

lished by Blake & Miezitis (1867, and Table 2-1). The geclogical map

(fig. 2-1) is adapted from their work, as is the following description

of the geoclogy.

STRATIGRAPHY

The Kieta Voloanics: the sldest exposed formation, comprising

lavas (mostly andesite, but with some basalt and trachyandesite), pyro-
clastics {agglomerates, crystal tuffs and lithic tuffs} and widespread
sedimentary rocks [(poorly sorted sandstone, siltstone and conglomerate).
The latter are thought to he the products of erosion of old velcanoes

to give fan deposits, The sediments are apparently non-fossiliferous
except for limestone pebbles in a single conglomerate unit. Foraminifera
from the pebbles indicate a maximum age of lower Miocene.

The Buka Formation: sandstone, siltstone and agglomerate,

limited to Buka and nearby small islands. The Buka Formation and the

Kieta Volcanics are thought to be of similar age.

The Keriaka Limestone: an uplifted reef formation overlying the

Kieta Voleanies in central Bougainville. A fauna of foraminifera
indicates ah age of lower Miocene (Tertiary "e" stage).

Unnamed Volcanics: andesitic, dacitic and kasaltic lavas and

pyroclastics of uncertain oge, in central Bougainville.

The Bougainville Group: ardegitic and dacitic lavas, pyroclastics

and sediments derived from nine recognisable volcanic centres along the
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Fig. 2-1 Geology of Bougainville and Buka, after Blake &

Miezitis (1967).

Table 2«1

STRATIGRAPHY OF BOUGAINVILLE AND BUKA

Age

aternary

PiViﬁtOCQﬂé

Piiopene {?} to Recent
Migeene {?) to Pliocene ()
Lcwgr Mioceps "o staq%
Oligooene {2} - ?Ieishgapne F?}

Oligocene {?} to lower Miocens {7

tafier Blake & Miszitis, 1967%.

Unit
éilu;ium
Sohano yimestone
Bougainville Group
Unnamed volcanics
Xeriaka Fimestone
Diorite intrusives

Buka Formation
., $Buka I8,

rietz ¥Yolcanigs
{Bragainville Ts.)
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axis of Bougainville, and from other unspecified centres in the north
of the island. Activity has continued since the Pliccene. Of the
centres, Bagana is very active at present, and Balbi and the Loloru
crater of the Taroka complex azre conszidered dormant.

The Eohzno lLimestone: an uplifred reef formation on Buka,

Sohano Island and the north coast of Bougainville. The upper part
contains Pleistocene foraminifera, but the lower part may be consider-

ably older.

Quaternary Alluvium: occurs in broad expanses on the west coast

of Bougainville and in river deltas elsewhere. In addition, volcanic
ash of Quaternary age thinly covers much of Bougainville and Buka.

Dioritic Intrusives: numerous intrusive bodies intersect the

Bougainville Group, the unnamed volcanics and the XKieta Volcanics. The
plutons of the Crown Prince Range {(southeastern Bougainville) consist
largely of diorite, quartz-diorite and granodiorite, and those of north-
ern Bougainville consist of the former rock-types as well as gabbro,
syenogabbro, svenite and monzonite {Ford, 1976). Page & McDougall (1972}
have published K—Ar dates of 4 to 5 m.y. for the main Panguna intrusion,
and Webb {(reported in mlake & Miezitis, 1967) dated one specimen from
the Isinal intrusive of the southern Crown Prince Range at 5 m.y.
Hornfelsed volcanics and sediments are found as contact metamorphic

aureoles around most of the intrusions.

STRUCTURE

There is little evidence for folding; most dips are less than 15°.
These appear to be largely due to original attitudes in the case of
voleanic units and the result of tectonic warping in the cases of the

Keriaka Limestone {(dip about 30} and the Sohano Limestone {dip less than lo}m
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The detail of faulting is poorly known, but three major lineament
directions have been recognised: NW {the axis of Bougainville), NNW

(the axis of Buka) and W-WSW.

MINERALISATIOR

Gold, copper and pyrite mineralisation, of minor importance save
in the Pancuna area, is associated with several of the dioritic

intrusions.

GEQLOGY OF THE PANGUNA AREA

The stratigraphy of the Panguna area is given in Table 2-2
{s1lightly modified, after Macnamara, 1968). Macnamara's nomenclature
of the intrusisng is usea here, along with a few terms in ¢urrent use by
mine geologists {(Baldwin et al., 1978). Fig. 2-2 is the geological map
of the Panguna and Rupel areas {after Macnamara, 1968)}.

Copper mineralisation at Panguna ocours at or near the southern
contact of the Kaveronyg Quartz Dicrite with the Panguna Andesite. Only
pyritic mineralisation is found in the other local units of the Kieta
Volcanics, The pyrite in the Binivan Andesite Brgccia is congidered to
be deuteric by Macnamara {(1568).

The following descriptions of the rock-types in the area of copper
mineralisation have been adapted from Fouﬁtain {1972) unless otherwise
stated.

Panguna Andesite. There are two textural types: a predominant,

massive variety with abundsnt xenoliths, and a subordinate, finer-
grained, banded type with relict pyroclastic structures. Contact meta-
morphism (or hydrothermal alteration in the opinion of Ford, 1978} has

given rise to a hornblende-plagisnclase-magnetite assemblage within about




Table 2—2‘

STRATIGRAPHY OF THE PANGUNA AREA

Age Rock Units
guaternary River gravels O-50 ft.
Volcanic Ash D-100 ft,
Boulder Terraces 50 ft.
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Pliocene (7?)

P T e T Xty

Intrusive rocks

Nautango Andesite

¥aroona Porphyry and other parphyvry dykes
Biuro Granodiorite

Xaverong Quartz Diorite

- marginal phases:

1. Leucocratic Quartz Dicorite
2. Bicotite Dicrite
3. Biotite Granodiorite

Miocene
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Kieta Binivan Andesite Breccia Member (+1000 f£t.}
Volcanics Panguna Andesite Member (+3000 ft.}
Fermation Pinei Agglomerate Member {+1500 ft.)

Nairovi Siltstone Member {+1500 £t.}
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600 m of the Kaverong Quartz Diorite contact. Beyond 600 m, epidote-
chlorite—albite-K feldspar-calcite-pyrite becomes the dominant
assemblage, and beyond 1300 m, grains of fresh ignecus hornblende and
pyroxene appear. Later hydrothermal alteration associated with the
copper mineralisation has superimposed potassic and argillic assemblages
on to this zonation.

Kaverong Quartz Diorite is the predeominant rock-type of the

Panguna intrusive complex. Bquigzanular and porphyritic phases have
been distinguished. Where fresh, the eguigranular phase consists of
hornblende, zoned andesine and interstitial guartz and alkali feldspar.
The fresh porphyritic phase contains phenccrvsts of zoned andesine and
hornblende in a groundmass of quartz and alkali feldspar. ﬁydrotherma;
alteration has superimposed pxopyiitig {chlorite~epidote~-pyrite and
mincr ecalcite, sericite and albkite) and potassiec (biotite-plagicclase-
guartz-magnetite-sulphides and minor chlorite) assemblages. The
biotite-bearing assemblage occurs along the southern margin and in small
areas elsewhere; it is the Biotite Diorite rpckmtype of Macnamara's
(1968} classification.

Marginal Phases of the Kaverong Quartz Diorite. Numerous stocks

and dyvkes of altered quartz-plaglioclase-hornblende porphyvry intrude the
Panguna Andesite and the XKaverong Quartz Diorite (fig. 2~3). The three
main types, the Biotite Granodiorite, the Leucocratic Quartz Diofite

and the Biuro Granodiorite, differ only subtly from one another and from
the Kaverong Quartz Diorite according to original compositieon. Distinc-
tions are more evident when based on alteration stvle and relationship
to copper mineralisation. The Leucocratic Quartz Dicorite typically
C&ﬁtaiﬁs gquartz, andesine (replaced by albite and sericite), chlorite,

epidote and minor calcite, magnetite and hematite. It is richly
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mineralised {mere than 1% Cu). The Biotite Grancdiorite contains three
assemblages: 1 - biotite, plagioclase, quartz, sulphides; 2 - chlorite,
sericite, quartz, sulphides; 3 - guartz, sericite, ¢lay, sulphides.
Copper grades are low, but never less than 0.1%. The Biurc Grano-
diorite is distinguished by low grades of both alteration and
mineralisation. Unaltered hornblende is present, and the copper grade
is less than 0. 05%.

Smaller stocks and dykes in the vicinity of the mine have been
classified as follows:
{a) Peldspar and guartz-~feldspar porphyries, a group {possibly
comprising more than one gensration) of dykes marginal to the Kavefcﬁg
Quartz Diorite. These contain phenogrysts of plagioclase and guartz in
a fine grey groundmass.
(b} The diorite, a set of dvkes east of the Biotite Granodicrite. They
are not described in the literature but are recognised by mine
geologists., A single specimen described for this study contained 60-70%
of ragged plagioclase phenocrysts set in a fine, recrystallised quartz~
alkali feldspar groundmasg. The phenocrysts are turbid because of the
development of fine-groined alteration products, the coarsest grainé of
which appear to be sericite. Coarse epidote and chlorite replace
plagioclase sporadically. Recent mapping by mine geoclogists intefgxets
part of the area of Diorite {fig. 2-3) as Biotite Diorite.
{¢) Intrusive Breccgias and Collapse Breccias ogouy at the margins of
the Biorite Gxanddiorite and include fragments of Bioctite Granodiorite,
Biorite Diorite and Panguna Andesite. Baumer & Fraser {1975) report
that the matrix is usually c¢hloritic and in some cases carriss dissem~
inated sulphides. Iocally, the matrix consists of coarse pink =sanidine,

coarse green biotite, guartz and chalcopyrite (e.g. 103009), or actinolite
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and coarse crystals of apatite {(Baldwin e¢f gil., 1978).

{dﬁ Pebble Dykes, a set of steeply-dipping, NNE-NE fractures filled
with tabular bodies composed of rounded cobbles of the enclosing
rocks in an uwnmineralised matrizx of cominuted rock fragments, clay and
calcite. Some extend more than 500 m along strike, pinching and
swelling up to 10 m in width. At depth the pebble dykes become more
numercus and more continuous in plan.

{e) Nautango Andesite, a barren stock, elongate in plan, of fresh
hornblende andaesite. It crops ocut NE of the deposit and may be a sub-
voelcanic plug., It is 1.6 m.y. Glﬁ'{Pa§e & McDougall, 1572).

The Order of Intrusion. The establishment of the order of

emplacement of the marginal phases of the Xaverong Quartz Diorite is
fundamental to an understanding of the Panguna deposit because of the
different relationships between mineralisation and the various

intrusions. Two different orders have been proposed in the literature

{oldest first):

Fountain {1972} Raumey & Fraser {(187%)

1. ILeucocratic Quartz Diorite 1. Biotite Granodiorite
{Stage I Porphyry)

2. Biotite Granodiorite 2. Leucocratic Quartz Dicrite
(stage II Porphyry)

2. Biuro Grancdicorite 3. Biuro Grancdiorite
" {8tage III Porphvrvi

Fountain justified his version with the observations that a dyke of
Biotite Granodiorite, apparently detached from the main stogk, cuts the
Leucocratic Quartz Diorite, énﬁ that the Biurc Grancdiorite cuts all
mineralisation and alteration patterns in its vicinity. Ford (1976}

supported -Fountain's view, and stated that the geocchemical variation in

i
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the intrusive suite at Panguna is consistent with it. Baumer & Fraser,
in support of their hypothesis, cited 2z body of Leuccocratic Quartz
Diorite which cuts the Bicotite Granodiorite. All of these propositions
are open to question. The intersection of one intrusion by anothér is
evidently difficult to cbserve with certainty at Panguna; the examples
quoted here both depend on the identification of the rock-tvpes in

small stocks with those in the large Leucocratic Quartz Diorite and
Biotite Granodiorite stocks. Given the similarity of the initial
textures anﬁAcomgositicns of these rocks (g0 that the identifications
are based largely on alteration types which are not necessarily uwnique
in time and space)} such arquments cannot be regarded as conclusive .
Pord's geochemical data seem consistent with any hypothesis by %hich the
Leuwcocratic Quarte Dicorite, the Biotite Granodiorite and the Biure
Grancdicorite were emplaced in a group some time aftery the emplacement of
the Xavercng Quartz Diorite. The datz do not seem sufficient to place
the three marginal phases in order. A

Alteration. Fountain (1972) described the fcollowing five main
types of alteration at Panguna.

{i} Biotite altzration, in which secondary biotite raplaces
‘earlier mafic minerals. ¥K~feldspar may also be present. Biotite alter-
ation is pervasive in parts of the Kaveronyg Quartz Diorite and the
Riotite Grancdiorite, and the biotite occurs interleaved with chlorite
in these rock types. Elsewhere, biotite alt&xatioﬁ is a wallrock
effect only.

{ii} Chlorite-epidote alteration, whicﬁ is attributed to thermal
‘metamorphism as well as to hydrothermzl alteration in the Panguna
andesite {see above). It is alsc found in the Kaverong Quartz Diorite,
where it is pervasive near the orebody, and pervasively disseminated in

the Leucocratic Quartz Diorite.
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{1ii} Chlorite-sericite alteration, ococurring only in the Bioctite
Granodiorite. Chlorite replaces biotite, sericite replaces plagioclase
and groundmass alkali feldspar remains uwnaffected. Fountain suggested
that the c?lorite selvages of certain pyrite veins in the Panguna
Andesite might be equivalent to this alteration type.

{iv) Sericite-clay alteration, again only in the Biotite Grano-
diorite. Plagioclase is replaced by kaolinite and sericite.

{vl Clay-calcite, limited to faults post—dating the Biuro Grano-
diorite and to the matrix of the pebble dykes. It igs most intense near
the Biuro Granodicorite.

These types correspond broadly with the classical nomenclature of
porphyry copper alteration zones as follows: (1) with potassic, (ii)
with propylitic, (iii} with phyllic and (iv) and {v} with argilliic.
Fountain related their distribution to the temperature distribution at
the time of emplacement of the Biotite Crancdiorite.

Baumer & Fraser (1975} classified the alteration zones according

to the four classical types and suggested a more sophisticated scheme of

maltiple overprinting. They noted the asymmetry of the zones with respect

to the copper minerallsation, but recognised a gensral conformity with the

Lowell & Guilbert {(1970) model. Their tentative alteration sequence is:
{1} regional prapyiitisation, intense at the orebody margins and
decreasing inwards;

{ii} weak, pervasive potassic alteration with disseminated ore, centred
on the western part of the orebody and best shown in the Biotite Diorite
and Biotite Granodiorite. WNear the Teucocratic fmartz Diorite it is a
contact phenomenon.

(1ii} a fracture~contreolled potassic alteration assoclated with the
main ore-mineralisation phase. This grades‘into

{iv} fractufe~contrelled argillic alteraticn.
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Some argillic alteration belongs to an earlier phase which occurred
before copper mineralisation. '

Ford & Green have recognised the amphiholewplagioclase“magnetiie
assemblag&ipremdating copper mineralisation as an early hgdrothermal

alteration style. Baldwin et gl. (1978) added a late amphibole alter~

ation ~ actinolite and apatite in the spaces of a ¢cllapse breccia
northeast of the RBiotite Granodiorite - to the list of alteration
assemblages.

Fountain grouped the alteration assemblages into two sequences, a
regressive sequence {grade of alteration decreasing) from biotitg to
chlorite-epidote to fresh rock, and a progressive sequénce [grade
increasing) from biotite to sericite—chlorite to sericite-clay.

Foummtain's aﬁd Baumer & Fraser's work on alteration are combined
in fig. 2-4.

Mineralisation. Primary sulphides, mainly chalcopyrite, pyrite

and bornite, occur in wveins, in brececia fillings and as disseminations,
Baumer & Frasexr (1975) estimated that 80% of the mineralisation ogours
as veins or as wallrock disseminations around veins; most of the rest
is disgseminated sulpiiide associated with pervasive alteration. It isg
likely that even the disseminated sulphide and the pervasive alteration
are associated with the deposition of veins in a fluid=rich system, and
on this basis the history of veiﬁing ¢can be treated as the history of
mineralisation.

It has been evident to previous workers that the vein system is
complex, yet litﬁle headway nas been made towar&s’estabiishing a
sequence. Ten types were distinguished by Baumer & Fraser (1975) on the

basis of composition and habit, but it was reported that the age

relationships had been resolved only in very small areas. Fountain (1972}

proposed four stages of vein formation. The stages are distinguished
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according to the intersection relationships of veins and intrusions and
are therefore subject to the same criticism levelled at interpretations
of the intrusive history.

Secondary emrichment and oxidation of hypogene sulphides are of
minor importance at Panguna bécamse erosion is very rapid. Baumer &
Fraser {1975) stated that it is developed only under ridges and that
water-courses cut into the hypogene zone. Covellite and chalcocite coat
chalcopyrite and bornite in the supergene zone. Chrysocollsa, dioptase,
cuprite, malachite, chalcotrichite and native copper are the chief
products of oxidation. They are spectacularly developed in the higher
parts of the Inﬁgnaive RBreccias, where dense fracturing and hilgh copper
grades coincide. ‘

Supergene processes may also have been responsible for the gypsum
veinlets that replace anhydrite.

Structure. Abundént fractures are the predominant structural
feature at ?anguna; Fig. 5 of Baumer & Fraser (1975) is a map of
fracture density and orientation. Except for some modification near the
intrusions, fracturing confeorms basically to the pattern of faulting,

i.e. three steeply-dipping sets oriented WNW, N-NW and NE and another SE

set dipping 50~607. The faulting is related to the large-scale structurex

of Bougainville. Baldwin et ail. (1978) have divided the deposit into
four domains bagsed on the orientation of faults.

Comment. While many aspects of the geology of the Panguna
deposit are now well-known, the detailsd history of the deposit remains
unclear. In this study, an attempt has been made to rectify this
situation (see Chapter 8) starting with data on tﬁe velin system as
primary material and using it to gain information on the intrusive and

alfteration histories.
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CHAPTER THREE: THE VEIN SYSTEM

The principal vein types, classifled according to their compogition,
‘are listed in Table 3-1 with detailed mineralogy. It seems clear
{Fountain, 1972; Ford, 1976) that the sequence amphibole-magnetite-
gquartz (group Va of table 3-1), then Cu, Fe mineralisation {group Vb),
then pyrite-clay (group Vec), then gypsum (group vd) applies to the whole
deposit. However, there remains considerable uncertainty about the
order within group'Vb. Daspite the excellent exposure in the faces of
the open pit, it was difficult to find satisfactory evidencevef the
order of formation of the various types of veins. It is evident in the
field that there are several generations of guartz - Cu,Fe sulphide
veinsg [type i of Table 3-1], and that the number of generations varies
from place to place in the orebody. EBvidently, the history of the
deposit is complex, and differs from one area to anothgr. Other vein—-
types are relatively umcommon: or limited to certain areas, or both,
so that few intersections are found. Many of thege are unclear, and
most c¢clear relationships may be of local gignificance only (because
similar veins may have been generated at other times in other areas).
¥No clear inter-vein relationships‘waxe found for types (xii) to (xiv) of
Takle 3-1. Therefore these have not been c¢lassified in terms of the
groups Va - Vd. The evidence gathered for the other types is discussed
below and summafiseé at thé erd of the chapter.

The density of guartz veining [most quartz veins are type (ii),
and others mainly type {iv)] was measured at many of the sample locations
in the pit. The number of vein intersections per metre was counted along
a horizontal line through the sample point in the face. The digtribution
map {fig. 3-1} has been divided into regions of greater and lesser vein

density at the 2 veins/m contour in order to emphasise these features:



Table 3-1
CLARSIFICATION OF VEINS AT PANGUNA

Croup Type Ore Mineralogy Gangue Mineralogy
Va {i)  Amphibole-Quartz mt qtz, hbl, plag, sphene
{ii) Quartz-Cu,Fe sulphide {iia and b) écp, bn, py, hm, mt, qtz (X£, bt, anh)
: {iia) massive with disseminated mbd, rut. (sp, gn, dig, teﬁ,
sulphide brav, stan, po, Cd4S)
{iid) with a central partzng
(iii) Anhydrite ccp, bn anh (qtz}
Vb {iv) CQuartz-pyrite py {cep, sp, mes) qtz, {chlorite}
{some with QP fluid association)
{v) Thick, massive pyrite py (ccp)
{(vi} Pyrite t bleached selvage ey (cep) . qtz
(vii) Discontinucus sulfide Py, ocp, mhbd (qtz)
Vbt {viii) .habazite-bearing mbd, py qtz, chabazite
ve | (ix) Sphalerite-pyrite sp, Py, c¢cp, gn, ten (hmj carbonate, (gtz)
(x} Pyrite-clay Py kaolinite
vd (x1) Gypsum gypsum-
{xii) Barren quartz qtz
7 {xiii) Calcite calcite
{xiv) Vivianite Py vivianite
Explanation: Groups Va to Vd are listed in order from cldest to youngest, This order is applicable to the whole deposit,

Hineral name abbreviations: anh =

Within groups Vb and Ve, no general sequence applies to the whole deposit and the vein types are listed in the
order in which they are discussed in the text.

discussed in the text.

v

anhydrite; bn = bornite; brav = bravoite; bt
greenockite or hawleyite; dig = digenite; gn = galena; hbl =
mhd = molybdenite; mes = marcasite; mi =
gz = guurtz; rvut = rutile; sp = sphalerite; stan-=

magnetite; plag

For groups Vb and Vc ordering of local significance is

stamnite; ten = temnantite.

= biotite; cep = chalcopyrite; 048 =
hornblende; hm = hematite; Kf =

= plagioclase; po = pyrrhotite; py =

K feldspar;
pyrite;

either




300m

Fig. 3-1

Density of guartz veining. The numbers are the number
of guartz veins per metre {(measured for a horizontal
line on the pit face). The outlined, hatched area
denotes more than 2 veins/m. Geological contacts and
outer 0.3% Cu contour as in fig. 2-3.
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{1} the correspondence of decreasing vein densgity and decreasing copper
grade south and east of the deposit;

{(2) the sparseness of veining within the Biotite Granodiorite and the
Biurc Granodiorite. Vein densities in the Kaverong Quarﬁz Diorite
eould not be compared with the other measurements. Although the
inspection of diamond drill holes suggested a very low veining density,
zecoount must -be taken of the steep dips of most of the veins in the
deposit (Baumer & Fraser, 1975) so that counts along the steeply-
plunging lines of the drill-holes would not be comparable with
‘horizeontal linear integration.

Even those measurements made in the open pit are subject to
difficulties because the orientation of the pit face varies with respect
to the preferred attitude of the veins (of which there may also be
gseveral sets , each with its own attitude). The volume of quartz
veining, perhaps a more useful parameter, cannot strictly be related to
the data in fig. 3~1 becsusse no account has been taken of the widths of
the veins.

The following sections are descriptions of the various vein-
types, considered in the order of Table 3-1. Obhservations on wallrock
alteration are included with the descriptions. Most attention has
been given to alteration associated with the guartz-Cu, Fe sulphide
veins, but a few specimens of the other vein types were also examined.
¥o attempt has been made to duplicate the extensive studies of Fountain
{1972}, Baumer & Fraser (1975) and Ford (1976} who have contribkuted to
the present understanding éf the Zérgeuscale distribution of alteration
types. On the smaller scaie of individual vein selvages, the possibili-
ties of superposition of various phases of veining and alteratiom are

many, so that in order to understand fully the relationships between
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fluid properties and wallrock alteration, the selvages of representative

veinsg from the fluid inclusion sample 5et must be examined.

{i) AMPHIBOLE-MAGNETITE-QUARTZ VEINS

The single example (103049) studied in detail here has no sharp
boundaries, but is distinguished from its host Pangquna Andesite (heré
largely an amphibole-plagioclase-magnetite assemblage with biotite
replacing some of the amphibole) by a central concentration of relatively
coarse~grained amphibole with lesser amounts of plagloclase, magnetite,
guartz and sphene {fig. 3-2). This is set gn a Felsic margin of
plagioclase with minor sphene, magnetite and apatite. In the same
sample, there is a narrow vein of amphibole and magnetite only. This
velin apparently pre-dates the alteration=-product amphibolé iﬁ the wﬁllw

rock.

{ii) PART 1l: QUARTZ-Cu,Fe SULPHIDE VEINS -~ OCCURKENCE AND MINERALOGY

This broad class of veins furnished most of the material studied.
The veins range in thickness between 0.1 and 25 cm and vary in habit.
Some consist of massive quartz with disseminated sulphides {type iia),
othﬁﬁﬁ héva a ﬂentral'parting which may be empty, or contain massive
Cu,Fe gulphides or detached grains of sugary gquartz {type iib). Thick
veins may exhibit a combination of habits. Similar material occurs in
the matrix of certain breccias (e.g. 1030092, 103023) and lining vugs in
the intrusive rocks (Fountain, 1972},

Type {il) veins cut type (i} veins, and certain type (ii} veins
are cut by types {(iv), {(vi}, {vii), (ix) and ({x). In the open pit,

type (ii) veins cut all rock units except pebble dvkes. Near the




Fig. 3-3 Quartz-Cu,Fe sulphide veins (type ii) in the Leucocratic
Quartz Diorite. A type {iibk) vein (AB) with a central
seam of chalcopyrite cuts a network of type (iia)
veins with disseminated chalcopyrite,

Pig. 3-2 Photomigrograph of an amphibole-magnetite-quartzs
: vein (103049), plane polarised light. a = amphikole,
s = sphene, black = magnetite, white = guartz and
plagioclase. The black circle is a bubble in the
Canada Balsam. .







34

Leucocyatic Quartz Bi&?it& contact a group of type (iia) veins parallel
to the contact appears to be contemporaneous with gilicate melt. These ;
veins are sharply defined in the country rock {Panguna Andesite), but
in the stock, within 1 m of the contact, lose their definition and
merge with the intrusive rock. Another set of veins, type (iib),
clearly cuts these and other type {iia) wveins and the stock (fig. 3-3).

Lawrence & Savage (19751, in their discussion of the hypogene ore
mineralcgy at Panguna, did not distinguish the various types of veins
but most of thelr descriptions appear to apply to type (ii) veins or to
mineralised wallrock of the same generation; thelr work is referred to
in this section on that aasumﬁtian.

Copper—iron sulphides. Chalcopyrite and pyrite are the pre-

dominant sulphides in type (11} velns and in the deposit as a whole, but
are not the only Cu,Fe sulphides present. The assemblages of type {ii;
vains make up a compositional series from bornite-digenite to bornite-
chalcopyrite to chalcopyrite alone, to chalcopyrite-pyrite. Pyrrhotite
is present as inclusions in pyrite and chalcopyrite in 103025,

Lawrence & Savage also report an assemblage Eearing hypogene chalcocite

with bornite, chalcopyrite, digenite and pyrite. Two or more of the

assemblages above may ocour in the same specimen, but showing a replace~
ment texture (e.g. chalcopyrite replacing pyrite in many veins) or
occurring separately {as in 102619, where the pyritg and bornite are in
different grains). Othexwis&, pyrite and bornite were not seen togsther
in this study. In the chalcoocite~bearing specimen mentionsd above,'the
pyrite is clearly replaced by the other sulphidesz {ses Lawrence &
Savage's fig. 5). In the specimens used in this study, chalcopyrite

has commonly been chserved replacing pyrite (fig. 3-4); textures
indicating other relationships ars doubtful at best. Chalcopyrite and

bornite occur as intergrowbths and as exsolutions {some eutectoid)



Fig. 3-4

¥Fig. 3-5

Fig. 3-6

Photomicrograph of chalcopyrite (medium grey) and
sphalerite (dark grey) replacing skeletal pyrite
{light grey) in specimen 103034. Black areas are

surface imperfections. Plane —polarised reflected
light.

Photomicrograph of chalcopyrite {(light grey) and
bornite {(dark grey) in 103047, showing intergrowth
and eutectoid exsolution texture. Black areas are

surface imperfections. Plane-polarised, reflected
light.

Photomicrograph of bornite (dark grey) and digenite
{light grey) showing intergrowth and eutectoid
exsolution texture, and veined by tennantite (ten)
in 102594. Black areas are surface imperfections.
Plane-polarised, reflected light.
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{fig. 3=5), as do bornite and digenite (fig. 3-6) and bornite and
covellite. The distribution of bornite, based on microscopic observa-
tions, 1s shown in fig. 3-7. At hand-specimen scale, only two bornite
ocourrences vere evident: 1025%4, a broad, complex vein near the
Leucocratic Quartz Diorite, and 103023, a breccia filling from the area
between the Biotite Granodiorite and the Biuro Granodiorite. As assoc-
iation of bornite with the Leucocratic Quartz Diorite iz strongly
suggested by the wmigroscopic work: apart from this, there seems to be no
system to the distribution of Cu,Fe sulphides.

Iron oxides, Both hematite and magnetite are widespread in
type {ii) veins or theilr selvages. Magnetite, although abupdant in
wallrock adjacent to these veins, lg found as a hydrothermal fracture-
filling in relatively few type {(ii) veins. Wallrock magnetite commonly
appears to be of sarlier origin {igneocus, or a product of the amphibole-
magnetite alteration) than these veins, and it is frequently replaced by
patchy hematite. In 103008, however, magnetite in the wallrock is inter-
grown with chalcopyrite {fig. 3-9). Hemaiite, conversely, is not
8ban§ant, but it is present in a majority of specimens in the form of
minute solid inclusions, or as a daughter mineral in fluid inclusions in
the guartz (see Chapter 4). It is commonly not visible in polished
sections of these specimens, but in 103007 and 103014, specular hematite
is visible in the polished section, intergrown with chalcopyrite in ’
103007. Lawrence & Savage {1975} also report intergrowths with bornite,
malybdenite and pyrite.

Rutile occurs abundantly in at least three wodes: included in wvein
quartz, intergrown with other ore minerals and intergrown with secondary
chlorite. Lawrence & Savage considered it to be of hydrothermal origin,

and suggested that it formed by direct precipitation or as a result of




Fig. 3-7 HMap of bornite and sphalerite occurrences in guartz=-
Cu,Fa sulphide veins. Geological contacts and ouber
0.3% Cu contour as in fig. 2-3.

Fig. 3~8 Map of molybdenite ovcurrences. Geological contacts
and outer 0.3% Cu contour as in fig. 2-3.
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_the chloritization of titaniferous biotite (Pangqunz biotites contain
up to 4.2% Ti0p according to Ford, 1978). Twutile may also have formed
by the alteration of sphene from the earlier alteration assemblage
consisting principally of amphibole, magnetite and plagioclase.
Molybdenite is frequently observed, but in small quantities. It
is most abundant in the Leucocratic Quartz Diorite. Fig, 3-8 shows
all sample sites at which melybdenite was seen in quartz-Cu,Fe sulphide
veins (but not necessarily in the samples taken for this study); it is
COmmon aroundAthe Leuncocratic Quartz Diorite. It occurs intergrown with
chalcopyrite {fig. 3-10} and alsc with bornite, hematite, chalcocite,
rutile and pyrite {lawrence & Savage, 1975}.

Other ore minerals. Sphalerite ogours intergrown with chalco-

pyrite in four specimensA(103014, 103034, 103035, 103037 ; zee fig. 3-7).
Lawrence & Savage report it intergrown also with hematite. Bornite is
associated Qith a vagiéty of snlphides‘ané aulpﬁosalts. Yeins and
patches of tennantite and small inclusions of Zn-hearing stannite,
bravoite and galena occur in 102594, galena, sphalerite and greenockite
in 103019. The minerals were identified by electron microprobe and the
Cds polymorph by reference to fluid inclusion temperatures (Chapter 5)
and the data of Tauson & Chernyshev (1977). ILawrence & Savage also noted
native bismuth and wittichenite in bornite., Cold {or electrum with 10 to
16% Ag), observed as inclusions in chalcopyrite by Lawrence & Savage,

was not seen in sgpecimens used in this study.

Gangue minerals. guartz is by far the most important gangue

mineral. Sanidine ig found as a fracture filling in few cases (e.g.’
102998) and in the Intruslv> Breccis matrix (103009) with biotite. The
ocourrence of anhydrite is discussed below. Calcite occurs in lozaes,

but it is not certain whether it is of primary or secondary origin.




Fig. 3-9

Photomicrograph of opagque grains in a vein selvage
{dark background}. Magnetite {(darker grey) is
replaced by chalcopyrite (lighter grey) and hematite
(lighter grey indicatred by white lines). Specimen
103008. Plane-polarised, reflectad light.

Fig. 3~10 Photomicrograph of a molybdenite-chalcopyrite (¢}

Fig. 3~-11

intergrowth in 102661. Reflected light, nicols half-
crossed.

Photomicroaraph of specimen 103014, Pyrite {lightest
grey) is replaced by chalcopyrite {medium grey}

and sphalerite {(darkest grey). Black areds are
guartz and secondary covellite. Plane-polarised,
reflected light.
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Other minerals from the wallrock alteration assemblages 3ls0 ooour as
vein minerals, but their occurrence is better treated in the context

of alteration.

{ii} PART 2: ALTERATION ASSOCIATED WITH QUARTZ-Cu,Fe SULPHIDE VEINS

As well as forming selvages to the veins, the typical alteration-~
product silicates are found intergrown with, and as inclusions in, vein
quartz. The examination of these is a valuable supplement to the study
of the selvages, where mineral relationships are more difficult to

interpret. A mineral regrésenta& by inclusions in guartz may even he

absent from the selvage because of later superimposed events.

Fountain (1972) noted that all potassic alteration in the Panguna

Andesite was wallrock alteration rather than pervasive alteration, although
the 2 om or less width oflselvage in the thin sections used in this study
wag insufficient to expose the edge of potassic alteration {i.e. the
appearance of amphibole). As revealed in thin section, the sslvages

are stractured and inner and outer bands of different wineraloyy can

commonly be recognised. The observations for 30 guartz-Cu,Fe sulphide

veins are summarised in Table 3~2. "The distribution of albite and
sericite as alteration products is shown in fig. 3-12.

The interpretation of certain specimens is difficult. For instance,
in 103022 the thin (<1 mm} inner selvage rich in K-feldspar contains also
gericite and chlorite. 7These may be replacing the K-feldspar. The
gquartz adjacent to the vein wall contains inclusions of biotite which no
longer cccurs in the immediate selvage, but which reappesars, mostly
replaced by chlorite, at zbout 8 mm from the vein wall. Two assenblages
{at least) are therefore apparently associated with a single vein, and
it is not clear whether one gﬁ%&uﬁilyﬂchanging fluid or two or more

distinct fluids were involved.
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The following are cobservations which have.baan made for inaiﬁidual‘
mineral specles,

Biotite. Brown and rarely green {103001} varieties occur.
Inclusions enclosed by vein guartz near the vein wall are very common,
and indicate that the fluids that deposited early guartz were in eguil-
ibrium with biotite. 1In 102609, 102612, 102999, 103003, 103007, 103010,
103012, 103022, 103025 and 103035, the alteration products immediately
adjacent to the biotite-bearing quartz contain qnly vestigial biotite
(replaced by other minerals) or none at all. Biotite is commonly present
in the outer selvage in such cases.

Sericite, Thiﬁ mineral occurs in 16 of the 30 sections. In
the Biotite Granodiorite and the Leucocratic Quartz Diorite, its
distributicn corresponds with earlier workers' sericite~bearing alteration
zones {(cf. figs. 2<4 and 3-13). Sericite is alsc found in specimens from
the south-western edge of the deposit, wh&xa it may represent a narrow
zone of transition from potassic to propylitic alteration. Sanidine and
saricite formed together in 102998, and probably also in 103006, 103008,
103012 and 103014. Sericite and albite were formed in eqnilibziu# in
103024, 103028 and preobably in 10300B. Sericite and quarts are the only
alteration products in the selvage of 103021.

Albite, The first occurrences of*aihite {Aby5-Abjgp) in vein
selvages occur on the orebody side of the potassic-propylitic boundary
{as shown by Fountéin, 1972}, In 103003, 163§2$ and 103026, the albite
is fognd in the inner selvage and the (?) outer selvage consists of
intensely bioctitised rock. In 103028 and 102999 albite is more intensely
developed, with chlorite. a cheguerboard twin-pattern is characteristic.

¥K~-feldspar. Most veins which save only potassic alteration
asgemblages in their selvages are rimmed by K—feléspar which is succeeded

outwards by biotite. The optical properties, particularly the low 2V,
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correspond with those of sanidine. Red saiid inclusions, presumably
hematite, are in some cases present and linear, oriented gas-rich
inclusions are abundant. Sanidine, with guartz and opague minerals,
forms discontinucus veinlets in 102998 {cf. Gustafson & Hunt, 1975,
vein-type A which they suggest formed in almost-crystallised rock).
K~-feldgpar has also been detected by electron microprobe analyses beside
veins from the southwestern edge of the deposit. It is assoclated
with albitg in these, but individual grains cannot be distinguished
optically. The relatiénship of the two phases 1s uncertain.
Chlorite. This mineral has a large number of modes of ococurrence:
- with the central guartz of certain veins (e.g. 102636, 103000, 103015,
103031}, commonly with epidote.
- veining guartz (103003}, with calcite and epidote.
- included in quartz {(103035).
- as a thin inngr selvage replacing a potassic assemblage, with albite
(103028, i030?9) or alone (103000} or with epidote (102609, 102619).
- replacing clots of epidote crystals (103007).
~ in a thick selvage of propylitic mineralogy (103035) or with albite
and sericite {(1030238).
- in ecutexr selvages containing biotite, either replacing the biotite or
interleaved with it.
Many of these modes suggest that the chlorite is later than the quartz-
Cu,Fe sulphide - potassic alteration event, but this is not so in 103028,
10302% and 103035, and possibly 102%9%9, 103008, 103025 and 103026. The
optical properties of chlorites vary widely, but no systematic stu&y’
has been carried out. Tha chlorite in 102992 is notably different from
others at Panguna in exhibiting strong zonation of anomalous interference

colours, which vary from blue-grey to brown and bright vielet.
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Epidote occurs only as mentioned in the paragraph on chlorite.
Anhydrite is found as an alteration product only in the north-
western part of the deposit, where unsheathed anhydrite algo survives
as a vein mineral. Altboﬁgb anhydrite was certainly deposited in most
of the rest of the Qrabody, there is apparently no textural evidence of
leaching and replacement of anhydrite in the alteration assemblages there.

Opague minerals in alteration assemblages. Hagnetite, presumably

predating guartz-Cu,Fe sulphide mineralisation, is commonly rimmed by
fine-grained hematite near the veins, but it is difficult to tell whether
this hematite is of supergene or hypogene origin. Near the vein in
103028, magnetite is extensively replaced by relatively coarse hematite
and rutile which are certainly hypogene. Chalcopyrite replaces magnetite
in 102612; in 102609 chalcopyrite, rutile and magnetite are intergrown.
Pyrite is frequently seen in wallrock adjacent to wveins, and in 103010
and 102998, it is replaced by chalcopyrite. Bornite and molybdenite are
uncommon; they occur in the wallrock ({actually clasts) of the Intrusive
Bregcia 103023, |

Of relationships between opaque minerals and silicates, the
association, already noted, of rutile and chlorite is the most prominent.
Disseminated chalcopyrite replaces igneous minerals (e.g. plagioclase in
102609) but not alteration products {(biotite iIn 102609).

Sumary. Careful observation of alteration assemblages of the
immediate selvages of quartz-Cu,Fe sulphide veins indicates that the
fractures have carried either distinct fiuids at different stages, or a
‘single fluid of changing chemistry. The general association of potassic
alteration with quartz-Cu,Fe sulphide wveins (Fountain, 1972) still
stands, despite the few apparent exceptions. The occurrence of other
alteration types alsc follows Fountain's scheme. The common occurrence

of K~-feldspar, with or without sericite, in the inner selvages (whereas




Fig. 3-12 Hap of ocecurrences of sericite and albite in alter-

ation assemblages of guartz-Cu,Fe sulphide veins.
Geological contacts and outer 0.3% Cu contour as in
fig. 2-3.

Fig. 3-13 HMap of occurrences of anhydrite veins, chabazite-
bearing weins, pyrite-clay veins and sphalerite~
pyrite veins. Two symbols separated by a slash
indicate a wein fitting two categories. Geclogical
contaxts and outer 0.3% Cu contour as in fig. 2-3,
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sericite without K~feldspar occurs only once) is an important observation
which will be cited in discussions of the alteration chemistry
{Chapter 10). The appearance of albite appears to be assoclated with the

boundary of the ore-zone to the southwest.

{1ii} ANHYDRITE VEINS

wWhite and purple anhydrites occur as veins at‘&epth in the north-
wagstern part of the deposit {(fig. 3-13). Samples were obtained only
from diamond drill-core. They contain also gquartz, chalcopyrite, bornite,
and secondary gypsum. They cannot be related to other vein-types except
by inference: solid inclusions of anhydrite occur in the quartz and
sulphides of gquartz-Cu,Fe sulphide veins. Anhydrite, quartz and sulphides
were all deposited by the same fluid, but the anhydrite has been removed
by groundwater except where sheathed hy an insoluble mineral or where it
sealed the rock sufficiently to exclude water. Gustafson & Hunt (1975)
reported the latter phenomenon in the El Salvador deposit, Chile, The
northwestern part of the Panguna deposit is such a sealed area, and the
anhydrite so preserved occurs both as a wallrock aitératian product
{replacing plagioclase and biotite in 102675} and as veins containing
also small quartz crystals. The solution of anhydrite containing small
gquartz crystals may give rise to the sﬁg&ry gquartz habit degcribed for

certain quartz-Cu,Fe sulphide veins.

{iv) QUARTZ~-PYRITE VEINS

In the field, a set ~f quartz-pyrite veins was distinguished from
quartz=Cu,Fe sulphide veins by the apparent absence of ore ninerals other
than pyrite and ommonly) by the milkiness of the quartz. Subsequent

studies of fluid inclusions and mineragraphy have led to the
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reclassification of a few specimens as quartz-Cu,Fe sulphide veins., The
distinction of a class of quartz~pyrite veins is nonetheless justified;
in 103015 and 103028 gquartz and pyrite were deposited on to previous
fracture-fillings of quartz~Cu,Fe sulphide. In these cases, the quartz-
pyrite was distinctive in containing neither chalcopyrite nor two types
of fluid inclusion characteristic of the quartz-Cu,Fe sulphide £illing.
Iﬁ otﬁer cases, however, minor amounts of chalcopyrite and molybdenite
occur and the distinctioﬁ is justified by fluid inclusions alona (see
Chapter 6). In 10391& the pyrite crystals have many complex facets with
polygonal striae, and are veined by chalcopyrite, sphalerite and marcasite.
The class of quartz-pyrite veins probably comprises at least three
different generationg of veing: those from outside the deposit {193543.
103044, 103045), those which seem to form 2 halo to the Leucocratic
Quartz Diorite (see fig. 6-4) and others such as 103015 and 103028 from
within the‘deposit. No distribution map ls given, since many of the
veing sampled have not been studied in sufficient detail to confirm their
identity. 1In 10301% and 103028, the wallrock alteration is considered to
belong to the quartz~Cu,Fe sulphide mineralisation phase. The guartz-
pyrite generation of quartz in 103015 is asséciate& with chlorite. The
selvages of two veins from far outside the deposit were examined. In
103044, the selvage ig rich in chlorite, and chlorite and epidote ogcur
intergrown with vein guartz throughout the wvein. The chlorite replaces
highly altered rock probably consisting largely of quartz and feldspar.
In 103045 there appears to have been a sericitic selvage, although A
little is preserved with the thin section.

In the orebody, quartéwpyrite veing are younger thah some guartz-
Cu,Fe sulphide veins around {but not in) the Leucocratic Quartz Diorite,
where clear inter-vein relationships were seen. Where guartz-pyrite
ocours as a sécond fracture filling it is also younger than thelfirst

fracture filling of guartz-Cu,Fe sulphide.
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{vi THICK, MASSIVE PYRITE VEIN

A single example {103474), over 30 cm thick, was found near a
contact of the largest Leucocratic Quartz Diorite stock {fig. 3-14).
It consisted of massive pyrite with occasional vugs and a very small
amount of included chalcopyrite. No contigucus wallrock was obtained.

No other veing were observed to intersect this vein.

{vi} PYRITE * BLEACHED SEINAGE

Thin pyrite veins occur along two arces (fig. 3-14}, one peri-
pheral to the southern margin of the orebody, the other encirecling
the Leucocratic Qua#&z Diorite. The two examples to the north of the
deposit may lie on an extension of the former arc, or may belong to
yet ancother group, Most of the veins éontain only pyrite, but a vein
of chalcopyritevwith a bleached selvage may also belong to this class.
In 103470 small quartz crystals project into the pyrite from the
margin, and the bleached selvage of altered wallrock consists of gquartz
and sericite.

Around the Leucocratic Quartz Diorite, with which one set of these
veing appears to he contemporaneous, thin pyrite veins cub gquartz-pyrite

and quartz~Cu,Fe sulphide veilins.

{(vii) DISCONTINUQUS SULPHIDE VEINIETS

Fractures containing discontinuous £illings of an§ or all of
pyrite, chalcopyrite and moiybdenite, some with minor gquartz (103466)
occur in what may be a ring around the Leucocratic Quartz Diorite
(fig. 3~15}. The wallrock alteration.effects of two specimens are

clearly later than biotite alteration (103466, 103467) and amphibole-




Fig. 3-14 Map of occurrences of thin pyrite wveins and the
thick, nmassive pyrite vein. Geological contacts
and cuter 0.3% Cu contour as in fig. 2-3.

Fig. 3-15% Map of the occurrences of discontinuous sulphide
veinlets. Geological contacts and cuter 0.3% Cu
contour as in fig. 2-3.
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plagloclase~-magnetite alteration (103468). In 1034867, where the same
fracture seems to have controlled biotitisation, bioctite is largely
x@ﬁlaceﬁ by chlorite along a thin chlorite-plagioclase selvage. In
103486 chlorite replaces plagioclase, and epidote and chlorite replace
biotite in the selvage of the veinlet. The intervein relationships
between type (vii) and others give conflicting information., but the:
relationship with the Teucocratic Quartz Diorite suggests contempor—

angity with that intrusion.

{viii) CHABAZITE-BEARING VEINS

Rare veins bearing chabazite were noted south of the deposit
{(fig. 3=13). Molybdenite is intergrown with the chabazite of 103040,
which also contains quartz and pyrite. Wallrock zlteration was not

examined.

{ix) SPHALERITE-PYRITE VEINS

Sphalerite and pyrite are the main components of an uncommon, but
widely-distributed vein type (fig. 3-13). Chalcopyrite, galena and
tennantite may also he present {(fig. 3-16}. The pyrite characteristic~
ally includes radiating arrays of specular hematite blades (fig. 3-17).
pDuartz, calcite and si&erite'ganguaa ware observed.

The paragenetic sequence is made up of several stages. Carbonate
in 103480 is replaced by the sulphides. Hematite and pyrite seem to
have been concurrent throughout, and sphalerite and galena were also
deposited teogether. Chalcopyrite replaces sphalerite in 103042,
Sph&l@zite and chalcogvrite replace pyrite, except in 103480 where some
grains show several cyoles of pyrite and sphalerite. Tennantite in

103480 replaces pyrite and may be in eguilibrium with sphalerite.




Fig. 3-16 Photomicrograph of specimen 103480. Pyrite (p)
is replaced by sphalerite (s}, chalcopyrite (¢)
and tennantite (t). cg - carbonate gangue.
Black areas are surface imperfections. Plane~
polarised, reflected light.

FPig. 3~17 Photomicrograph of pyrite containing radiating

blades of hematite, specimen 103475. Black areas

are surface imperfections. Plane—-polarised,
reflected light.
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Brecciation took place after the deposition of all sulphides, and in
103048 was succeeded by the deposition of barren quartz, The veins in
several cases occur in minor fault zones in which there is clay, and
rovement along the fault after gulphide deposition may have led teo the
brecciation.

Because of the association with argillaceous fault zones, contig-

uous wallrock is hard to obtain. The sphalerite-carbonate vein in 103473,

is marginal to a ¢uartz-Cu,Fe sulphide vein with biotite inclusions, and
the chlorite which cuts the guartz vein may be an alteration product

assoclated with sphalerite deposition.

{x) PYRITE-CLAY VEINS

Pyrite and clay occur in many minor faults, widely distributed %
in the Panguna grea but particularly concentrated (according to the
sampling pattern used here) along the southern margin of the deposit
between the Biuro Granodiorite an& the lLeucocratlic Quartz Diorite
{(fig. 3-13). Some contain guartz. 103042, identified as & pyrite-clay
vein in the field, was later found to contain chalcopyrite, galena aﬁd
sphalerite in addition to pyrite, and the pyrite was found to include a
little specular hematite. Thus it bears some resemblance to type {ix)
veins. In 103477, however, only pyrite was cobserved. It is'suggested,
because of the certain degree of similarity, that the formation of

pyrite~clay and sphalerite-pyrite veins may be closely related.

(xi) GYPSUM VEINLETS

veinlets of gypsum are found only with anhydrite {(e.g. 102675,
102676) . They are thought to be the product of supergene hydration of

anhydrite.



{(xii} PBARREN QUARTZ VEINS

Barren gquartz veins were recognised as an early (pre-amphibole
vein} generation of veins by Fountain (1972). OFf the barren quartz
veins sampled for this study, not all were early. Those suitable for
fluid inclusion study proved with one exception to be indistinguishable
from quartz-Cu,Fe zulphide veins in their inelusioa assemblages. They
are therefore classified thus, leaving only the guartz healing the

brecciated sphalerite-pyrite of 103048 in category (xii).

(xiii) CALCITE

Vein calelte, as well as occurring in vein types {ii)} and (ix),
has been noted as & second fracture f£illing in 102010 and 103468. In
both, fine dogtooth crystals have been deposited on to earlier quaftz
bearing chalcopyrite in 103010 and (?) chalgocite in 103468. Several
sources for the calcite can be suggested: hypogene, associated with
ciay—calc;ta or propylitic alteration, or supergene, replacing anhydrite
and gypsum. There are gypsum and calcite zones {[Baumer & Fraser, 1975},
the top of the calcite zone being generally above that of the gypsum
zone. Since the boundary surfaces of the zones follow the topography

to a degree, it is likely that the zoneg are of supergene origin.

{xiv) VIVIANITE VEINLETS

Blue vivianite, coarsely crystalline or earthy, cccurs in a heavily

fractured zone of the Bicotite Granodiorite {103469). It apparently
replaces pyrite and may be a supergene phenomenon since it occurs near
the topographic surface. Hydrothermal apatite is prokably the scurce of

the phogphate. Baldwin et ¢l. (1978) have noted vivianite veinlets in

& Collapse Breccia bearing apatite northeast of the Biotite Granodiorite.
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SUMMARY OF OBSERVATIONS ON VEIN ORDER

For group Vb, the vein distribution maps suggest that the emplace-
ment of the Leucocratic Quartz Diorite and the formation of type (vii)
and certain type (vil veins were associated. Evidence suggesting that
certain type (iv) veing were also associated with this event is
prresented in Chapter &. Inter-vein relationships suggest that within
this group of associated phenomena, the order was {(iv) first, then {vi),
both post-dating some type (ii) veins not necessarily related to the
Leucocratic Cuartz Diorite. Within the Leucocratic fuartz Diorite
itself, two generations of type (ii) veins ~ first (iia), then (iib) -~
took place. In other places, type (iv) veins succeed type (ii).

In group Vo, brecciation, and probably the introduction of clay,
post-date the deposition of sgphalerite and pyrite. The common assoc-
iation of sphalerite-pyrite with brecciation and clay suggests that all
are closely related phenomena.

Vivianite (xiv) and certaln calecite (xiii) veins may bélong to

group VY4 supergene veins.
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CHAPTER FOUR: FLUID AND SOLID INCLUSION STUDIES

GEWERAL

The measurement of the temperatures of phase transitions in fluid
inclusions demands acourate instrumentation {(see beléw) and sufficient
knowledge of the chemical systems in the inclusions for the interpret-
ation of temperature data {(Roedder, 1967; Yermakov, 1965). &as is
customary, freezing data are compared with the system KaCl-H,0 (Potter,
1978}, in full realisation that small amounts of polyvalent ion in
scluticn may bring about large errors. Salinity determinations on
inclusions with daﬁghter salts are made, where possible, by reference
to the system Nall-KCl-H,0 {Ravich & Borovava, 1949}, but cother
properties of salt-rich systems must at present be referred to the
systemn Nall-HsO (e.g. Sourirajan & Kennedy, 1962Z; Keevil, 1942;
Urusova, 1975}.

The notation used in the following chapters is explained in the

Intreduction Chapter.

EQUIPMENT

Most of the heating and freezing measurements were made on
Chaixmeca apparatus, on one set at the Centre de Recherches
Pétrographigues et Géochimigues (Nancy, France) and on another at the
University of Tasmania. The characteristics of the Chaixmeca stage have
been discussed by Poty et agl. (1976). Below Goc, a temperature measure-
ment is accurate to £ 0.2°C and at SGOOC, to + 3°C. Readings were made

up to'EBOQC. The stages were calibrated relative to the melting points

of the following substances:
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n-hexang m?SGC
n=potane -56.806
COs (in fluid inclusions supplied -56.6°C
by the Chaixmeca Co.)

€cly, -23.0°%
Merck Schmeizkoerper 9670 706%

" 9735 135°¢C

" 9800 200°¢

" 9847 247°%¢
NaNO3 4 306.8°C
KoCrp07 398°C

One of the calibration curves used in Nancy is presented (fig. 4-1).

4 small number of readings were made on a heating stage built at
the University of Tasmania and are accurate to +5°¢ at SOGQC. They are
distinguished in the tabkle of data (Appendix 2 ). This stage was
calikbrated in the same way as the Chaixmeca stages. Some readings
greater than 580°C were made at Nancy on & modified Leitz 1350°¢
heating stage. These measurements (also distinguished in the Appendix)
were necessarily approximate, since the ILeiter stage was calibrated only
at 398 = 3°C (fusion of K;Crp07) and at 1063 * 15°C (fusion of Au).

& Chalzmeca crushing stage was used for semiguantitative deter-

minations of COy according to the method of Roedder (1970).

TREATMENT OF DATA

The pilot study (those readings made on the stage built at the
University of Tasmania) indicated certain difficulties which were to
influence the entire study, For a set of measurements on apparently
similar inclusions in a single specimen, or even within a single c¢rystal,
z given parameter often exhibits a broad range of values. The possible

reasons for this are several, e.q.




21 Ternperature (°C )} as read
N 100 200 300 400 500 800
-_— 5 . \.\\ ™
A
AT (°C) |
to be added to ]
the reading
-10
-15

Fig. 4~1 Calibration curve of the Chaixmeca microthermometry
apparatus at the University of Tasmania, Nov. 1975,
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{(a) the presence of more than one generation ¢of inclusions
{b) the trapping of solid or gaseous phases along with liquid
{c} necking down

(d) 1leakage, especially under expsrimental conditions

fe) metastability of an included phase under experimental conditions.

Point {a) is relevant in this case because primary inclusions are
hard to identify. Point (b) must be consgidered because several solid

phases and two fluid phases were present during the deposition of mach of

the quartz at Panguna. The necking down of fluid inclusion cavities, i.e.

the annealing of the host mineral, will occur relatively rapidly at the
high temperatures indicated for porphyrv copper nmineralisation, possibly

leaving little evidence of the process. By a similar process involving the
transfer of host material across the inclusion cavities, primary

inclusions might move out of alignment with growth zones, or secondary

inclusions might shift away from fracture planes, making the habits of
iﬁciusions.&ifficult to specify. A test of the importance of necking down
per se is discussed in Chapter 5. Ieakage was not a sericus problem at
temperatures below 400°C in the situation éiseussei by Roedder & Skinner
(19683, and though most measurements at Panguna were at temperatures over
4Geoc,‘they were For fluids of low vapour pressure relative to those
examinad by Roeddsr & Skinner (see Chapter 7;. Leakage, when observed in
Panguna samples, was total:; no cvase of the loss of a small quantity of
£fluid only was observed. Such partial leakage is probably more likely
under higher confining pressure, e.g. during temperature changes soon
after the deposition of the veins, many of which have passed through the
transformation from B-guartz to g-quartz.

A set of fluid inclusion data representing one episcde of trapping

ought to give a sharp peak on a frequency distribution graph, provided
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nong of-the inclusions has undergone any of the effects (b} to (d}
listed above. These effects would be expected to perturb measurements
by vaxiable, although not random, amounts. The expected type of per-
turbation of the sharp peak for each effect acting alone i1g shown
diagrammatically in fig. 4-2 (it has geen assumed that most inclusions
in the sample have not been perturbed at all, i.e. that the original
mode is preserved). In this study, one or more modes are defined in
most histograms where there are sufficient data; the modes are assumed
te be measures of original fluid properties unless there is evidence to
tﬁe contrary. In the case of T} measurements on salt-rich inclusions
there is such evidence in the form of a metagtability phenomenon {(see
Chapter 5). A metastability phencomernon could displace a frequency
distribution along the temperature axis in such a way as to be undetect-
able. Metastability must ke watched for, and any data so affected must
be treated with due caution.

It was found desirable to aveid inclusions of very irregular form,
because these vielded dispersed data, présumably gpurious because of
necking down or other perturbations. Data were gatherad from inclusions
in several parts of a specimen where possible. The number of readings
necessary for an apparantly-representative set of data could only be
judged by trial and error. Thirty or more inclusions, spread over
different parts of a specimen, were studied if possible, to check on
polymodality. As few as ten measurements were in some cases sufficient

to define the properties of a single fluid.




Unaffected

at trapping

‘Am Heterogeneous

Ne_cked down

| M
M L Ty "

FREQUENCY ——

Leaked

n out

Metastable

Fig. 4-2 Effects of the perturbation of fluid inclusions
on measurements. 5o0lid inclusions in guartz
{specunicn 102619).
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CLASSIFICATION AND DESCRIPTION OF INCLUSIONS

solid inclusions. A variety of solid inclusions was found in

hydrothermal and igneous guartz. It is informative to consider thess
along with the fluid inclusions.

In gquartz from type {ii} weins, the following types of solid
inclusions oceour:

{1} Colourless crystals of an anisotropic material of high relief and
moderate birefringence. The outlines are commonly rectangular and some-
times elongate (fig. 4~4, L, M, N}. Electron microprobe analysis of
several of these which had been polished to the surface of specimens
revealed Ca and S, so that the optical and chemical properties of these
are consistent with those of anhydrite,

(i1) Colourless crystals of an isotropic mineral with a refractive
index almost indistinquishabile from that of quartz {fig. 4-3). They
are rounded in outline, although one attached to a type II inclusion
had a form suggesting an imperfect cube. Although guite common in some
specimens, these are very ﬁiffidult to mee. Under crossed nicols they
appear as faint grey patches in gquartz of light vellow interference
colour. In plane polarised light they are invisible at all but the
smallest diaphragm aperture.

Repeated electron microprobe analyses of a polished section of
102619 failed to find any substance other than quartz or tin oxide in
areas where these inclusions were thought to intersect the surface.
Since the properties of the inclusions resemble those of halite, the
grinding was done with kerosene as a lubricant, and dry tin oxide was
used for the final polish. The section was ground and polished between
each attempt at microprobe analysis. This process tends to leave tin

oxide in surface cavities, and this may have masked the inclusions.




¥ig.
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gas
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Solid inclugions in guarias,
{spegiman L02619).
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Grinding with kerosene as lubricant does preserve halite - this was
obgserved in fluid inclusion cavities opened by polishing.

F:8 th%n section of the same specimen was exposed to Cr K, X-rays
(50kV, 40 wA}! for ten minutes. Halite irradiated with X-rays develops
an g¢range-brown colour (Przibram & Caffyn, 1956), and an irradiation of
that duration was sufficient to colour halite daughter crystals in

type ITT inclusions in the section. The colour persisted long enough

for examination under the microscope. The solid inclusionsin guestion
developed no colour, and are therefore not halite. :

(iii} Platy, pleochroic inclusions {the colours ranging between red-
brown, mauve and light blue on rotation) of high relief and moderate to
high anomalcous birefringence. They are found along the marging of
many veins and mark growth zones in 103012, ©One polished to the surface
of 103012 gave a semiguantitative electron microprobe analysis
consistent &ith titaniferous bhiotite.

(iv} Red platelets ¢f high relief and high, anomalous kirefrxingence,
ocourring very sparsely as solid inclusions in a few specimens {(e.q.
102&36). They are thought to ke hematite, and are much more commonly
seen in type III inclusions {see below).

{v) Opague inclusicns are common. 3Some are large enough to be
identified as chalcopyrite in polished sections. Host are of irregular
shape, but occasionally the triangular section of a chalcopyrite dis~
phenoid is recognised.

(vi) Very thin, cclourless needles in a few specimens may be rutile or
apatite,

Composite solid inclusions have been found, e.g. anhydrite-

hematite-opagques in 102636 (fig. 4~4 L), anhydrite-chalcopyrite in-
103028 and kiotite~hematite in 103012. Gas occurs attached to sporadic

solid inclusions ¢of anhydrite, biotite, the unidentified mineral
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and opagques, and more rarely there is what may be a film of liguid about
a solid inclusion. The composite inclusions serve to demonstrate the
coexistence of the solid and fluid phases concerned.

The red solid inclusions are also found in a type (i) vein,
103049, and with inclusions of chlorite in a type (iv) vein, 103015.

Quartz phenocrysts from the Biotite Grancdiorite contain seolid
inclusions xeéembling anhydrite, a Cu,Fe sulphide {fig. 4-5 E;
confirmed by electron microprobe}, hematite and a colourless material of
low relief (seé fig. 6~1}. The last are c¢ommon and are easily picked
under crossed nicols by their bluish~grey interference colour, which may
be due to the rotation of light at the inclusion walls. Semigquantitative
electron microprobe analysis showed these to contain Na, X, Ca,-Al and
Si, and thus they were probably inclusions of magmatic glass. Some
gontain, or consist entirely of, alkali feldspar. Some may contain
internal bubbles, cf. Btminan {1977) who found a bubble apparently
containing halite in a glass inclusion at Sar Cheshmeh. Gas and rarely
galt-rich liguid adhere to such inclusions in Biotite Granodiorite
phenocryets at Panguna (figs. 4-5 D, E: 6«1}.. This is evidence for the
coexistence of halite-rich fluid and a vapour with silicate liguid in
the Biotite Granodiorite.

Fluid inclusions. The fluid inclusions from hydrothermal

minerals and from guartz phenocrysts from the Panguna deposit have been
classified as follows:
Tope I Inclusiong of low to moderate salinity with small bubbles.
Type IT: Gas-rich inclusions.
Type III: Inclusions bearing cubes of halite.
Nash (1976} reported these types, and also COa-rich inclusions {Type IV},
as typical of porphyry coppers. At Panguna, COs-rich inclusions were
seen only in a small crystal of anhydrite included in vein quartz from

102998, and these are not discussed further.




Fig. 4-4

Fhotomicrographs of fluid inclusions.

Symbols: ¢ = gas, h = halite, s = sylvite, b = birefringent

f’:w??

salt, ¢ = chalcopyrite, o = opague phase,
hm = hematite.

type IXIL, specimen 103019,

type III, specimen 102594,

type III, specimen 103022, The presence of the chalco~
pyrite crystal on the surface of the growing quartz
probably caused the trapping of liguid.

type II, specimen 103031, with a large liquid rim and
daughter minerals. .

type 1I, spscimen 102594,

type I1I, specimen 103022. Such inclusions have an
equivalent NaCl + XCl salinity of 75%. The chalcopyrite
crystal is oriented with an edge towards the observer.
type I1l, specimen 103031. The opaque crystal is cubic.
Gas may have been trapped with the liquid in this case.
type III, specimen 103022, showing the hexagonal form of
hematite,

type IIT, specimen 103004. A flake of hematite, thought
to be a trapped solid, protrudes through the inclusion
wall. The birefringent salt consists of radiating
acicular crystals.

type I, specimen 103017. These secondary inclusions
homogenise at the critical point.

type I, specimen 103035,

N: Anhydrite scolid inclusions, specimen 102636. Note the
associatlion with hematite (L), type II inclusions (L, M)
and type III {N}.

: type III, specimen 103019. A heating experiment on neigh-

bouring inclusions of different salinities and homogenisa-
tion orders. In the large inclusion: TgKCl = 977°C,

TgNaCl = 409°C, Ty, = 464°°C, decrepitation at 550°C with
opagque and birefringent salt remaining. In the small
inclusion: Ty = 380°C, TgNaCl = 449°C, leaving a birefrin-
gent salt and an opaqgue scarcely resolved in the photo-
graph. Gas may have been trapped in the large inclusion.






Fig. 4-5

Photomicrographs of fluid inclusions. 2bbreviations as
in fig. 4-4.

B,

Type IT inclusions, specimen 103023, One inclusion
contains a corystal of chalecopyrite.

Type III inclusion in a guartz phenocryst, 103001.
Type ITI inclusion in a quartz phenccrysi, 103001,
Primary type IIT inclusion in & gquartz phenocryst,
103001. The inclusion iz indistinct becausge it is
underneath a solid inclusion.

Primary type II inclusion adhering to a seolid

{?Cu,Fe sulphide} inclusion in a guartz phenocryst,
103001. '
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Type I inclusions are found in all igneous and hydrothermal

gquarte at Panguna. Most are smaller than 40 u in diameter and occupy
irregular cavities, eguidimgnsional or branched in form. Most are
secondary inclusions, but primary type I inclusions have been identified
in the growth zones of the last quartz deposited in 102997, 103015 and
103028. They consist of an agueous liguid and a bubble occupying

5 - 20% {occasionally more) of the cavity volume. Daughter minerals

or imprisoned minerals are uncommon: in 103017 an opague phase was
ochaerved in certain groups of type I inclusions and in 103047 a colour~
less salt of high relief and high birefringence was found in the
inclusions in one healed fracture. The salt was insoluble during
heating runs. Hematite and other colourless salts ogcur sporadically,
but are not common.

Type ITI inclusions. These occur in all igneous quartz and in

most hydrothermal quartz. The osccasional relationship of type I
inclusions with growth zones and with s01id inclusions {(figs. 4-4 L, M;
4-5 E} indicates that at least some of them are primary, but secondary
or pseudosecondary habits are more usually encountered. A perfect
negative crystal form is predominant in a few veins (e.g. 102676}, other-
wige the cavities tend to be eguidimensional to slightly elongate, and
rounded, rarely cuspate. Few are larger than 40 p long.

They have liguid rims, ranging from very small {(visible only in
cuspate cavities} to relatively large and easily wvisible. Some of the
larger rims contain daughter salts, e.g. halite, hematite, opaques, and

i 103029, many type XTI inclusions contain a perfectly-~formed crystal of

chalcopyrite {(fig. 4-5 A). As other authors have suggested ({(e.g. Roedder,

1971) the larger liguid rims may result from the trapping of a little
liguid with the predominant vapour. Indeed, it would be rare in a

boiling system to trap a bubble adhering to a surface growing from the
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liguid without including a little of the liguid as well. This is
probably the situation at Panguna. The occurrence of gas-rich inclusions
with various proportions of liquid does not constitute proof of boiling,
however, because the necking down of type ITIT inclusions might also
produce such type IT inclusions,  Whether boiling did take place is
discussed below.

Type ITII inclusions. Halite~bearing inclusions are always

found in company with type IT inclusions. Very few are definitely
primary; many are of secondary or pseudosecondary habit. They occupy
cavities ranging from perfect negative crystals to complex branching
forma., Few are larger than 40 p in diameter.

Besides a bubble occupying about 10% of the cawity and a salt-
saturated liguid, these inclusions contain &4 rich assortment of daughter
minerals {(fig. 4~4}. Up to nine solid phases have been observed in a
single inclusion. Halite and sylvite have been identified according to
the usual criteria (Roedder, 1971) and there are possibly f£five other
colourless salts of which at least four are birefringent (see Chapter 5}.
One of these ig thought to be anhydrite because it h@s a high refractive
index and axhibits rectangular and diasmond-shaped sections {fig., 4-4 B, H).
Ancther has an acicular habit (fig. 4-4 I}. The other colcurless salts
show various irregular forms. Nearly all dissolve completely by SBOQC;
those which do not may have been trapped as solids. Red flakes in
type IIT inglusions are thought to be hematite. They darken, at tempera-
tures over 300 - éﬁﬁcc, as do fine grains of hematite heated in the
atmosphere, ané become red again on cooling., The flakes occasionally
shiow a perfect, regular hexagonal form. An extremely small platelet,
seen only when adhering to and distorting the bubbie dufing the latter
stages of heating runs, may be molybdenite. Two other opague minerals

are found in many inclusions. Cubic solids may be pyrite or bornite, and
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disphencidal-tetrahedral sclids are prokably chalcopyrite (fig. 4~4 C,

F, G, H). Ho opague grain was ever seen to move in response to passing
a magnet near a sp&ciﬁen‘ Tt is common to f£find two opague qréins in a

single inclusion. The opagues and the hematite do not dissglve during

heating runs.

Opened fluid inclusion cavities were located on freshly-broken
gsurfaces of vein quartz containing type IIT inclusicons. 'The surfaces
were cleaned ultrasonically before being coated with carbon for exam-—
ination under the scanning electron microscope. In many of the cavities
it was possible to discern daughter minerals. These were analysed
semi-quantitatively on the electron microprobe analyser, and the
folléwing salts were identified (see figs. 4-6, 4~7).

ta) chlorides: pure WaCl, pure XCl and crystals containing
various proportions of Na, K and Ca with minor Fe, Mn and Zn.

(b} a Cu,Fe sulphide, probably chalcopyrite.

{¢) a mineral containing Ca, P and mingr Fe, Mn, Cl {and X7},
probably apatite. These crystals are large relative te the cavities they
lie in, and may have been trapped as solids. This is evidence that hydro-
thermal apatite may he2ve been deposited at Panguna. A goncentration of
such apatite may have been the source of phosphate in the vivianite vein-
lets {Chapter 3, xiv). In one of the chloride crystals there was a trace
of S, probably as sulphate.

Decrepitation products on the polished surface of a pilece of quartz
which had been heated rapidiy in air to 700°C were alsc analysed by
electron microprobe. The spectra in fig. 4-8 are for four sample
. lozcations across the decrepltation product shown in the accompanying
electron micrograph. S1 was detected to varying degrees, depending on
the thickness of the decrepitation product laver over the guartz. The

peaks shown ag Ca are due in part to potassiue KB radiation. Taking



Pig. 4~6 Back-scattered electron images of opened fluid inclusions,
and diagrams showing the compositions of daughter minerals or
trapped minerals {according to semiquantitative electron
microprobe analysis). Numbers refer to numbered analyses in
fig. 4~7.



Fig. 4-7 Spectra gathered in semigquantitative energy-dispersive
electron microprobe analyses of the numbered crystals in
fig. 4-6. 8i gives a large peak in each case because the
electron beam penetrates guartz.

1. Nacl

2. a mixed chloride of K, M¥n, Fe.

3. a mixed chleoride of X, Ca, Na.

4. a mixed chloride of K, Ca, Mn, Fe, Na with a little 5.

5. a mineral containing Ca, P, ClL {minor K, Mn, Fe}.

6. a Cu,Fe sulphids,
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Table 4-1

X~RAY COUNTS ON DECREPITATION PRODUCTS, SPEC, 103031

Element 1 2 3 4 5
Na 4950 6791 1551 7676 3032
Mg 1553
51 16921 6363 26266 74067 12304
8 28845 28301 28159 28525 Y 28715
1 15368
K 11990 7578 12822 13074 12654
Ca 4482 3627 6127 $£773 4572
Mn 1301 1282 3462 4057 2721
Fe 4346 2933 6113 10487 6251
Wi 2239 7413 1124
Cu 1976 541 2176 9698 1090
Zn 1513 876 2116 68983,

H.B, Counts on & standardised to ~28500.

Comnts on Ca are partly due to K xg radiation.
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account of the low count-rate of Na relative to heavier elements, it can
be seen that X, Na, §, Fe and minor Mn and Ca are the chief constituents
of the decrepitation products. €l is notably absent, Mn and Fe are
more abundant in the coarser central products. Table 4~1 gives X-ray
counts for the elements found in other decrepitation products in the
samse specimen. The ¢ounts on 8 are standardised to about 28500 in each
case. Although only semiguasntitative hecause they were made on
unpelished surfaces, the analyses are useful for comparison. Analvses
1, 2, 3 and 5 are typical of most such decrepitation products. The
presence of a considerable amount of chlorines in one crystal is indicated
by analysis 4; in the same place, Fe, Ni, Cu, Zn, Mn and (to a lesser
extent) X and MNa are all enriched relative to 8. The decrepitation
products are thus very different from the daughter salts of inclusions
opened cold. Metzger ¢t al. (1977) cited "phase transformations and
other undesirable changes" during decrepitation of the inclusions as dis—
advanfages of analysing decrepitation products. In this instance, the
process of decrepitation evidently brings about reaction and fractiona-
tion of the constituents of the inclusions. Alkalis, Ci, and some of
the base metals may be transported as volatiles such as NaCuCly, NazCuClg,
HaFelly and NaFeCly,, which have escaped from the area around the ruptured
inclusions in all cases examined but one. This observation provides a
clue to the possible processes of metal transport at high temperatures.
The volatile species could be important in the vapour phase, and also,
possibly, in the salt-rich liquid, This point will be considered further
in Chapter 10.

The crushing of ¢uartz under anhydrous glycerine indicated that

there is a negligible amcunt of €0, in type IIT {and type II) inclusions.
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Hematite. It has been noted that hematite occurs both as solid
inclusions and in type III inclusions, in both igneous and hydrothermal
guartz. Rarely, it protrudes through the walls of a type IIT inclusion
cavity (fig. 4-4 I). It seems unnecessary to invoke self-oxidation by
hydrogen diffusion through the quartz lattice, as suggested by Roedder
& Skinner (1968}, to explain the presence of insoluble hematite in type
III inclusions. A flake of hematite on the surface of a growing quartz
crystal would be a likely site for the trapping of fluid {as would
grains of anhydrite and sulphides, which may also be insoluble on
heating). The relatively small number of solid hematite inclusions, and
the size variation (relative. to cavity volume} and sporadic occurrence
of hematite crystals in type IIT inclusions are consistent with the
trapping of salt-rich liguid about flakes of hematite already present
on the gquartz surface. Hematite is alsc prominent in obviausly
secondary or pseuvdosecondary type III inclusions, where it again occurs
gporadically: The reason for this is discussed in Chapter 5.

Boiling. The invariable association of type IiI with type IT
inclusions raises the question of whether the salt-rich liguid trapped
in type III inclusions was boiling. This association is common in
porphyry copper deposits {Nash, 1976) and suggests, but does not establish,
that the boiling of salt~rich liguid was characteristic of porphyry
copper envipopmentﬁ. To prove the intimate coexistgnce of two fluids, it
would be necessary to find a growth zone or a healed fracture bearing both
types of filuid inclusion, and unaffected by any subsequent necking down,
introduction of other fluids, etc. No uneguivocal examples of these were
found. Appealing to less direct evidence, it has besn noted that gas was
contemporaneous with most solid inclusion species, viz. anhydrite,
hematite and opagque solids.- The same species all ccour in

type III inclusions. Thus the solid inclusions and types IT and IIT fluid
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inclusions appear to be contemporaneous. The best example is 102636,
where an associaéion of anhydrite, hematite and opagque solid inclusions
have gas adhering to them (fig. 4-4 L}. B&lso in 102636, solid inclusions
of anhydrite themselves contain type II and type TII fluid inclusions
{but not both in the same solid inclusion}, which are apparently

primary or pseuvdosecondary. Anhydrite and chalcopyrite solid inclusions
with gas adhering to them weré also noted in 10261%, 102676, 103009,
103010 and 103028, In 102619 there is gas adhering to the isotropic,
colourless sclid inclusions mentioned above. ‘Tthere is thus indirect,

but plausible, evidence that boiling was taking place, and that types IT

and IIT inclusions were closely related.
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CHAPTER FIVE: FLUOID INCLUSIONS IN QUARTZ~Cu,Fe SULPHIDE VEINS

Every specimen of quartz-Cu,Pe sulphide velin or breccia matrix
contained f;uid inclusions of types I, II arnd III. Type IT inclusions
are usually more common than type IIT inclusions, which in turn are.
usually more common than type I inclusions. The significance of these
observations on relative abundance is questionable because they reflect
a variety of controlling factors, e.g. the probable tendency of the host
crystal to trap more of one fluid than the other in a twe fluid phase
system, and the amount of fracturing of the host during the variocus
hydrothermal stages. Primary type IT inclusions ocour, e.g. in 103006,
and the salt-rich liquid is also thought to be a primary fluid (sse
Chapter 4). Type I inclusions are invariably sacondary ineclusions in

guartz which also contains inclusions of types IT and ITI.

TYPE I INCLUSIONS

Data were obtained from the heating and freezing of type I
inclusions. Freezing measursments were not possible in every inclusion
because some were too small and others were optically unsuitable in
other ways for the melting of ice to be observed. Some could not be
induced to freeze at all, even on being ceoled to waooc, and others
retained metastable ice at temperatures over OOC. n general, the melting
of ice was the only phase change seen in type I inclusions being warmed
from low temperatures; no C0, hydrate was seen. nly in 103031 was more
complex behavicur observed, and this, too, may be related to metastability

(see below).
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Ty, data were obtained for 497 inclusions and T, data for 223 .
inclusions (fig. 5~1). Paired Ty and T¢ data are plotted in two ways
because of the diversity of data within single specimens. Firstly,
(T, Tg) pairs for individual inclusions have been plotted as small,
black points; secondly, mean data for three or more accordant,
neighbouring inclusions are represented as larger, open circles. The

data were ¢grouped and averaged in this way in order to eliminate

inclusions perturbed by leakage, necking down, etec. since trapping.
Comparison of the two methods shows that for higher salinities in !
particular {?f > ~6QC} the field of individuwal data points is much

broader than the field of averaged data peoints. This probably does not
mean that the inclusions have been perturbed, however, because it is
difficult to account for any increase in the salinity of type I

inclusions {which precipitate no halite) by leakage or by necking down.

S0 most of the points plotted in fig. 5-1 probably represent true fluid
compositions, with the exceptlon of those with Ty < —ZSOC, These all

occur in 103031. The Ty readings obtained from these may not correspond
to the melting of ice in the inclusions, in a few of which another phase
change seemed to ocour at higher temperatures (up to +100C). Several
precipitated a salt resembling halite on attaining room temperature and

the halite crystals dissolved at 95 ~ 140°C. Therefore the low-
temperature fusions reflect the non-equilibrium properties of relatively
concentrated, supersaturated brines aﬁd are probably not to be inter-
preted in terms of the eguilibrium system NaCl-H.0. Most type I

inclusions contain ligquid of low salinity, 0 ~ 5% eq. NaCl {although it must
be remembergd that the study excluded a number of inclusions which could
not be frozen, possibly because of thelr composition}. These low-salinity
liguids mostly homogenise in the temperature range 150 - 360°C. More

saline liquids, 5 - ?23% eq. NaCl, homogenise hetween 240°C and 38300.
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Fig. 5-1 Tp and Tf data for type I inclusions from quartz--Cu,7e
sulphide veins. The histograms include all data '
available. Th is plotted against Tf for those inclusions
for which both parameters were measured; the black dots
indicate data for individual inclusions (bars indicating
uncertainty) and the open circles indicate data averaged
from three or more neighbouring inclusions in close
agreement.




Fig. 5-2

Fig. 5-3

Map of the distribution of Ty for type I inclusions
from quartz-Cu,Fe sulphide veins. Symbols are
shown only where a result is satisfactorily defined
{see text). Overlapping symbols indicate several
results in a single specimen. Geological contacts
and the outer 0.3% Cu contour as in fig, 2=-3.

Map of the distribution of T¢ for type I inclusions
from quartz-Cu,Fe sulphide veins. Symbols are shown
only where a result is satisfactorily defined (see
text). Overlapping symbols indicate several results
in a single specimen. Geological contacts and the
outer 0.3% Cu contour are as in fig. 2-3.
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The ice in all of them melts at Tg 2 -24OC,.which is essentially
cpnsistent with the phase properties of the system NaCl-KCl-H,;0
(eutectic at -22.9OC, Cornec é Krombach, 1932).

Distributions of Ty and T¢ for type I inclusions in quartz-Cu,Fe
sulphide veins are plotted relative to the geoclogy in figs. 5-2 and
5~3, respectively. These diagrams suffer from limitations, e.g. the
variations in the number of data on which each plotted temperature is
based, the sampling pattern and the exclusion of some inclusions in the
case of Tg, as pointed out above. Not all specimens were studied for
type I inclusions. 1In some specimens a Ty or Tf mode was defined by a
number of inclusions in agreement, but not necessarily from the same area
of the specimen. In others, two or more inclusions, closely associated,
gave closely similar Ty, and T¢ feadings. The maps include examples of
both. The distributions are apparently unzoned, both for temperature
and for salinity. Several samples preserve evidence of more than one
generation of fluid. The grouping of higher salinitiés and higher
temperatures around the Leucocratic Quartz Diorite is in part an artefact
of the close sample spacing in this interesting area., Nonetheless, the
characteristic wide ranges of salinity and temperature around the’
Leucocratic Quartz Diorite show that that part of the deposit has under-
gone a complex history of invasion by these fluids.

The fluid inclusions peculiar to certain healed fractures in 103047
are distinct from other type I inclusions in gquartz-Cu,Fe sulphide veins
in having a T, range of 390 % 10°C and in each containing a small
daughter salt. Two of the inclusions gave Tg readings of -11.2 and
—l2.OOC. The salt has not been identified. It is colourless, occurs as
equant grains of high’relief and is very highly birefringent, too much

so to be anhydrité. It may be a carbonate.
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Pressure corrections. At a pressure of 300 bars (see Chapter 7),.

the pressure corrections {from Potter, 1977) for fluids of the salinities
encouptered in type I inclusions at Panguna are listed in Table 5-1.

All fall within the range 25 % 10°C. These corrections are added to the
Ty, readings to give the formation temperatures which therefore span a

range of 170 - 4000C.

TYPE II INCLUSIONS

Type II inclusions, some with large liguid rims and others with
small rims, were heated and frozen. The formation of ice or hydrétes
could be observed only in inclusions with large rims, and these usually.
either fail to homogenise by 600°C, or decrepitate before homogenising.
They were probably mixtures of liguid and vapour at trapping, and so
give spurious measures of temperaturevand composition. There is so
little liquid visible in inclusions with small liguid rims that only
those in cuspate cavities can be used in heating runs. The precision of
Ty, measurements on such inclusions is poor, often +10°C.

The vapourkin type IT inclusions is thought to have been in equil-
ibrium with salt-rich liquid at temperatures over 4OOOC {see Chapter 4).
An inclusion which consisted of vapour only when it was trapped must
homogenise at Ty < Tc} and T, is a function of the salinity of the
inclusion. 8Since vapour salinities are very much lower than liguid
salinities in the relevant parts of the NaCl-H,0 system (Sourirajan &
Kennedy, 1962), it is to be expected that Ty, readings on type II
inclusions will in general be less than the temperature of trapping of
the vapour, the upper limiis being 390 ~ 4250C, corresponding to
2 - 5 wt. % salt in the vapour. An inclusion formed of a gas-liquid

mixture will homogenise at a higher temperature limited by the critical



Table 5~1

PRESSURE CORRECTIONS FOR Th OF TYPE I INCLUSIONS,

" FOR A FORMATION PRESSURE OF 300 BARS (Pottexr, 1977).

Salinity Thr ©
¥ Nacl 150 200 250 300 350 400
1 30 24 15 15 - -
5 ~32 25 21 19 -20 -
10 25 20 ~20  ~20
15 30 22 18 ~15
20 35 25 20  -~18
25 27 20 17 15

The corrections listed are added to Th (°cy.
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temperature of the whole mixture. Of the cuspate type II inclusions
selected for their small liquid rims, 34 homogenisedAby 440°%c (fig. 5-4).
Many others retained two fluids to much higher temperatures. Most of
the data are from two specimens only (103026, 103029); these are veins
which seem to have formed near 400°C on the basis of data from type III
inclusions (see fig. 5-7). In veins formed near‘6OOOC, {(e.g. 103012),
very few inclusions with small ligquid rims homogenised at temperatures
less than 4200C. The histogram has a well-defined mode at 390 IOOC,
suggesting a minimum TC estimate of 4000C, i.e. a minimum salinity
estimate of 2.6% (Sourirajan & Kennedy, 1962), for the.vapour in the set
of veins formed near 400°C. The relevance of these observations to

pressure determination is considered in Chapter 7.

DENSITY AND COMPOSITION OF TYPE III INCLUSIONS BY VOLUME MEASUREMENT

The volumes of some type III inclusions and their component phases
were determined from micrometer measurements made undér'the mic;oseope.
These measurements were only possible on regular geometric forms, viz.
negative crystals. Volume determinations can be made only on;cavities
with the ¢-axis oriented perpendicular to the line of sight, and even
these are subject to large errors because it is impossible to tell
whether the prismatic part of the cavity is oriented with a face or an
edge closest to the observer, i.e. it is not possible'to distinguish
whether 2b or 2b' (fig. 5-5) or a section between these extremes is being
measured. At the extremes, and for a measurement b, the volume of the

prismatic part of the cavity is
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Fig. 5-4 Ty histogram for type II inclusions from
guartz—Cu.Fe sulphide veins.
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Fig. 5-5 Diagrams explaining the calculation of the
volume of a negative guartz crystal (see
text) .
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2 .
2—12522—‘ with face closest, = 2.60 ab?
2 V3 ap? with edge closest, = 3.46 ab?

and the volume of a cylinder of height a and radius b lies between

these:
Tab? = 3.14 ab?

Here, the calculations are made by assuming that b as measured is the
radius of a cylinder, and the error engendered is thus about *15%.
A similar argument applies to the pyramidal caps, which are approximated

by cones of volume

C1+C2
— b2

The other forms are simpler: NaCl is a cube, p = 2.2 g/cm3, KCl is a
cube, p = 2.0 g/cm3; other salt - assumed to be a sulphate, a cuboid,

p = 2.7 g/cms; chalcopyrite - assumed to be a regular tetrahedron of
edge 4 and volume d3/6f2, p = 4.2 g/cma: bubble ~ a sphere, p = 0 g/cm3.
The density of water saturated with KC1l and NaCl ét 25°%C is 1.23 g{cm3
{Cornec & Krombach, 1932). The calculation of each of these volumes
engenders further error.

Of twenty~-two density measurements (Table 5-2), sixteen lie in the-
range 1.2 - 1.5 g/cm3, and the rest broaden the range to 0.9 - 1.7 g/cm3.
,Where there are several results for a éingle specimen, the range for
that specimen is the same as for all of the data, so that much of the
variation may be due to error. Urusova (1975) reported a density of

1.1 g/cm® for a NaCl-H,0 mixture of 50% NaCl at 450°C and 500 kg cm 2.



Table 5-2

DENSITY DETERMINATIONS ON TYPE III INCLUSIONS

Specimen Densities, g/cm3
102594 1.4, 0.9
102676 1.1
103012 1.7, 1.5, 1.5, 1.2, 1.3, 1.2
lo3019 1.4
1103022 1.2, 1.3, 1.5, 1.3, 1.3
103031 l.4, 1.5, 1.0, 1.1, 1.3, 1.2
103035 1.2

Table 5~3

VOLUMETRIC SALINITY MEASUREMENTS FOR TYPE III INCLUSIONS

% % Salt

Specimen 2 % % Total content from
pecim HyO KCl  NaCl e micro-

sa thermometry*
103031 42 10 48 58
103031 45 10 45 55 63
103031 39 25 36 61
103012 21 15 64 79
103012 39 11 50 61 68
103022 38 8 54 62
103022 47 14 39 53 75
103022 48 11 41

52

* Mean result for inclusions in which TSKCl and TSNaC1 were
measured (6 for 103031, 4 for 103012, 9 for 103022).



67

Some volumetrically-determined compositions calculated for
inclusions in 103012, 103031 and 103022 are listed in Table 5-3. Only
the volumes of KCl, NaCl and the bubble have been measured; the volume
and weight contributions of other salts, if any, have been ignored in-
the calculations. Although the results for each specimen are variable,
they compare approximately with salinities determined by microthermometry.
(the last column of the table) in 103012 and 103031. The microthermo-
metric results (see below) are also based on the assumption that the
inclusions contain only H,;0, NaCl and XCl.

In certain inclusions it was possible to measure the volumes of
the chalcopyrite crystals and thence calculate the copper content of the
salt-rich liguid. In 103022 a plane of secondary type III inclusiqns
was examined. The distribution of hematite and cﬁalcopyrite crystals
in the inclusions is not uniform, despite the apparent uniformity of the
halite cubes relative to cavity size (borne out by the small T NaCl
range of this specimen, see fig. 5~7). The halite must therefore have
crystallised after the fluid in the fracture had split up into the present
array of inclusions. If a solid phase were to precipitate in the fracture
prior to the split—-up, it would act as the nucleus for a secondary
inclusion. If two solid phases were to precipitate independently, it
would be rare for a single secondary inclusion to nucleate on both solid
speciesg. A section of fracture consisting of 24 inclusions was closely
examined, and it wasAfound that: (i) 15 inclusions each contained a
large chalcopyrite crystal, but no hematite; (ii) 7 inclusions contained
hematite, but either no visible chalcopyrite (small opaque phases cah be
hard to see against cavity walls), or a veryvsmall chalcopyrite crystal
relative to the size of the cavity; (iii) 2 inclusions contained a
small chalcopyrite crystal but no hematite. All of these combinations

can be explained if the fluid in the fracture deposited chalcopyrite and



68

hematite first, then split into discrete inclusions, then precipitated
halite; No hematite was deposited after the splitting up of the fluid,
but a little chalcoéyrite was deposited. This gave rise to the small
chalcopyfite crystals seen in some of the 7 inclusions localisedAarouhd
hematite and in the 2 inclusions which contained neither a large chalco-
pyrite nor a hematite crystal. The Cu content of the inclusions with
large chalcopyritesié a maximum estimaté of the Cu conteht of the
original fluid. The Cu content of inclusions with hematites and small
chalcopyrites is a minimum estimate of the Cu solubility, as well as an
estimate of the Cu solubility at the temperature of fhe split-up.

Two large chalcopyrites gave 3200 and 3000 (mean 3100) ppm Cu, and two
small gave 510 and 290 {mean 400). ppm.‘ Distributing the Cu in the large
chalcopyrites over all 24 incluéions (which are of comparable size) gives
an egtimate of the original Cu concentration, 1900 ppm, provided no

fluid was lost from the fracture during the split-up into discrete
inclusions. The amount of Fe corresponding tovchalcopyrite is then

1670 ppm, and the amount of S as sulphide, 1910 ppm. More Fe is probably
present as disscolved specieg at room temperature, along with a little as
hematite. S will also be present as sulphate, both dissolved and as

daughter salt crystals at room temperature.

COMPOSITION OF TYPE III INCLUSIONS BY MICROTHERMOMETRY

The solutionAtemperatures.of NaClkand KCl in type III inclusions
give estimates of the composition of the salt-rich liquids in terms of
the system NaCl-KCl-Hp0, from the data of Ravich & Borxovaya (1949).

The degree to which type III inclusions reproduce the properties
of their parent fluids has been investigated by taking readings on

isolated planes of secondary inclusions. Such sets of readings ought to
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represent £luids originally homogeneous with respect to salinity; any

subseguent change can be attributed to leakage or necking down. It is

difficult to assess viswally the importance of necking down, for
inclusions in the process of necking down are not often seen. This is i

because guartz anneals relatively fast at the high temperatures to which

these veing have been subjected. T NaCl histograms for three planes of
inclusions from different specimens are presented in fig. 5-6. In each
case, B0% of the readings lie within a 15°C interval. The T NaCl
distributions of individual weins have much broader ranges {fig. 5-7}.

This suggests that the fluid composition at a point changed with time.

Measurements of T NaCl indicate the relative salinities of the
inclusions, although T KCl values are also reguired to estimate the
actual salinities. Despite the broad spreads of the T Macl distributions
in f£ig. 5~7, many specimens are guite distinguishable according to their
TyNaCl ranges and modes. The spatial distribution of T NaCl modes has
the following characteristics (figs. 5-8, 5=9):

{i} a ridge of high salinities {Tg mode 2 $OOOC) running northeast
through the centre of the deposit,
(ii) a marginal zone of relatively low salinities (TgNaCl mode ¢ 420°%¢)
flanking the 0.3% Cu contour and apparently bounding higher
salinities to the southwest of the deposit. No such zone was
located to the north and east, and near the Leucocratic Quartz ;
Diorite, where the history may have been more complex, high and low
salinities overlap. The salinity distribution is therefore asymmetric
with respect to the copper mineralisation.
Minor features include some low TgNaCl modes (g 426°C) east of the centre
of the orebody (but neither bounding higher salinities nor, as a group,
flanking the 0.3% Cu contour}, and small highs consisting of T NaCl modes

of 490°C near two of the Leucocratic Quartz Diorite stocks.
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TgNaCl histograms for three discrete planes of secondary
or pseudosecondary type III1 inclusions. The number of
measurements, some of which do not fall inside the

range shown, is indicated at the left. The intervals
into which the central 80 * 1% of readings fall are
indicated.



Fig. 5-7

Data for type III inclusions in qguartz-Cu,Fe sulphide
veins and phenocrysts (phx). The black histograms
give TgNaCl and the white Th. Hatching indicates the
overlap of columns. Spatially separate groups of
inclusions from a single sample are differentiated by
letters e.g. 3002a, 3002b. The symbol ¥13<"
indicates that 13 Ty measurements were not precisely
recorded but were recorded as being less than TgNaCl
in their respective inclusions. The temperature scale
breaks at 580°C; columns beyond this correspond to
higher temperature results which could not be
measured with the Chaixmeca apparatus. See fig. 5-15
for Th measurements >580°C made with a Leitz 1350°
stage on specimens 2998, 2676 and 3031. Specimen
numbers are prefixed by 10 in the University of
Tasmania catalogue.



13028

13003

3021

3026

3025

3008

'13017a

3035

3037

3036

3002a

300

400

500
T°C

:300;

400

500

TC




3032 I

3024 | 6< e er
3029 e u
‘ il il
2609 I _
-
2999 ¢
13<

3007 | N -

3019 19< i —

3023 - _

3014 =05 I I

236 i

| 2673 A
3004 T <
15

206 300 400 500

Fig. 5~7 cont.



Fig. 5~8 Data from type III inclusions: modal values of Ty
{white symbols) and TgNaCl (black symbols) are
plotted relative to geological contacts and the
outer 0.3% Gu contour (see fig. 2-3). Symbols are
shown only for specimens which yielded sufficient
data to define a mode (see appendix for numbers of
data). Tn modes are shown only for specimens where
Th 2 TgNaCl. Underlined symbols indicate specimens
that define the zone of cooling along the south-
western margin of the deposit.

Fig. 5-9 Sample localities of specimens used in the fluid
inclusion study, relative to geological contacts (see
fig. 2-3). The location of no.3048 is not shown,
being imprecisely known. It is from the quadrilateral
between points 3004, 3011, 3022 and 3013. Sample
numbers are prefixed by 10 in the University of
Tasmania catalogue.
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Fig. 5-10 TgNaCl and TgRC1 data for type III inclusions from quartz-Cu,fe sulphide veins and quartz phenocrysts.
All data available are given in the histograms. TgNaCl is plotted against TgXC1 for those inclusions
ir which both parameters were measured. Vein and phenocryst data are distinguished as shown. The
crosses represent data from a single vein, 103008. Bars indicate the uncertainty of the readings.




Fig. 5-11

Fig. 5-12

The ternary diagram NaCl-KC1-H,0, after Ravich &
Borovaya {(194%). The isotherms of the liguidus surface
are shown in ©C, and the regions of the liquidus are
labelled according to the eguilibrium seolid phase in
each. Circles indicate Ravich & Borovaya's data
points; data for isotherms at T < 200°C were taken by
the authors from other sources.

A portion of the ternary diagram NaCl-KCl-H;0, after ;
Ravich and Borovaya {1949), showing the cotectic NaCl- i
XC1l and isctherms (100 - SGOQC} of the part of ligquidus
at which NaCl is saturated. The field of microthermo-
metric data for inclusions in which both TgKCl and
TgNaCl could be measured ls superimposed on it; the
smaller flelds of five numbered specimens are also
shown. The ratio K/Na (atomic} has the value 0.17
along line A and 0.46 along line B. Specimen numbers
are praefixed by 10 in the University of Tasmania
catalogue.
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Paired TgNaCl and T KCl readings have been obtained for 125
inclusions covering a T NaCl range of 294 - 570°C. These are plotied
in fig. 5-10 alongside the histograms of all TKCl readings (151) and
all ToNaCl réadings (1264). The pointsg plot, with some lateral spread,
aleong a single curve. The contributions of single specimens are
mostly concentrated in small intervals of the curve, but for 103006
{(points plotted as crosses) the points follow the curve over a TgNaCl
range of 130°¢.  The NaCl-KC1-HpO ternary diagram {fig. 5-11) of Ravich
& Borovaya {194§} permite this curve to be interpreted as a compesitional
variation. In fig. 5-12, the data from FPanguna are reproduced on a
portion of Ravich & Borovava's diagram. The salinities of inclusions in
which both T KC1 and TgNaCl could be measured vary between 46 and 786 whk. &
NaCl + KCl. In 90% of inclusions with TgNaCl > 300°C the disappearance of
KCl on heating could not be seen well enough for TGKCl readings to be
made, but there is no reason to suppose that these deviate from the trend
established by the other 10%. Those with TgNacl < 300°C are represented
by one point only on the TgKCl vs. TgNaCl rlot, and this point does
deviate from the trend. It is from 103047 and its possible significance
will be considered later {ChapterAQ}. The rest of the points indicate a
KC1 content constant at 16 + 2% throughout a range of NaCl content from
60% (high TgNaCl) to 30% {low TgNaCl). As T NaCl decreases, the ratio
KC1/NaCl decreases from 0.59 to 0.22 by weight, ér .46 to 0.17 by molar
proportions. The areas marked with specimén numbers in fig. 5-12
gncompass data frxom those specimens for which K/Na ratics from leaching
experiments are also available., The two sets of %atios are compared in
Table 5-3. Each ratio determined by microthermometry differs by a
maximume of 0.06 from the corresponding leachate ratio in a range
(determined by microthermometry} of 0.29, wiﬁh excellent agreement for

163612 and 103031,
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Eighty-five paired measurements {(TgNaCl, Ty salt A) were made on
inclusions with one or more colourless salts in addition to halite and
sylvite. The majority of these salis proved to be soluble within the
temperature range of the Chaixmeca stage. The data are plotted in
fig. 5-13 as points of the (T RaCl, Ty salt A) plane, with the lines
Tgsalt A = TgNaCl (line A) and Tgsalt A = TgKCl (line B) for comparison,
and the Ty salt A data are also presented as a histogram. Four temperature
modes are clearly distinguished in the histogram and labelled First
{bottom} to Fourth (top). Multiple (up to three) Tésait A measurements
were made in each of several inclusions. Invoking the principle that
each zalt in an inclusion will form just one crystal if it nucleates, it
is possible to distinguish two salts corresponding to the first mode,
i.e. in certain inclusions (two in this casel, two salts were seen to
digappear in the temperature interval corresponding to the first mode.
The second, third and fourth modes apparently correspond to one salt
each on the basis of multiple Tgosalt A measurements in another inclusion.
Similarly, it is possible to show that the salt corresponding to the
second mode differs from that of the third and from that of the fourth,
and that one of the salts corresponding to the first meode, the salt of the
third and the salt of the fourth are all different. Both salts in the
first mode are different from the salt of the third mede. These cbserva-
tions are summarised in the following deductions to demonstrate the
minimum number of different salts consistent with the observations. The
possible salts are named 1A, 1B (first mode), 2 {second), 3 {(third) and

4 {fourth). Eqguality symbolises sameness, and inequality difference.




72

Ohservations: {a) 1A # 1B
{b} either 1A or 1B # 3; either 13 or 1B # 4; 3 §,4.
(e} 1A # 3; 1B # 3
{d}a 2F 3; 24 4,

Deduction: " either 14 or 1B # 2.

CASE 1: If 1A # 4, then 1B could be = 4; and if 1B # 2 then 1A could
be = 2, Therefore the minimm number is three salts.
Likewise if 1B # 4 and 13 # 2.

CASE 2 If 1A ¥ 4 then 1B could be

4, and if 13 # 2 then 1B could

1

be = 2. But 1B = 2 and 1B = 4 is consistent with the observa~
tions 2 # 4. So either 1B # 4 or 1B ¥ 2, but not necessarily
both. Therefore the minimum number is four salts.
Likewise if 1B # 4 and 1B # 2.

S0 there are at least three different salts, and there may be
four or five.

Xone of the salts correspending to the three lower modes appears
to vary in solubility as a function of TgHaCl. “The points composing the
fourth mode plot near or above the TgNaCl line. Because anhydrite is
known to have been at or near saturation during mineralisation, this

salt is tentatively identified as anhydrite. The optical properties of

such daughter minerals ~ high birefringence, high relief, and the

prismatic and diamond-shaped profiles (figs. 4-4 B, G, H)} - are consistent

with the properties of anhydrite. The links betwesn optical propertiss
and the other modes have been only tenuously established. The acicular
salt (fig. 4-4 1) belongs in the first mode; the salts ¢orresponding to
the other modes are all birelringent and of higher refractive index than

XCli.




Fig. %-13 Tgsalt A vs TgNaCl for type IIT inclusions. The

points and the histogram are for salts 3 other than
NaCl and KCl. Line A is Tgsalt A = TgNaCl; line B
ig Tgsalt A = TgkCl. The symbol "21 Tg > 5709
indicates 21 salts A which did not dissclve hy
57906, and the TgNaCl range in which these occurred.

Fig. ﬁ 14 A metastability effect in type IIT inclusions., Th

Fig.

5-15%

andl TgNaCl are plotted as functions of the numbers
of successive heating runs on four different inclu-
sions. So0lid lines are for Tt broken lines are for
TgNaCl.  Bach inclugion has a different symbol.

A bar in a symbol indicates the uncertainty of a
reading.

Th data greater than SSOOC for specimens 2398, 3031

and 2676, The white and hatched areas in the lower

histogram indicate distinct groups of neighbouring

inclusions. The measurements were made on a Leitz 1350 .
heating stage. The data are for 1nc1usxcns with 7T ﬁacl

data as given in fig.5-7 (Ty, shown ">580 Cony. Spacmmen

numbers are prefixed by 10 in the University of Tasmania
catalogue.
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TEMPERATURES FROM TYPE IIJ INCIUSIONS

The behaviour of the inclusions. The broad spread of Ty

readings for groups of inclusions giving a relatively narrow range of‘
TNalCl suggests that the trapping of gas with salt-rich liquid may have
been frequant'in type IIT inclusions at Panguna. Necking down appears
to be less important, as indicated by T NaCl measurements (fig. 5-6).
Other difficulties which compromise the usefulness of Ty data from
type III inclusions are described below. '

A metastability effect has been noted. Up to seven successive
heating experiments were performed on several inclusions which were
allowed to coél +o room temperatﬁre between each run and were heated at
the same rate (2 - 3OC/min) each time. For four such inclusions, TgNaCl
and Ty, are plotted as a function of experiment number in fig. 5-14. Ty
increased sharply at first in three cases, becoming constant after the
third or fourth run, while T NaCl remained relatively constant in all
cases., Most type III inclusions sh&wﬁd this effect, with the size of the
initial increase variable. No leakage has been observed in conjunction
with the increaée in T, so that the increase is thought not to be due
to minute fractures around the inclusions {suggested by lLarson-et ail.,
1973). Another phenomenon which may be relevant is permanent viscous
strain in the host crystal. Variation of the heating rate and the
repeﬁition of ekpe;imepts over a long time (say, several months) af;er
the initial series of runs might be useful in any further work on this
aspect of f&ui& inclusion behaviour.

Another difficulty concerns the order-of-homogenisation phenomena.
In an inclusion of a liquid trapped when it was in equilibrium with
vapour, the bubble should @isappear at a temperature no less than T NaCl.

Such iz the case at Panguna, generally, for veins with T NaCl modes < 400°C
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or with T, readings greater than 580°C. For the rest of the veins, the
bubble disappears before the halite during heating runs. The histograms
-in fig., 5~7 are laid out to illustrate the transition between NaCl-first
and bubble-first homogenisation at T NaCl = 40600, and the change in
behaviour where Ty > 580°§, For veins with T NaCl near 400°C the
difference between Ty and TSN;CI is small, and there is a mixture~¢f
homogenisation orders. In veins with higher T NaCl the difference tends
to be greater, and it is often consistent in a group of cognate inclusions
{e.g. in 1028662, where 25 secondary inclusions in one healed fracture
gave TgNaCl = 426 + 10°¢ and Ty = 320 % 15%¢ during -one heating run}.
The problem of homogenisation order exists regardless of the metastability
effect, which is of insufficient magnitude to reverse the order of homo-
genisation. The homogenisation-order phenomenon has been described
previously, in particular by Touray (1970) who ascribed it to pressure
effects ~ i.e. the difference TgNaCl-Ip is a minimum estimate of the
pressure gorrection ;equire& for Ty. The occurrence of both homogenisation
orders, systematically changing with salinity, and the acceptance of the
boiling hypothesis, both rule this explanation out for Panguna.

Chivas & Wilkins (1977) have reported both metastability and homo-
genisation-order effects in specimens from the porphyry copper prospect
at Koloula on Guadalcanal, southern Solomon Islands. They observed that
prolonged heating caused Ty, and TgNaCl to converge {upwards and downwards
respectively) to-a common temperature, and suggested that an observed
slow solution of guartz, changing the cavity volume and the solution
composition, was resgponsible. Solution of the cavity walls would be
‘sufficient only if the volume change accompanying tﬁe trangition from
quartz to dissolved silicate species resulted in a net inczéase in
unfilled cavity volume. This would be plausible, in view of the structural

"holes®™ present in salt melts {(Bloom, 1967}. BHowever, the svlution of
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cavity walls has not been observed at Panguna, no change in T NaCl

has been seen to accompany an increase in T}, and the order of homo-

genisation appears to be a function of formation temperature. Therefore
the phencmena which have been observed at Panguna seem to regquire a

more elaborate explanation than those at Koloula,

Solution of siljca. The effect of dissolving Si0,; on T NaCl

in a salt-rich liquid can be examined by means of the following rough
calculation. Let us suppose that the solution of $i0, takes place

according to the reaction
810s + 2NaCl + Hp0O = Wa0.m(Si0p) + 2HCL

s¢ that NaCl is removed, and HCLl added, to.the salt-rich liguid.

The maximum effect on the salt vontent is at m = 1, when the solution of
60 g 510z takes up 117 g NaCl and 18 g Hz0. In § ¥g of salt-rich
liquid (50% NaCl, 50% H»0):

117n
60

18n
60 9

after dissolving n g 5i0p, amcunt of salt remaining = 500 -
amount of water xémaining = 500 -

new salinity, 5§ = 200 - 117n/60
€ ¥ 1000 - n{ll7 + 18)/60

X 100 % HaCl.

n 8 n s

1 49,9 1c 49.1
2 49.8 15 48.7
5 42.6 20 48.3

From Keevil (1942), a decrease of 1% salinity at 50% NaCl corresponds
with a decrease of about 11°C in TgNaCl -~ i.e. about 1% of 8i0, in
golution in the calculation above. The effect is smaller for a fixed

amount of dissolved silica if m > 1, and the actual effect on Tsﬁaﬁl may
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be reduced because Na silicate species are substituted for NaCl in the
liguid. If T NaCl is reproducible to say ¢2°c, it will be possible to
dissolve more than 0.2% Si0s in the salt-rich liguid without significant
change in TSNaCI. Chivas & Wilkins did not report the size of the

change of TgNaCl in their serial heating runms.

Supersaturation. It is thought that the salt-rich liguids with

Th < TgNaCl were supersaturated at the time of trapping. The behaviour
of type IIT inclusions on the heating stage is consistent with the
possibility of supersaburation. In one case, it was found to be possible
to cool a liquid with T NaCl = 430°C to 300°C and to hold it there for

24 hours without the‘crystallisation of halite. Halite in this case
crystallised at 200 - 220°C, the temperature apparently depending

little on the cooling rate {(which could be varied easily by a factor of
10). Long-term supersaturation thus appears peossible in salt-rich liquid,
and is even more likely to ocour where motion of the ligquid inhibits the
nucleation of scolids. The likelihood of supersaturation will be discussed
again in Chapter 9.

Interpretation of Ty data. Subject to the effects of metastability

and original heterogeneity, T, measurements on type III inclusions are
the best estimates of formation temperature where Tp > TgNaCl. This
involves two sets of inclusions: those with TgNaCl < 40002, and those with
Th > 580°C. For those liquids thought to be supersaturated, Ty should also
be a true estimate of the formation temperatures, subject to the same
qualifications, and T NaCl a maximum egtimate. For reésmns which will
emerge more fully in Chapter 9, the T) modes of certain specimens as
measured here seem to be too low. The low temperatures may be due to

the metastability effect.
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Freguency distribution histograms of T}, are presented in_figf 5-7.
Few of these are based on encugh data to give convincing mcdes; and the
data commonly define very broad ranges. In 103026, 103022 and 103009
the histograms are skewed with tails to the high temperature side, as
has been predicted for boiling systéms {Chaptexr 35. |

Upper temperature limit. A minimum trapping temperature of

S&GOC is indicated for assocliated groups of Fluid inclusions in vein
gquartz in 102636, 102676, 102598, 103005, 103011, 10301z, 103031 and
103047. For 102676, 102998 and 103031 attempts were made to measure the
high Ty values on a Leitz 1350° heating stage. The histograms are given
in fig. 5~15. From the data for 102998, it can be concluded only that
the formation temperature was greater than 600°C; for 103031, 600 - 720°C
is indicated. In the histogram for 102676, the white and hatched areas
denote readings made on two discrete sets of inclusions, ;ne of which
formed at a temperature over GSOOC and the other over 700°C. In all
three specimens, some unmeasured Tp values would have been greater than
800°C (i.e. the bubbles persisted to 800°C at which temperature the
heating runs were stopped). These are unlikely to bé meaningful as
formation temperatures if the veins were formed in solid andesite or
diorite, because partial melting of the wallrock should begin at such
temperatures (Wyllie, 1977). Rather, they are due to the incorporation
of gas with salt-rich liguid, or necking down, or.bath. The distribution
of inclusions with Ty > 580°C is shown in fig. 5-8.

Lower temperature limit. It has been noted {(Chapter 3) that the

history of certain parts of the deposit is complex, probably more complex
than in other parts. A simple relationship between geology and fluid
properties is therefore likely to be significant even if it does not

apparently apply to the time—-integrated data everywhere in the orebody,
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and ancmalies are probably attributable to the superposition of other
generations of fluid. This reasoning is used in the following discussion.
The lower temperature limit of quartz-Cu,Fe sulphide veining is
set by the group of veins with TgNaCl modes € 400°C. Spagimens 103003,
103017, 103026, 103035 and possibly 103037 have satisfactorily~defined
T,, modes of 410°, 390°, 360°, 420° ana 370°C respectively. On the
basis of fewer data, 102666, 102668, 103002, 103028, 103032, 103033,
103034, 103036 and 103038 have T; values in a similar range and these,
together with 103003, 103026, 103035 and 103037 define a cooling zone
bounding the deposit along its southern and southwestern margins and
corresponding approximately with the outer ©¢.3% Cu contour there.
Specimens 103008, 1032017 and 103021 may represent the eastern edge of a
different phase ©f mineralisation, different becausé their locus does
not bound all quartz-Cu,Fe sulphide mineralisation in the eastern part
of the depesit. Since the metastability effect hag not bheen dealt with
in this study, these temperatures are only approximate. Nonetheless,
© comparison with TgNaCl readings of other veins shows them likely to be
the lowest formation temperatures in the deposit. On the evidence
available, 350 =~ 430°¢ is accepked as an estimate of the temperature at
the edge of the deposit.

Temperature estimates independent of the fluid inclusion data.

From the study of sulphur isotope fractionation in coéxisting anhydrite
and chalcopyrite (see Chapter 11}, 102676 gave 588 #+ 40°C and 1028675
{which is from a nearby vein in the same diamond drill hole) gave

797 & 7Gp, estimates which compare favourably with fluid inclusion
temperatures of 600 -~ 700°C or greater in guartz from 102676.

Avres et aql. {in press) have presented additional sulphur isotope

temperatures of 350 and 520°C for anhydrite-chalcopyrite pairs (these
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are reinterpreted in Chapter 11)}. Together, the sulphui isotope tempera-
tura; span the whole fluid igclusion temperature range for the guartz-
Cu,Fe sulphide mineralisation.

Another independent temperature estimate, derived from the
compositions of hydrothermal biotites (the method of Beane, 1974) was
presented by Ford (1976) who analysed biotite separates for Fe®t and Pea*.
~ by wet chemical technigues. The temperature range %as 370 - 54000, again
comparing reasonably with the fluid inclusion data. Beane, however,
devised his method for bioctites coexisting with magnetite and sanidine.
It seems likely, however, that hematite (rather than magnetite) coexists
with biotite at Panguna. There is textural evidence for this in 103012,
in which a small red flake, similar to others thought to be hematite,
makes up a composite selid inclusion with a flake of biotite. Thié is
despite the experimental results of Eugster & Wones (1962} who showed
hematite, sanidine and annite to be an unstable assemblage above about
40008, at pressures below 1 kb. Panguna bictites are not, of course, pu¥e
annite. If the compositions (from Ford, 1876) are expressed in terms of
the three end-members annite, phlegopiﬁe and proton-deficient oxyannite,
the activity of annite is 3.5 x 10’3 {Beane, 1974}, But there is also a
large contribution from a titanifercus end-member (Ford's microprobe
analyses indicate up to 4.2% TiOz). Somewhere between these difficulties
may lie the reason for the coexistence of biotite and hematitc at Panguna.

This undoubtedly affects Beane's method, but the size of the effect is

" not known.
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LEACHING STUDIES OF VEIN OUARTZ

Samples from six quartz~Cu,Fe sulphide veins and one quartz-
pyrite vein were carefully gelected 8¢ as to be as free as possible of
impurities. The chief impurities, once the selvage has been carefully
removed, are anhydrite and Cu,FPe sulphides. There are also the isotropic,
colourless ;gclusions described (Chapter 4) in centain specimens; these,
depending on their composition, could seriously limit the value of the
data obtained by this method. Alkali feldspar crystals detached from the
sglvage ware observed in a few samples {e.qg. 103001). Denis {1974}
established that these are a major source of error in the determination of
K/Na ratios. In addition, biotite, hematite and rutile may be present
in very minute quantities.

The crushing, leaching and leachate analyses were carried out in
the laboratories of the Centre de Recherches Pétrographiques et
GEochimiques in Nancy, France. The method is basically that described by
Poty gt al. (1974) but the techniques were modified by M. Denis and
B. Charoy in order to deal with the possible presence of small amounts of
alkali feldspar. %The rprocess was as follows:

{i) Careful examination and selection of pure guartz by hand.

{ii) Samples of about 20 g were placed in cold concentrated HF for two
hours. This treatment removes alkali feldspar more readily than it
removes quartz from a mixture of the two minerals. The samples were then:
{iii) Boiled for two hours in HNOj,

(iv) boliled- for two hours in deionised distilled water,

{v} placed in circulating deionised distilled water in contact with

an ion-exchange resin for four days,

{vi} placed in stainless steel tubes {(cleaned by a similar process to

steps ili-v) and c¢rushed inside the tubes under a heavy-duty press,
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(vii} leached with 60 ml deionised water., Millipore filtration was
used to collect the leachates. Before each crushing and leaching a
controel blank solution was prepared by leaching the uncrushed guartz in
thg stainless steel tube. The blank was also filtered.

The leachates and control blanks were analyse& for Na, K, Ca,‘Mg
and Fe by atomic absorption spectrophotometry and for ClL and 504 by
‘colorimetry. No carbonate determinations were made because the 1éachates
were exposed to the atmosphere during preparation.

Denis (1974} tested the method by varying the grain size of the
samples at the cleaning stage, by varving the volume of the lsachate, by
omitting the HF stage, by prerforming second leachings on certain samples
of crushed guartz and by performing duplicate runs on different pileces
of quartz from the same sample. The method outlined above embodies his
findings; in particular it is worth noting that no difference in K/Na
ratio was observed between first and second leachates on a given crushed
sample. Denis (pers. comm.} recommended that at least five samples be
done for each specimen in order to ensure that the results are vali&.
There was, howaver, sufficlent quartz for only twoe runs on each of the
vein specimens from Panguna except for 103046 where there was only
enpugh for one.

Sample 103046 aonéaineﬁ pyrite, even after the selection of
material. During the cleaning in boiling HNOjz, this became oxidised to

S which had to be removed by further oxidation to $04;. Hence the S0y

analvsis for this specimen is regarded as unreliable. The analytical data

and their ratios are set out in Table 5-4., alongside comparable micro-
thermometric data. There is no way of separating out the contributions
of the ubiquitous type I and II inclusions, but because of the abundance

and high salinity of the type IIT inclusions theirs iz thought to be the

dominant ion contribution to the leachate. This is one of the assumptions




~Table 5-4

ANALYSES OF FLUIDS LEACHED FROM CRUSHED QUARTZ
Tas, Uni, CRPG Analyses of leachates . Ratios (in ienic proportions) Ion Sums*
Sumber Ro. Na .4 Ga Mg Fe 80, (1 Ca/Na Fe/Na Ca/80y (1780, Na/Cl K/Na I+ E~
pPpm prm ppm ppm ppm ppm  ppm . : Leachate T; Data averaged
675  11.22 S.43  0.87 0.20 3.26 3.50 32.75 0.05 0.12 0.63  26.80 0.53  0.28 ‘ ’
103031 676  14.93 7.16 1.12 0.15 4.67 4.00 44.38 0.05 0.13 0.58 29.% 0.5z o0.28 -2 0.87 0.98
677  9.45 4.41 0.14 0.30 2.23 3.00 24.00 0.0l ©0.10 0,11  21.60 0.61  0.27
103012 678 5.50  2.72  0.23 0.6 1.13 2.80 14.90 0.03 0.08 0.20 14.37 0.58  0.28 0.28  0.66 0.74
679 3.23  1.45 0,17 0.10 1.98 10.44  0.03 0.21 -+ 14.24 0.48  0.26
103007 680  2.88 1.22 0.3 0.03 P o8¢ 9.34 o0.08 ~ - 0.85 =29.32 o0.47 o.25 O3 0.38 0.6
688  4.48 1.07 0.66 0.07 1.16 1.96 11.00 0.10 0.11 0.8L  15.15 0.63  0.14
103029 689  4.63 1.07 0.30 0.14 0.9 1.95 11.44 0.04 0.09 0.37 15.84 O©0.62 o0.14 020 0.30 0.34
690  ©6.51 (.22 0.65 0.00 0.11 0.97 2.35 0.83 0.09 1.61  6.54 0.33  0.25
103028 691 0.95 0.38 0.0 0.01 <0.10 1.0 2.00 0.03 <0.04 0.05  2.84 0.73  0.24 0.125 0.153
§92  17.6 10.4 0.9 0.11 7.77 3.50 51,75 0.04 0.18 0.66  39.92 0.52  0.35
102997 693  16.75 10.1  0.83 ©.13 6.33 4.50 48.35 0.03 0.15 0.44 29.01 ©0.53 o0.35  ©0-29 2.88 2.98
103046 694  0.85 0.25 0.30 0.00 ©0.15 ¥  4.70 0.24 0,07 - - 0.28  0.17 0.068 0.132

BLANKS 0.00 0,00 0.00 0.00
«0.03 -0.01 -0.84 -0.01

* Units:

— PR x valency

atomic weight

Weight of quartz sample: 20g approx.
Volume of leachate T 60 ml
Analytical precisien @ Better than % (.1 ppm
for all elements
CRPG No. refers to the catalegue of leachate
analyses kept at the lentre de Recherches
Pétrographiques et Gfochimiques, Nancy, France,

1 80y not determined: oxidation
of pyrite during cleaning led
to contamination. -

£+,- sums of positive, negative
Qhagge, assuming all Fe to be
rel
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tested in the comparison hetween the microthermometriec and leach-
analysis K/Na ratios.

The K/Na ratios are consistent for each pair of analyses. low
X/Ha ratios {< 0.20) occur in 1030238 and 103046 in which type II
inclusions are very much more abundant than other types. For the rest
of the samples, in which the analytical data should reflect mainly type
IIT inclusions, the X/Na ratios range between 0.24 and 0.35.

The Ma/Cl ratieo is consistent for each pair except for 103028,
s0 that in general, Na and C)l are suitable gtandards with which to
compare the other ions. ILess consistency within pairs is shown by the
other ionic ratios, particqiariy those inveolving SOy. The presence of
microscopic solid anhydrite inclusions in the gquartz might be expected
to affect the analyses of Ca and $0y. The Ca/50; ratio ought to tend
to unity in this case, but 1s actually usually much less. This indicates
contributions from sulphate species other than anhydrite - either the
oxidation products of sulphides, or other daughter-salt sulphates.

Na, K and Fe are the predominent cations in the leachate and Cl
is the predominant anion. If the positive and negative charge sums
{measured arbitrarily as analysis in ppm x wvalency/formula weight) are
compared, 2 consistent deficiency in cations is revealed. The positive
charge sum includes all Pe as Fe3+, and the negative charge sum may be
low because COj3 has not been considered. Either factor, if a source of
error, wonld bring about a larger deficiency than that reported here.
Presumably, other cations must be involved, probably mainly H. The
electron microprobe analyses of daughter minerals show perceptible Mn
also, but in relatively minor amounts. If it is assumed that the total
defigiency is accounted for by H, then the log K/H and log Na/H {ionic
proportions} of the leachates are less than 0.5. According to data for

1 kb (Montoya & Hemley, 1975) such ratios are guite inconsistent with the
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silicate slteration assemblages seen in the vein selvages. Albite occurs
at about 4GGOC, and sanidine and sericite, or sanidine only, at tempera-
tures up to and beyond 600°C. It seems likely, therefore, that the
leach-ratio deficiencies do not give a valid measure of the acidity of
the fluid in the type IIT inclusions. IF the acidity of the leachate
were due to contributions from the vapour phase, into which HC1l would
be fractionated preferentially, this would imply diseguilibrium between
one fluid, most likely the wvapour, and the silicates. If liguid and
vapour were both in eguilibrium with the silicate assemblages, both
ghould have the same alkali:H ratios.

It seems inconcelivable that any other ion, even Mn, should make
up most of the deficiency in cations. If the aissing ionsg are H, then
the silicate mineralogy implies a large excess of this species in the
inclusiong. Clearly, the properties of the original salt-rich liguid are
not congistent with those of the leachate. 2 change may have occurred
in the ionic composition since crushing; this would necessarily take
rlace by ion exchange. The size of the cation deficiency thﬂrefore casts
a great deal of doubt on the value of these analyses. The only
conclusions in which any confidence is justified are:
{1} the presence of soluble Fe as a main constituent of the fluids,

along with Na, K and Cl.
(ii} there are two cases of close agreement between K/Na ratios

obtained by leaching and by microthermometry.

SUMMARY

The temperatures of the salt-rich liguids have been specified
approximately, and only at the extremes., Despite the difficulties, it

can be seen in fig. 5-B that the Ty and TgNall distributions are similar
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in being asymmetric with respect £o the cgopper mineralisation and in
hdving the same central.ridge. They are dissimilar in that the high
temperatures along the northern margin of the orebody and in the area
around the Iseucocratic Quartz Dieorite are not matched by salinities as
high as those along the central ridge., The spatial distribution of
phase behaviour {(homogenisation order) in type III inclusions can also
be seen from fig. 5-8 to resemble Ty and T}, distributions. The patterns
of Ty and TgNaCl data are not simple; one way of explaining this is to
postulate several mineralising events, as suggested also by field
observations of the veins. This, the mechanisms of the chemical
variation of the salt-rich liguid and the relationship of the fluid
inelusion data to the known properties of simple salt-water systems will

all be discussed in subseguent chapters.
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CHAPTER SIX: FLUID INCLUSION STUDIES TN HOSTS OTHER THAN QUARTZ-

Cu,Pe SULPHIDE VEINS

QUARTEZ PHENOCRYSTS

Samples with quartz phenocrysts were taken from the Biotite
Granodiorite, from an Intrusive Breccia, from a Feldspar-Quartz Porphyry
dyke cutting the Biotite Granodiorite and from the Biurc Grano&iﬂrité.

“ All phenccrysts contain £luild inclusions of types I, II and III and the
suite of sglié inclusions described in Chapter 3. Type II inclusions are
more abundant than type III, and type I inclusions are variable in
abundance, usually less common still., Primary type II inclusions a%e
found adhering to so0lid inclusions of glass and Cu,Fe sulphide

{fig. 4-5, 6-1). Definite primary type IIT inclusions are rare, and are
again associated with solid inclusions (fig. 4-5). Many phenocrysts
exiibit one prominent growth zone {commonly near the rim} marked by
plentiful glass and primary type II inclusions. A few type III inclusions
may alsc be associated with these zones.

It seems from the fluid inclusion assemblages that three fluids -
silicate liguid, salt-rich ligquid and vapour - coexistsd in the Bilotite
Granocdiorite magma at the level of the ore-zone. In the other intrusions,
only vapour and silicate ligquid are proven to have co&xisted, although
salt-rich liquid is present as inclusicns of indeterminate habit. Fluid
and sclid inclusions are much less abundant in guartz phenccrysts from
the Biure Granodiorite than from phenocrysts in the Biotite Granodiorite
znd its associzted intrusi.. phases. The presenge in the phenocrysts of
solid inclusions of Cu,Fe sulphide, [(?) anhvdrite and hematite, all
characteristic hydrothermal solid inclusions at Panguna, suggests that

some of the quartz in the phenocrysts may have been deposited from the



Fig. 6-~1

Photomicrographs of inclusions.

& silicate solid inclusion, originally prebably
glass, from a gquartz phenocryst in 103001. The
dark objects are gas—rich inclusions.

The same inclusion after heating to
950°c. The rim has melted, and the gas-rich
inclusions have coalesced and become rounded.

Another silicate so0lid inclusion from the same
vhenocryst in 103001, after heating to
950°¢. .

Type II and III inclusions in guartz from an
amphibole~bearing vein, 103043. g = gas,
h = halite.
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salt~rich liguid. In the same way, the glass inclusions suggest the
deposition of igneous quartz. This indicates the presence of several
fluids at equiiibriam, - all saturated with respect to silica.

The prominent growth-zones marked by glass and type II inclusions
may represent a sudden change in physical conditions ~ perhaps a
pressure release - causing the evolution of vapour.

Temperatures were measured for type III inclusions from 103001,
103011 and 103015 (Biotite Granodiorite), 103006 (Intrusive Breccia) and
103021 (Quartz—Feldspar Porphyry). In each case the phenocrysts were
taken from near quartz veins, so that salt-rich liquid from the veins
could have been preserved as secondary inclusions in the phenocrysts.
The TgNaCl values In vein and phenecrys£ are essentially indistinguish~
able in 103006 and 103011, hut one of the inclusions in the phenocryst
in 103001 is apparently primary. For 103001, 103015 aﬁd 103021 the
T NaCl values are distinct in vein and phenocryst; in 103001 the
distinction is reinforced by the presence of a primary inclusion in the
phenocryst and a difference in T, values (cf. figs. 5-6 and 6-2).

The TgNaCl range of salt-rich liquids from the phenccrysts is
broad, 400 =~ 56QGC to include most TSNaci data (fig. 6-2). Paired
{TgHaCl, TgKCl}) readings were obtained for seven inclusions, three of
them in 103006. Thege are plotted with (TgKCl, T NaCl) data from quartz-
Cu,Fe sulphide veins in fig. 5-10 and all data conform to the same trend.
Likewlse, Tgsalt A data from the phenocrysts conform to the patterns
established for the veins (fig. 5-13). Two cases where Tgsalt A
exceeded 580°C were noted.

Ty, readings also covered a broad range. They were generally less
than T NaCl in 103006, 103011 and 103021. In 103001 and 103015 all Ty
values were beyond the range of the Chaixmeca apparatus (>580°C}.

However, four type III inclusions in a phenocryst from 103001 were




400 500 °C

Fig. 6~2 Data from type III inclusions in guartz phenocrysts. Specimen
numbers, shown at top left of each part, are prefixed by 10
in the University of Tasmania catalogue. Th data are shown as

white columns, TgNaCl as black or patternasd columns. The
Patterns distinguish data from different phenocrysts,




Table €1

ANALYSES QF A SOLID INCLUSION IN A QUARTZ PHENOCRYST FROM 103001

Core

(poorly polished) Half way to rim -

Na»0 2.32 0.41 11.34 1.93
Al,03 19.03 2.02 20.05 2.07
8102 66,68 6,01 67.58 5.93
K0 10.85 1.25 0.47 0.05
CaO 1.12 0.11 0.56 0.05
Total (pre- 91.30 9.80 98.10 10.03
normalisation
Half way to rim Rim

Na,O 7.14 1.23 11.23 1.91
Al,03 19.39 2.04 20.41 2.11
Si0s 67.02 5.97 66.81 5.87
K50 5.89 0.67 0.43 0.05
Cal .56 0.05 1.11 0.10

Totals 101.10 9,96 100.60 10.05

Left hand columns: weight percentages.

Right hand celumns: m&iecuiar proportions (per 16 oxygens).
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examined on the heating stage of the C.S.I.R.0C. Minerals Research
Laboratories by Dr. P.J. Eadington, who obtained Ty readings of 944, 945,
1023 and 1023°C. At such temperatures, the solid iﬁclusians thought

to be devitrified glass were observed to melt around the edges, and

bubkles in or on the surface of one of them disappeared., Other bubbles
on the surface became rounded. The inclusion in fig, 6-1 was heated . ;
briefly to 95000, so must have begun te melt at a lower temperature.
The surface bubbles are thought to have been magmatic vapour attached
to the impurity on the surface of the growing quartz phenocryst. Near
the bubbles, therefore, the included silicate material would be melting
in the presence of water and guartz.

The phase diagram of muscovite granite - Ho0O (Wyllie, 197?;
fig. 6) is appropriate for the compositions of the Panguna intrusive
rocks, At BOO - 1000 bérs, the likély pressure of crystallisétion of the
plutons (the lithostatic pressure corresponding to a hydrostatic pressure
of 300 bars), quartz crystallises at temperatures below 800°C. Thus
the type IXI fluid inclusions are indicating unreasonably high tempera-
tures. It is not known wnether guartz can oontain fluid tightly at ;
these high temperatures. 2As for the silicate solid inclusions, they too
may be indicaéing unreasonable temperatures in that very little melting
has taken place by 95006. They may net, in fact, represent the melt
compssitioﬁ at all. One of them, exposed on the surface of the polished
section, wés'analysed in detail on the electron microprobe and found to
contain sodic alkali feldspar with a potassic core {Table 6-1})}. There
was no excess silica (this may have diffused into the host) and ne ccncen-'
tration of Ca, Fe or Mg at the polished sect%on, piffusion appears to
have separated Na.from K within the inclusion.

The measuiements do not help greatly in establishing the température

of formation of the quartz phenocryst. The only indisputable observation
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is that type III inclusions in this phenccryst as a group have much
higher minimum Th values than the groups of type III inclusions examined
in vein gquartz.

In the light of the discussion in Chapter 5, it seems unlikely
that fluid inclusions with Ty, < Tsﬁa81 could have bheen trapped
under magmatic conditions. Thus only the salt-rich liquids in 103001
and 103015 remain as candidates for salt-rich liguid in equilibrium with
magma .,

The similar chemical variation patterns of the salt-rich liquids
from the quartz phenccrysts and the gquartz-Cu,Fe sulphide veins, and
the occourrence of primary inclusions as described above, strongly suggest
that some, at least, of the ligquids share & common origin, namely within
the magmas of the intrusive suite at Panguna. In addition, the ocourrence
in phenocrysts of Cu,Fe sulphides both as solid inclusions and as
trapped or daughter-mineral phases in type III inclusions indicates the

association of magmatic salt-rich liquid and copper.

AMPHIBOLE-~-MAGNETITE-QUARTZ VETHNS

A& single specimen, 103049, was studied for fluid inclusions. The
amphibole contains abundant type II inclusions and rare reddish solid
inclusions (hematite ?}. The guartz also contains these, and less
abundant type I and type III inclusiong. No definite primary or
secondary inclusions were identified. The data are presented in fig, 6-3.

Type I inclusions homogenised at 330 + 10°c. The salinity was
0 -~ 3% eq. NaCl, corresponding to a T¢ range of 0 to-l.Soc. For a
formation pressure of 300 bars the pressure correction is 15 ~ 20°¢
{Potter, 1978) so that the trapping temperature of these fluids was

348 + 13%¢,
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Type III inclusions have nucleated only cne daughter mineral,
which appears to be halite., The salt-rich liguid may have been boiiing,
because one gas-rich inclusion of composition intermediate between
types II and IIY was observed. The data from type III inclusions are
hetercdeneous, and of little help in specifying tﬁe properties of a

single fluid. The T NaCl range is 320 - 44006, and this gives maximum

formation temperature estimates for the inclusions since Ty < TgNaCl

in all but éﬁé:incluﬁicn, i.e. the liguids were probably supexsatazét&d,
This behaviour differs from that of type III inclusions in guartz-Cu,Fe
sulphide veins in which Ty is generally greater than.T$NaCl in inclusions
with T NaCl < 400°c. This vein may have formed from a boiling salt-rich

liguid. Alternatively, the deposition of the vein minerals may have been

a high temperature pneumatolytic event, (accounting for the abundance of
type II inclusions in the amphibole) the salt-rich liquid in the quartz
having been inéorporated during later copper mineralisation. The salt-
rich liguid does not, however, resemble salt-rich liquids from quartz—
Cu,Fe sulphide veins, either in the daughter salts cobserved, or in
homogenisation order. Ford & Green {1977) suggested a temperature of

600 -~ 65096, based on the 6180 of the quartz, for another of these veins.

QUARTZ~FYRITE VEINS ‘ :

All guartz-pyrite veins contain type I inclusions, and some
contain types 1II and III. In specimens 103015 and 103028 it was possible
to distinguish two generations of quartz filling Ehe one fracture. fThe
younger generation in each case was associated with pyrite and contained
only type I inclusioné, and the older contgined fluid and solid
inclusions typical of quartz-Cu,Fe sulphide veins. Other quartz-pyrite

veing were distinguished from quartz~Cu,Fe sulphide veins by the presence



Fig. 6~3 Fluid inclusion data from type I and IIl inclugions
in guartz from in the amphibole-bearing vein 103049.

Fig. 6~4 The distribution of QP association flulds {see text
for explanaticn). Geological contacts and the outer
$.3% Cu contour are as in fig. 2-3.
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of a special association of types I and II inclusioﬁs exhibiting various
homogenisation phenomena at temﬁeratuxes largely over 360°C. These
phenomena include the following, which are characteéigtic of fluids
ﬁomagenisipg at or near the critical point {(see Yermakov, 1965, p.364 ff.).
For tvpe I inclusions:

1. T, > 36006, bubble diminishes rapidly just before homOggnisaﬁion

to liguid. |

2. Homogenisation at the critical point.

3. Liguid boils just before homogenisation to gas.
and for type II inclusions:

4. Homogenisation to gas, largely at 360 =~ 429°¢; liguid diminishes

rapidly just before homogenisation. g
In addition,.thare are type I inclusicons with homogenisation temperatures
up to 520°C. These homogenise by a gradual decrease in the volune of the
bubble.

The veins which contain such inclusions (fluids termed the QP
association from here on) were found only in s@ecimens 103017, 103032,
103038, 103039, 103040, 103041 and 103046 {fig. 6-4). These havé been
interpreted as forming an arc encircling the Leucocratic Quartz Diorite
(Eastoe, 1978), but an alternative interpretation should alsc be
considered. This considers 103039, 103040 and possibly 103041 to belong
to anothexr group, possibly an earlier halo. In Chapter 9, reasons for
favouring this alternative interpretation are discussed. Type 1
inclusions of lower homogenisation temperatures and type IITI inclusions
are usually also present in veins beéring QP association inclusions.

In i03017. type III inclusions bearing hematite are found in those parts
of the guartz unaffgcted by the dense swarms of healed fractures with QP

asgociation inclusions. 8o0lid inclusions of hematite have been observed
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in the guartz, much of which was therefore probably deposited by salt~
rich liquid. Type III inclusions in the rest of the guartz could have
been destroyed during the intense fracturing. The 0P assaciatien h
fluids may be associated with a later generation of 1u$trc§s gyriié
crystals and guartz with very small, primary type ii {?) inclusions
along the growth zones. The later minerals were deposited on to a pre—
existing vein, probably a quartz-Cu,Fe sulphide vein.

Salinity. Relatively few type I inclusions were large enough
for freezing experiments. The points plotted in fig. 6-5 are individual
(Th,Tf} pairs distinguished according to specimen and)to vein type
{as suggestgd.in Chapter 2, the "gquartz-pyrite® clagsif;catiqnlmay
comprise three vein typss: veins from outside the deposit, those
bearing QP association fluids and others from within the deposit but
bearing no QP asscciation fluids).

Quartzwpyriﬁe veins from outside the deposit contain mainly waters
with Tf ranges of 0 to -2°C and < -16°¢C, i.e. 0 - 3% and > 20% eq. NaCl
respectively (fig. 6-5, sguare symbols). Certain inclusions have T¢
values below -21.10C; these may contain salts other than NaCl.

Specimen 103015 (within the deposit, but without QP fluids} gave Tg
readings grouped around -4°¢ {~ 7% eg. KaCl). QP association inclusions
which homogenised to liguid gave Tg readings in the range -SOé to'-2OOC
and lower (8 to »22% eq. WaCl). For inclusions which homogenised at the
critical point, there are conflicting indications of salinity. "B Tg-range
of 370 - 420°C implies salinities of 0 - 4% eq. NaCl, but T¢ readings on
two such inclusicns (in 103017 and 103040) were -1566 and -22 * 39c,
implying very much higher satinities in terms. of the system NaCl-HaO.
whiXQ'small'amounts of divalent ion in solution may radically affec£ the
freezing properties of such solutions, the critical point data of'

Marshall & Jones (1974) suggest that divalent ions will have only a small




92

effect on critical phenomena. Salinity estimates based on T, are there-
fore regarded as more reliable than those based on Tg.  Inclusions
homogenising to gas at Th < 40005 must contain less than 3% eg. NaCl
{Sourirajan & Kennedy, 1962}.

Temperatures. Ty histograms are presented in fig. 6-6. The

quarte-pyrite veins from outside the deposit all gontain inclusions

which homogenised at Tp < 32000. Only 103045 containsg a significant
number of inclusions homogenising at higher temperatures. 103015 from
the pit contains primary inclusions homogenising at 300 - 330°¢. For
these, for the Ty readings for veins from outside the deposit and probably’
forthe lower-temperature inclusions from 103017 and 103032 (for which
there are no salinity estimates), the pressure corrections are given in
Takle 5-1.

The temperatures of formation of the 0P assocliation are best dis-
cussed in the light of the arguments presented in Chapter 9. Thé
temperatures of critical and near-critical phenomena are at worst minimum
estimates of the formation temperatures of the fluid inclusions concerned,
but they may well be trve estimates. The liguids of higher salinity and
higher Ty (as in 103017) formed at higher temperatures. The histogram
for 103017 indicates many Ty, readings in the raﬁgé 400 — éacoc, and a
"tail” of higher values stretching off beyond 500°C. This "tail" suggests
that the liguids may have been boiling, and thus that the more common ?h
readings below 48096 may be true formation tampexaturés. The decrepitation
temperatures of QP associaéion inclusions in 103017 are 560 - 570°¢.

Relationship with type I inclusions from guartz—-Cu,Fe sulphide veins.

The broken line in fig., 6~5 encompasses the field of The TE data for
quartz-Cu,Fe sulphide veins {(from fig. 5~1}. Except for four inclusions

from 103043 with Tg < -24°¢, all (Tn» T¢) points for veins outside the
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Fig. 6~5 Tp data vs. Ty data for type I inclusions from guartz-
pyrite veins. Each symbol corresponds te a single specimen:
the gpegimen runbers in the legend are prefixed by 10 in the
University of Tasmania catalogue. Bars give the uncertainty
of data. The dashed line encompasses the field of data from
type I inclusions in guartz-Cu,Fe sulphide veins.
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Pig. 6~6 Histograms of Th data for type T inclusions (and a few

type II} from gquartz-pyrite veins.

The top five histograms

are for specimens bearing QP association fluid inclusions

(see text).

The critical temperature of water is Iindicated.

3043-3045 are specimens from outside the ore-zone, and -3015

from within the ore-zone.

10 in the University of Tasmania catalogue.

Bpecimen numbers are prefixed by
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deposit and for 103015 within the deposit also lie in this field. The
Qp £1luld assoclation plots cutside the f£ield, on the high temperature
side, but differs from the f£luids in other type I inclusions only in
temperature. Therefore the P association could be the result of heating
of fluids like those preserved in type I inclusions in guartz-Cu,Fe
sulphide veins. ‘fThe higher salinitigs (and T, measurements) in QP assoc-

iation fluids may hava resulted from the boliling of less-saline waﬁers.)

PYRITE ¥ BLEACHED SELVAGE

Although this vein-type appears to be free of gangue minerals at
hand specimen scale, a thin section of 103470 revealed small quarte
crystals projecting into the seam of pyrite from the margin., A little of
the guartz is enclosed by the pyrite. The quartz contains fluid
inclusions, the larger and more visible of which are mostlylitype I
‘inciusioas. There are also much less abundant type T inclusions and some
intermediate hetween lypes I and IX. WNo type TIT inclusions were
ohserved: Some very small primary inclusions associated with a growth
zone of the quartz were difficult to classify, but the iéxger Qne$‘$a@$
to be type IX inclugiﬁ%g; - The deposition of‘the qﬁartz {and pyrite) was
A ?robabiy agaaci%t%&.withia vapour phase, and possibly also with a | |
boiling liguid of low to moderate salinity. ©No heaﬁing or freezing

measurements were made.
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. SPHALERTTE~PYRITE VEINS

A specimen of quartz associated with pyrite aﬁd small quantities

of sphalerite, chalccpfrite and galena, iG3Q42, coﬁtaineé type i
inclusions suitable ﬁgr study. The inclu&ions were of indeterminate
. habit, but no other type of inclusion was found in‘the specimen; The
. Ty, mode was 3i0°c and salinities range between 0 and 2% eq. NaCl vl
(fig. 6-7). ‘i pressure correation‘sf about-lsac‘{ébtter, 1978) is
implied for a pressure of 300 bars. Tﬁe férmation témpexatﬁregg
of 330°% is.to bevgoﬁgared with'sulﬁhur isotope temperatures of
270 - 3i0?c for other pyrite-sphalerité veins {see Chapter 1l). yThe
T T Plot for 103042 indicates fluids indistinguishable from those
most freqﬁently represented in the type I inciusions in qua;tz»pu,?e

sulphide veins (fig. 5-1).

QUARTZ HEALING BRECCIATED SPHALERITE

Type I inclusions from 103048 were indeterminate in habit, and
gave Ty readings in the range 200 - 320°%. Ty readings were mainly
between Q and —ZOQ, giving a pressure correction of about 15°c. These

. fluids, too, compare closely with the fluids in type I inclusions in

quartz—Cu,Fe sulphide veins.
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brecciated sphalerite) and 103042 (a quartz-pyrite-

clay vein with minor sphalerite, chalcopyrite and
galena). o :
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CHAPTER SEVEN: PRESSURE ESTIMATES

Three methods of estimating the pressure during mineralisation
are available from the fluid inclusion data. The first applies to the
QP fluid association {(see Chapter 6); the second and third apply to

the salt-rich liquids and their vapours.

OP ASSQCIATION

A fluid inclusion which homogenises at T, must have been trapped
at P » P, and T » T,. In 103017 the mode of T is 410°C, and in 103040
the mode is 400°C {see fig. 6~6). These correspond respectively to P
values of 280 and 270 bars in the system NaCl-H,0 (Sourirajan & Kennedy,
1962}.' These are minimum pressure estimates, on the assumption that
there are no other substances present in sufficient guantity to change
the critical properties of the fluids ({experiments with a crushing stage
revealed little, if any, COp in these specimens}. Similar pressure
estimates apply to the other specimens in which there were homogenisations

at the critical point.

TYPE I1 INCLUSIONS

The data obtained from type 1I inclusions have been discussed in
Chapter 5 (see fig. 5-4). When type II inclugions homogenise, the
temperature and pressure in the inclusions must be less than T, and P; of
the vapour they contain. In 103026, which appears to have formed near
400°¢ on the basis of type III inclusion data, the type II inclusions with
small liquid rims homogenise at temperatures less than 400°€~ The 400°C

formation temperature must apply to the type IT inclusions if the salt-rich
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liguid was in equilibrium witﬁ the vapour. Assuming the systém HaCl-Ho0
to be an adequate representation of the vapour, the P, at 400°¢ is

290 bars. A similarx estiméte may apply for 103029, where the formation
temperature of the vapour is less certain. These are maximum possible
pressures of formation. In veins formed at higher temperatures, much
higher maximum pressuré estimates may apply. Consistent with this, the
homogenisation temperatures of type IT inclusions in 103012 and 103022 :
were observed to be:higher; generally >4200C (but not measured precisely) i

in inclusions with small liquid rims.

TYPE I11 INCLUSIONS

If the .salt-rich liguids in type III inclusions are adeguately
represented by the system NaCl-KC1-H»0, the data of Ravich & Borovayva
(1249} can be used to estimate the vapour pressures of the boiling
liguids. & few such liquids at Panguna saturated or close to saturation
in Nacl contained about 3 parts NaCl to 1 of XCl by weight; such a
liguid has a vapour pressure greater than 200 bars between 450 and 6QG°C
{fig. 7=1). An upper limit of 300 bars has been interpolated in a part
of Ravich & Borovaya's diagram where the data are sparse. At higher
tgmperatures the pressgure diminishes, approa;hing 50 bars at 700°C. The
most concentrated liquids at Panguna have about 4 parts NaCl to 1 of KCl
by weight; this permits pressures a little higher than in the 3:1 case
{by 10 - 20 bars at saturation). The most dilute liquids contain about
2 parts Hacl to 1 of gﬁl, and these would have a wvapour pressure between
200 and 250 bars (values avain interpolated).

The salt-rich liguids could déviate from the conditions of the
experiments of Ravich & Horovaya because of the presence of other salts

{probably lowering the wapour pressure) or volatiles other than water
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Fig. 7-1 Vapour pressures in the system NaCl~KCl~H;0.
The upper figure gives vapour pressure isobars
in kg/cm? for saturated ligquids with ¥ClL/MaCl
ratios as indicated on the abscissa, and at
temperatures from 300 to 700°C. The lower
diagram gives vapour pressure curves for two
ligquids of fixed XC1/NaCl ratio. After Ravich &
Borovaya {1949} . One bar 1 kg cm 2.
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(raising it), if the liguids were unsaturated with respect to NaCl
{raising the vapour pressure) and also if they were supersaturated
{lowering it}. Unsaturation is most likely in the case of the most
dilute and certain more congentrated liquids (see Chapter 5). Saturation
or supersaturation appears o be the case for the rest. Therefore the
best pressure estimate by this method is 200 ~ 300 bars for the liguids

which appear to be saturated in NacCl.

SUMMARY

OF association fluids, the specimens in which most of the type II
inclusion data were collected and the lower-temperature saturated salt-
rich liguids are all associated with the edge of copper mineralisation
(see Chapters S and 6)}. ‘Therefore all of the considerations above are
consistent with a pressure of 270 ~ 290 bars near the edge of the
deposit. W®Within the deposit, the pressure may have been lower where
those salt-rich liquids thought to have been supersaturated were present,
or higher where there were higher-temperature saturated ¢r unsaturated

galt-rich liguids. These matters will be examined again in Chapter 9.
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CHAPTER EIGHT: THE HISTORY OF THE DEPOSIT

The vein classification {Tabhle 3~1) does not include any sub-
division of guartz«Cu,Fe sulphide veins beyond distinguishing veins
with a c¢entral sulphide seam from those with disseminated sulphide only
near the Leucacratié Quartz Diorxite. However, there are other indica-
tions that more than one phase of quartz~Cu,Fe sulphide veining took
place. Such veins intersect each intrusive body in the deposit, yet the

relationships  between the intrusives and copper mineralisation {and
silicate alteration) differ widely (Fountain, 1972). The Leucocratic
Quartz Diorite and the southsrn part of the Kaveronyg Quartz Diorite are
strongly mineralised and are largely altexed to §otassic assemblages;
The Biotite Granodiorite is weakly mineralised {except in the marginal
Intrusive Breccias) and is altered largely to phyllic and argillic
assemblages. The Biurg Granocdiorite iz very weakly mineralised and
relatively unaltered. The two pyrite haloes delineated in this study
give a further indication of multiple wveining phases.

Adding the fluid inclusion data to the intersection relationships
betwegn veins and intrusives {the only useful field criteria for
classifying guartz~Cu,Fe sulphide veins) allows an improved interpret-
ation. Areas of high salinity or high temperature (or both) are
congidered as possible centres of mineralisation and suggest a centre in
and near the Leucocratic Quartz Diorite (Phase B} and another along the
west edge of the BRiotite Granodiorite (Phase (). Data from veins thought
to be associated with these centres have heen excluded from the map.

The residual fluid inclusion data {fig. 8=~1) have been termed Phase A.
In the following discussion of their relationships, the three phases are

best treated in the order C, B, A.
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PHASE C

The centre along the west edge of the Bictite Grancdiorite is
defined by specimens 103001, 103004, 103005, 103006, 103012, 103013,
103014 and 103022, It is younger than the Biure Granodiorite because
103013 and 103014 cut that intrusion. It is, hence, younger than other
mineralisation in the vicinity, since the Biuro Grano&iorite intersects
all other mineralisation and alteration patterns around it {(Fountain,
1972). The specimens listed belondg to the core area of a phase of
mineralisation (phase C) whigh probably also includes all other quartz-
Cu,Fe sulphide veins cutting the Biotite Granodiorite and its minor
phases. The edge of phase C has not been located, except perhaps to the
east where low salinities occur within the orebody (specimens 1030607,
103068, 103017 and 103021). So the minimum extent of phase C includes
the Biotite Granodiorite and the Biuro Granodiorite, and part of the

area between them (fig. 8-1).

PHASE B

The centre in and near the Leucocratic Quartz Diorite i# marked by
a concentration of guartz veins {fig. 3~1) and high copper grades
{Baldwin ¢ al., 1978), as well as by high Ty, data from specimens 103031
and 103047. It is encircled by a halo of pyrite veins and possibly by
another halc of quartz-pyrite veins bearing the QP-fluid association
(specimens 103017, 103020, 103032, 103040, 103046; see fig. 8-1). This
rhase (B) may itself have comprised two stages because there are two
generations of quértz—Cu,Fe sulphide wveins. High salinities and
temperatures at the southern margin of the orebody (102636, 103029,
103030} belong to a separate gentre about 100 m from the nearest
Leucocratic Quaxtz bigrite contact. This centre, too, may belong to

phase B.
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RELATIONSHIP OF B AND C

Since they affected different parts of the orebody, it cannot be
shown that phases B ané ¢ took place éimultaneously or otherwise, but
the mode of occurrence of the pebble dykes suggests that phases B and
C waned concurrently. The pebble dykes mapped by mine geologists are
parallel, and occur only in two discrete groups {fig. 2=-3). One group
cuts the centre of phase B mineralisation and the other cuts the centre
of phase C. It is suggested that all of the pebble dykes formed in a
single episode of violent boiling, as low salinity waters inundated the
waning mineralisation centres along newly-created, deeply-penetrating,
NE-NNE.fractures. Phase B, if it comprised two stages, may have been
active both before and during phase C activity.

%

PHASE A

"If mineralisation belonging to phases B and C is excluded (i.e.
veins enclesed by the haloes about the Leucocratic Quartz Diorite, and
those which cut the Biotite Granodiorite or the Biuro Granodiorite or
the area between them), the asymmetric element of the salinity and
temperature distributions remains (fig. 8-l1). This is called phase A.
Since only a minimum extent could be established Ior phase C it is
possible that phase C data remsin in fig. 8~1l. However, the sparseness
of phase C veining, even at the implied centre of this phase, and the
simplicity of the proposed phase A pattern, suggest that few if any are
left. There is a broad field of veins with TgNaCl from 450°C to 490°C,
bounded to the scuth and southwest by a zone of lower salinities, i.e. a
zone of dilution by groundwater. There is also a fall in temperature
from more than 700°C in the north to 350 - 4306%C along the same zone to

the south and southwest. Phase A has a pyritic helo {(fig. 4, Baumer &
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Fraser, .1975) slightly bevond and parallel to the zone along which
dilution ocourred. This is shown separately in fig. 8-~1l. There could
also be a QP association halo similar to the one suggested for phase B.
Three quartz-pyrite specimens (103039, 103040, 103041) with QP assoc-
tation fluid inclusions ocour beyvend the ore~Zone and may be part of a
halo xunning parallel to the zone in which salt~rich liquid was cooled
and diluted. Other parts of the proposed halo were not accessible
for sampliné. Previously (Bastoe, 1978), all of the specimens with QP
association fluids were ascribed to a single halo=encircliqg the
Leucocratic Quartz Diorite.

The asymmetric temperature and salinity distributions of phese A
{with respect to the 0.3% Cu contour) are consistent with the formation
of phase A while the southern part of the Kaverong Quartz Diorite was
hot. According to data from specimens 102676 and 102998, the tempera-
tures were sub-magmatic (?OOOC or ygreater).

Two hypotheses relating phase A to the intrusive sequence arise.
The first is t%at phase A& was related to the emplacement of the gavexcng
guartyz Diorite and predated the Biotité Granodiorite. This hypothesis
is favoured by the association of the bilotitisation of the southern
margin of the Kaverong Quartz Diorite {to give the Biotite Diorite) with
copper mineralisation. Such biotitisation continues beyond the economic
deposit and is not spatially related to the Biotite Granodiofite which
appears to be unaffected by it. The phese A zone of cooling and
dilution, and the pyrite halo, are parallel to the margin of the Biotite
Dicrite {in éazticalaz, in tracing the form of the southeastward
projection, most of which has been displaced by the Blotite Granodioritej.
The second hypothesis relates phese A to the intrusion of the Biotite

Granodiorite while the Kaverong Quartz Diorite was .still hot.
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The central position of the Biotite Granodiorite with respect Lo copper
mineralisation and the presence in its melt of boiling, saltufich |

liguid (demonstrated by primary type IT and ITI f£luid inclusions in
gquartz phenocrysts) favour the second hypothesis. ¥Yet there do not
appear to be any fluid inclusion data centred on the Biotite Grancdiorite.
For this reason, and because of the Biotite Diorite-copper association,
the first hypothesis is prefexred'here.

The evclution of salt-rich liquid from the Biotite Granodiorite
must have had some effect, as yet not accounted for, on the surrounding
rocks. The only mineralisation obviously associated with the Biotite
Granodiorite seems to be the sanidine—biotite—quartz—chalcoéyrite‘matrix :
in pagts of the Intrusive Brecclas. The mineralisation is sharply
bounded at ih@ breccia~country rock contacks, suggesﬁing that f;uid
trangsport was painly upwards through the steeply-dipping breccia bodies
rather than outwards at this stage (fig. 8=2). Ford (1976) suggested
that the Biotite Granodiorite stock reached a level higher than the xoof
zones of the Kaverong Quartz Diorite and the Leucocratic Quaxﬁz Diorite.

_If this is s0, mineralisation associated with the Biotite Gramcdiorite
may have taeken place above the exposed orebody, or may not have oceurred

at all because of unsuitable physical conditions at higher levels.

CCNDITICNS DURING PHASE B

The symmetry of the pyrite halo around the Leucocratic Quartz
Diorite implies that the temperature distribhution had changed betwesn
rPhases A and B. By analogy with phase A, where the pyrite halo was
probably associated with the dilﬁtion and cooling of salt-~rich liguid,
the presence of a closed pyritic hale indicates that cooling and dilution
of the salt-rich liguid took place around the whole cell of phase B

mineraligation, and that groundwater had already inundated the ore-zone.
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. Phase B therefoxe‘occuxred well after the waning of phase A and the
cooling of the entire system, including the Biotite Grancdiorite
(because this ig cut by the phase B pyrite halo). ‘?age & McDougall
(1§?2} detected a difference of 0.5 - 1.5 m.y. between the K-Ar ages
of fresh Kaverong Quartz Diorite and the younger hydrothermal alteration
of the smaller porphyry stocks, and this is sufficient time for the

proposed changé in thermal regime.

EVENTS PRICR TO PHASE A

It has already been noted (Chapter 3} that a phase of amphibole~

magnetite-quartz veining preceded all gquartz-Cu,Fe sulphide veining.

The alteration accompanying the amphibole-magnetite-guartz veining is j
pervasive in the Panguna Andesite out to the propylitic alteration zone. §
West of the deposit, however, three quartz—Cu,¥e sulphide veins (103003,
103025, 103026) have outer selvages containing plentiful biotite. A

little amphibole, possibly igneous, remains and is rimmed by biotite in

103026, but other ferromagnesian minerals have been entirely replaced.
Plagioclase phenocrysts are rimmed and veined with biotite, and much of
the groundmass consists of fine-grained bicotite; the texture is one of
replacement. In 103003 and 103025 the textures are hornfelsic. In 103003,
plentiful randomly-orisnted plates ¢of biotite pccur between plagiocclase
phenocrysts. 103025 is a fine-grained hornfels consisting largely of
biotite and quartz. It is possible that at least two of these specimens
preserve a contact-metamorphic biotite hornfels which predates the
amphibele~magnetite~quartz event and survives only bggond the edge of
amphibole alteration. This bioctite does not appear te be asscciated with
the quartz-Cu,Fe sulphide weing. The ilnner selvages of 103003, 103025

and 103026 consist of albite * chlorite * gericite. Only in veins closer
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to the orebody is =zecondary biotite wisibly associated with quart;»Cu,Fa
sulphide veins. Biotite hornfels is characteristic of the British
Columbian porphyry copper deposits, where it is occasionally gonfuéed
with potassic alteration (Sutherland Brown, 1976b). Téa outer bounéary

of the hornfels commenly coincides roughly with the pyritic zone in the
British Columbian deposits; this seems likely at Panguna, too, on the
evidence of the three specimens. If there was an eérly biotite hornfels
at Panguna, then it has been very effectively masked by the subseguent
amphibole alteration. None of the specimens with alteration amphibole
{103049, 103466, 103467) gives any indication that amphibole has replaced

pre-existing biotite.

SUMMARY

Mineralisation appears to have taken place at intervals throughout
the intrusive cycle. There was a hiatus between an =sarly group of
phenomena {the Kaverong Quartz Diorite, phase A and possibly the Biotite
Grgnodioxite) and a later group {(the Leucocratic Quarte Diorite, the
Biuro Granodiorite, phoses B and C, and the pebble‘dykes). During the
hiatus, groundwater invaded the ore-zone. The sequence of events
suggested by the arguments in this section is shown in Takle 8-1.

The interpretation here differs in one major respect from that of
Baldwin et al. (1978) who suggest that the Biotite Granodiorite, while
not itself the progenitor of significant copper mineralisation,
remobilised and.assimilated phase A copper and upgraded the ore.in the
zone adjacent to its contact. They do not recognise a phase of mineral-
isation corresponding to the phase C of this study. The upgrading along
the Biotite Granodiorite contact may be a broader manifestation of the

contagt~controlled escape of wvolatiles {in parts more spectacularly
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evidenced as mineralised breccias). Otherwisze, the fluids responsible
for the upgrading have not been identified in this study. The veins
which cut the Biotite and Biuro Granodiorites must be ascribed to
another event, however minocr in economic importange. Both this study
and that of Baldwin e¢% al. (1978) agree that the relatively low-grade
Biotite and Biuro Granodiorites are not a low-grade core in the sense
of TLowell & Guilbert (1970); rather they intersect QQewexisting mineral-

isation.




Table 8-1

THE SEQUENCE OF EVENTS AT PANGUNA

1GNEOUS EVENTS HYDROTHERMAL/PNEUMATOLYTIC AGE
EVENTS
Nautango Andesite 1.8 m.y.
Pebble Dvkes E
Pyrite-clay veining '
Sphalerite-pyrite veining
Quartz-pyrite veining
Groundwater inundation
PHASE C - quartz-Cu, Fe
Biuro Granodiorite sulphide-anhydrite veining ;
+
order? | PHASE B (2 stages} -~ '
quartz-Cu, Fe sylphide-
anhydrite veining + quartz- 3.420.3
Leucocratic Quartz Diorite pyrite veining + pyrite m.¥.
veining, §
Groundwater inundation
Quartz-feldspar porphyries
Intrusive Breccias Intrusive Brecoia matrix
Biotite Granodiorite
PHASE A - quartz-Cu, Fe
sulphide-anhydrite veining
+ pyrite veining
Amphibole~magnetite-guartz
veining and alteration.
Kaverong Quartz Diorite 4,.5+0.5
{and contact metamorphism) m.Y.
Kieta Volcanics ?0ligocene
« lower
Miocene

K-Ar dates from Page & McDougall

{1972).
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CHAPTER NINE: FLUID SYSTEMS AND PORPHYRY COPPER FORMATICH

THE WATER IN TYPE I INCLUSIONS

Low-salinity waters; unsaturated in NaCl at room temperature,
have been present throughout the evolution of the orebody at Panguna,
either immediately outside the ore-zone or pervading the whole area.
The evidence for this is as follows:

(i} The dilution of salt-rich liguid near the edge of copper
mineralisation;

(i1} Tbe presence of secondary type I inclusions in all guartz-
Cu,¥Fe sulphide veins and quartz phenocrysts., These cover the
entire temperature range between copper mineralisation and
about 150°C.

{(iii) The presence, both inside and outside the ore-zone, of veins
(mainly guartz-pyrite) conteining only type I inclusions.

The waters in type I inclusions cannot readily be identified as
meteoric or otherwise. Ford & Green {1977) suggested that the isotopic
data for phyllic and argillic alteration products of the Bietite
Granodiorite would be consistent with equilibrium with magmatic water
at SOGDC, oxr with mateéric'water, 180~ghifted in the propylitic zone,
at 300°C (see Chapter 1). Combining this with textural evidence, they
recegnised the possibility of two generations of sericite-~bearing
alteration assemblages. This study has confirmed the availability of
fluids.at both temperatures in the Biotite Grancdiorite. In spacimen
103015, phyllic alteration is associated with water of low salinity.
The younger generation of quartz in this wvein (from the chlorite-saricite
‘zone of the Biotite Granodigrite) encloses pyrite, chlorite and type T

fluid inclusions, some of which are primary. The pressure-corrected
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temperature is 320 - 350°C and the salinity is near 3% eq. NaCl. 1If
isotopic and fluid inclusion data are considered tegether; this
observation demonstrates that some of the phyllic alteration was due to
low salinity meteorig water. Other sericite occurrences in the Biotite
Granocdiorite are clearly associated with guartz-Cu,Fe sulphide veins,

and by implication, with magmatic waters.

It seems reasopable to suppose that all other low-salinity water
in the deposit was also metecric. Such water was present in the ore—zone
only between and after pulses of salt-rich liquid, apparently flooding
the ore-zone from outside. The variable salinities of type I inckus;ons
from within the ore-zone (salinities are commonly far above the 0 ~ 3%
eqg. NaCl commonest in type I inclusions and probably representing
uncontaminated groundwater} must have been due to the mixing of salt-rich
liguid with the encroaching groundwater. The waning of the salt-rich
liquid system and the inward movement of groundwater appears to have been
of short duration compared with the period of copper mineralisation.
The phage A salt-rich liquid boundary, for example, is relatively sharp,
not smeared out. But because the fluids were distributed in fractures,
pockets of salt-rich. liguid could easily have remained to be mixed later
with groundwater. This is consistent with the diminishing range of
salinity in type I inclusions with decreasing Ty (fig. 5-1);.as time
progressed, and groundwater cooled the deposit, so less salt remained.
The pressure at the edge of the ore—zone was 270 -~ 220 bars

{Chapter ?}, the pressure of groundwater surrounding it. Cathles (1977)
showed that the heating of water around an intrusion has little effect
on the pressure distribution. B3Assuming that groundwater filled fractures
all the way to the surface (there is no way of proving thisi, the depth

of cover was about 3 km at the time of copper mineralisation,
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The convection of groundwater, driven by heat from the cooling
intrusion, is the model which best fits the phenomena described in this
section. There is ne evidence, however, that copper mineralisation is
connected with this type of fluid system. The other mechanisms discussed
in Chapter 1 will now be considered in the light of the data from

Pangquna.

THE ORTHOMAGMATIC MODEL AND THE VAPQUR-PLUME MODEL

At least some of the boiling salt-rich ligquid in the depoaiﬁ was
of magmatic origin, This assertion is supported by the occurrencerf
primary type II and IIl inclusions in guartz phenocrysts of the Biotite
Granodiorite, and by the continuity of properties getween salt-rich
liguids in veins and those in the phenccrysts. In particular, all K/Na
ratics of salt-rich liguids lie on a single trend, and the temperatures
of certain veins approach magmatic temperatures. That the salt-rich
liguids were boiling wherever they cccourred, and that they were assoc~—
iated with copper deposition, are interpretations which have been'
discussed in earlier chapters. Either the orthomagmatic model (the
derivation of salt-rich liguid direct from silicate liquid by exsolution)
or the vapour-plume model {Henley & McNabb, 1978 , i.e. the derivation of
salt-rich liguid indirectly by condensation from magmatic wvapour) might
be consistent with these observations.

Quantities of salt-rich liguid. Both mechanisms are capable of

supplying a large amount of saltwrich liquid. This can be shown by the
following rough calculations:

Consider 1 kg of magma exsolving velatiles. The experiments of
Ryabchikov (1275), as well as the fluid inclusions in gquartz pheneﬁrysts

show that under the conditions of crystallisation of high-level
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calc-alkaline intrusions, two non~silicate fluids, vapour and salt-rich
liguid, coexist with silicate liguid and crystals. Ryabchikov estimates
that the magma will exsolve 1 -~ 2% by weight of water and that this
water will contain a mole fraction of chlorine equal to .02 t 0,01.
Taking the mean in each case, the bulk composition of the non-silicate
fluids will be 15 g HyO + 1.0 g NaCl {(assuming all chlorine is in the
form of HaCl). The compositions of coexisting liguids and gases under
various conditions in the system NaCl-HpQ are taken from Sourirajan &
Kennedy (1962) and these can be used to work out the distribution of
NaCl between vapour and liguid (both generated direct by exsolution).

The results of three calculations are set out in Table 9-1.

Table 9-1

NaCl:H,0 (weight)* Distribution of NaCl
Thy

@;QC P, bars (# of total NacCl)
in liquid in gas in liquid in gas
700 500 75:25 2:98l 71 . 29
700 1000 60:40 4:96 40 60
700 1100 . 56:50 7:93 56 44

* from Squrirajan,& Kennedy (1962).

The calculations are rough, not least because the liquid compositions
are taken from a part of éaurirajan & Kennedy's diagram where there are
very large interpolations. Also, 8@008 would be a better magmatic temper-
atuxé estimate, but data are not available above 700%. At BOOOC, the
vapours should contain more of the NaCl, so that the calculations above
serve to demonstrate that a significant amount of the NaCl exsolved by

the magma will be carried away as vapour.
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Condensation over the first hundred degrees of cooling of the vapour
will remove about 99% of the salt from the vépour at 500 bars (see fig. 19
of Soﬁrirajan & Kennedy, 1962, reproduced here as fig. 9-1): on cooling
from magmatic temperatures to 600°C {the temperature of minimmm XacCl
solubility in the vapour at 400 « 600 bars) virtually all of the salt is
reméved. At 800 bars, the solubility minimum is at 65000, and cooling
will still remove most of the salts from the vapour. This is the litho-
static pressure corresponding to a hydrostatic pressure of 300 barspy if
formed at 800 bars or higher, tﬁe vapour will undergo a rapid temperature
and pressure decrease on moving towards groundwater and will condense
out most of its salt as salt-rich liguid. Comparable amounts of salt-
rich ligquid can thus ke formed by the two mechanisms.

K/Na retios. The condensate as a whole will ¢learly preserve the
K/Na ratio of the vapour, and since the tempezature.fall to 600°C will
pfobably occur over a short distance above the intrusion, the condensate
is unlikely to be meparated into fractions differing in XK/Na. This
should provide a test for distinguishing the two types of salt-rich
liquid, because preliminary calculations by Lagache & Weisbrod (19277)
‘indicate that KCl and NaCl fracticnate between liquid and vapour to
different extents. The vapour has a lower K/Na than the liguid for fluids
in equilibrium with two alkali feldspars. For instance, at 64000 and
509 bars, the mdlar K/Na ratios are 0.28 for the liquid and 0.18 for the
vapour. Although not buffered in the same way by feldspars, the ortho-
magmatic fluids at Panguna should underge similar fractionation because
fluid properties, not those of the solid phases, control the difference
between liquid and vap&ur. If orthomagmatic and condensate salt-rich
liguids are separated, then two different trends of K/Na ratios ought to
be present, proﬁably in different places. At Panguna, only one K/Na

trend has heen detected; this trend applies to three separate phases of




700} :
b
1 o L)
Bm ""l’ f E
Lt o , 9 ’ 1%
5 & S
g ,. =/ M
’ ¥
ax [ z
¢ : {5
i C
L
4 14 PR
500 & B
B7 . el
...... ar
y H
5 .
& i ;
{-&, [e )
5 ) - i
o e : X -
400 e 8 XA !
"1)?3 o @ !
+ 1
Critical Curve i
—t — - — 1
05 O 0 1 5 1 5 10 50 W0
NaCl (weight %)
Fig, 9~1 1Iscbars of the two-phase region in the system

NaCl~H-0, from Sourirajan & Kennedy (1962}.

Each iscbar gives the compositions of coexisting
vapour and liguid at varicus temperatures. Possible
paths of fluid-evolution at Panguna are shown, and
ars discussed in the text. The part of the path
represanting supersaturated sale-rich liguid is
shown in dots between B and D.




111

evolution of salt-rich liquid (see fig. 5~10) and alsoc includes ortho-
magmatic salt-rich liquid from the Biotite Granodiorite. It may be
concluded that only one sort of salt-rich liguid was present at near-
magmatic temperatures, and that the source was orthomagmatic. The single
exception te the trend, 103029, might be explained as condensate salt-
rich liquid, since the K/Na ratio is low relative o other salt=-rich
liguids,

It seems much wore likely, however, that the temperature gradient
above the part of the intrusion exsolving volatiles, or the subsolidus
part where beiling takes place, is very steep. Most of the ccndeﬁsation
which must occur over the first hundred degrees of cocling will take
place where the condensate cannot really remain separate from the éitho-
magmatic salt—rich liguid. Because of itg density, the salt-rich
condensate will descend, eventually mixing with and becoming indistinguish-
able from the orthomagmatic salt-rich liquid. 1In this case, the vapour
plume model becomes a giant reflux condenser.

Whether salt-rich condensate was being separated, or refluxed and
mixed with orthomagmatic salt=rich liguid, cannot be determined from the
fluid inclusion evidence from Panguna. The single treand of K/Na data
does, nonethelass, rule out any significant deposition of qnartﬁwCu,Fe

sulphide veins from a separate condensate.

FLUID EVOLUTION ACROSS THE TWO-PHASE REGICN

Predictions. No matter what the mechanism of generation of the
twe fluid phases associated with the ore-gone, be it boliling or condensa-
tion, the fluid evolution across the twv—éhaae region can be considered
in a way similar to the treatment given by Henley & ¥McNabk (1978). Those
authors examined the changes acrxoss an isobaric section at 500 bars, at

which pressure it is possible to vary the compositions of two unsaturated
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NaCl-HoO fluids in equilibrium from the critical point up te magmatic
temperatures. The 500 bar isobar in fig. 9-1 is the locus of the fluid
compositions. The two-phase reglon characteristic of porphyry copper
deposits would thus be bounded by a surface defined by the critical
temperatures and pressures of the fluid system, and the fluids within
the two-phase zone would converge towards a ¢ommon composition as the

boundary surface was approached.

It has already been noted (Chapter 6} that fluids with homogenisation

properties indicating that they are near the criti¢a1 point at 40008 are
characteristic of a set of quartz~pyrite vaeins and (Chapter 8) that these
veins may be parts of outer haloes to phase A andigﬁase B mineralisation.
The pressure at the edge, in this case, is about 300 bars accoxding to
inclusions whic# homogenise at the critical point. It will now be
supposed that these fluids were, in fact, on the boundary surfaces of

the resgpective two-phase regions. Using phase data for the Haﬂlmﬁzé
system {Sourirajan & Kennedy, 1962), here shown as fig. 9-1, the evolution
of compositioﬁ of the two fluids across a horizontal section of the tﬁo~
phase region will be examined for the case with a boundary pressure of
300 bars.

The critical boundary is represented by point & on the 300 bar
isobar. In the two-phase region adjacent to the boundafy, the fluid
evolution in a horizontal section will be iscbaric, the compositions
diverging from A towards B and B’. These fluids are unsaturated in NacCl.

At B and B', the liguid aﬁd vapour become saturated in NaCl. This
happens at & temperature near 47506, 1f the temperature is raised still
further (on moving still further into the two-phase region}), the isobaric
evolution of ogexistiﬁg vapour and liquid is no longer possible un@er
egquilibrium conditions. Several paths are possible, differing in the

temperature at which the fluids depart from the saturation curves.
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Any path which follows the saturation curves to temperatures over
600°C is not possible because of the maximum in the vapour pressure of
saturated NaCl-HaO at 600°¢ (Keevil, 1942). A boiling, saturated liguid
moving away from a hot source would have to increase its vapour
pressure as its temperature fell towards GGQOC. This, in facﬁ, would not
occur; while the salt—;ich liguid would stili move cutwards, in liguids
above SOOOC, the pressure would increase to the value of the maximum
vapour préessure and the liguids would cease to boil. They would there-~
fore be unable to cool. Toulmin & Clark (1967) have shown that expansion
and mixing with groundwater are the only significant means’of cooling
fluid in a large, established hydrothermal system. Mixing with ground-
water cannot beifeasible at the centre of the system (see helaw’for a
discusslion of where such mixing occurs); this leaves only expansion,
which for a sub-critical, incompressible liguid implieg boiling.

Permissible paths may leave the saturation curves if the fluids
become unsaturated at temperatures below 600°c - such paths leave the
curves at ¢, ¢* and D, D' in fiyg. 9~1. These paths permit two fluids to

coexist at pressurss and temperatures which decreasze monotonically

togethey, They have been drawn to appicaah lithostatic pressure, 800 bars,

as magmatic temperatures are approached. Since only unsaturated fluids
can coexist at the magmatic pressure oflsﬁﬁ bars or greater (see fig. 9-1}
this will be the ultimate direction of the departure from saturation.

At submaématic temperatures, however, supersaturation may permit
more complex phenomena. Since the vapour pressures of supersaturated
WaCl-Ho,0 liguids are not khown, it is difficult to predict anything other
than general limits toe the behaviocur of the fluids. The vapour pressures
of supersaturated liquids will certainly be less than those of saturated

ligquids. Pressures may, as we shall see below, fall below the boundary
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pressure, 300 bars. Ostensibly, the possibility of supersaturation makes
it possible to circumvent the pressure barrier imposé& on saturated
liquids, sc that a liquid boiled to saturation and then supersaturation
at a temperature over 600°¢ could continue boiling and cooling to lower
temperatures. In practice, however, the link ({i.e. boiling) between
copling and increase in concentration, combined with any regularities in
the vapour pressures of the supersaturated liguids, might severely limit
the range of possible paths. A possible indication of the operation of
such a constraint will be discussed below.

Comparison of predictions and observation. In Chapters 5 and &,

various homogenisation phenomena of tfpe IIT inclusions were described.
1t was found thgt there were certain regularities: in particular that
the threshold of saturation was cr&ssed twice; that Ty > TgNaCl for the
highest and lowest temperature salt-rich liguids {i.e. these were
unsaturated) ; and that T NaCl < Ty for an intermediate range of fluids.
Pig. 9-2 is a éelection of histograms taken from earlier figures and
typifying these varieties of behaviour. The distribution of the various
behavicur types is shown on a map of the deposit in fig. 9-3,

The low-temperature group of ungaturated Fluids comprises fluids
with Ty up to 460°¢C and salinity up toe 20% eg. NaCl, and also the most
dilute of the salt-rich liquids. For the latter, Ty is usually near
400°c. The group of salt-rich liquids with Ty, = T NaCl in the range
400 - 430°c also preobably belong to the unsaturated group because of the
metastability phenomenon (Chapter 5) which raises Ty during series of
heating runs.

The liguids for which TgNaCl > T), cover the whole upper salinity
range from 430 to SBOGC. ?hese have been interpreted as supersaturated
liguids (Chapter 5), some supersaturated by several tens of degrees.

They occur in the temperature range in which saturation is suggested by
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phase data for WaCl-H,0. The only alternative explanation of this
behaviour would require a different pressurs-temperature path for the
salt-rich liquids, so that the ones with T NaCl > Ty, are trapped, then
become saturated in halite, then boil {rather than being trapped after
becoming saturated and then supersaturated without precipitating NacCl,

while boiling}. This does not seen consistent with the presence,
without exception, of vapour inclusions in veins where type IIX
inclusions behave in this way. The supersaturation hypothesis is thus
preferred here.

The precise lower temperature limit of supersaturation is masked
by the metastability effect, but is probably a little higher than‘43ﬁoc
where the c¢rossover of homogenization order occurs. The threshold
appears to be the same for all phases of mineralisation. The precise
upper limit is also difficult to fix because ﬁo specimen pinpointing
" & high~temperature crossover of T and T NaCl has been found., The croséu
over is implied by the presence of unsaturated liquids at temperatures
over 58006. These unsaturated liquids occur in phases A, B and ¢ and are
notably abundant in phenocrysts from the Biotite Granodior;te.

In a supersaturated liquid, T _NaCl must be an upper limit on the
temperature of formation. 1In phases A and B, where the highest TgNaCl
mode is SGOOC, there is therefore a temperature gap of at least 80%
unrapresented by fluid inclusions. The salinitiss and K/Na ratios are,
nonetheless, continucus between supersaturated and unsatux§£ed 1iquid§.
in Eha;e €, salinities range up to SBOOC. The most concentrated liquids
{in 1C3022, 103001} are highly supersaturated, while unsaturated liquids
from the same phase have T NaCl = 500 - 520°C.  This suggests that the
higher salinities are the result of concentration by boiling of the
liquids of lower salinity. Since saturation must therefore have occurred

at a temperature nearexr to 500 ~ S2OOC, there is again a temperature gap
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unrepresented by fluid inclusions. The lowest of the few Ty maaéurem&nts
done on high~temperature unsaturated liguids is about 600°C in 103031;
this may fix the upper end of the temperature gap, at least for that
specimen. Within the temperature gap lies the high-temperature crossgver
point of Ty and TSNacl. The high~temperature unsaturated ligquids have
TgNaCl in the range 500 % 30$ﬂ, and the supersaturated liguids diverge from
this range. This suggests that the saturation peoint or points ccour in
the range 500 * 30$C; there is no opstensible reason to suppose that a
single crossover temperature applied to all phases of salt-rich liguid.
Despite the uncertainties in the temperature determinations, the
observed phase properties of the boiling salt~rich ligquids at Panguna
closely match what was predicted from thg NaCl-H;0 phase digram. The

seqguence of homogenisation behaviour fits well, given the added complication

of metastable supersaturation, and the ranges predicted for the upper and
lower saturation points are guite reasonable. It must be remembered that
ghe comparison of the experimental work of Sourirajan & Kemnedy {(1962)

with the observations at Panguna xested on the assumption that the critical
£luids of the QP association composed gxternal halcoes to the two—fluid-
phase regions in which the deposit formed. This led toc the pressurs
estimate at the edge. Tha’match s0 obtained between experiment and nature
strongly suggests that the assumpticn is wvalid.

The hydrothermal system at Sar Cheshmeh. The only previous set

of results with which this model can be compared are those of Etminan
{1977} from Sar Cheshmeh (see Chapter 1). BEtminan found boiling liquids
of lower salinity {(unsaturated at room temperature} around the zone of
sélt-xich liguid corresponding to the main phase of mineralisation. Hé
did not, however, report the presence of a critical-point boundary, and he
did not give a map of the salinity distribution within the zone of salt-

rich ligquid. Both homogenisation orders are reported: Ty > TgNaCl is
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characteristic of fluids found in the intrusive breccia and a later

phase of dykes. Overall, Etminan's report is not sufficiently detailed
to show whether the same sort of f£luid evolution sccourred at Panguna and
Sar Cheshmeh, but the data on m&in—éhase fluids suggest that a detailed

study could obtain such information.

CONDITIONS IMPOSED BY THE REAL SYSTEM'

The presence of RKCl. An assumption, tacit until now, has been

that the NaCl-H,0 system is an adequate physical approximation of the
porphyry copper fluid system. The real salt-rich liguid contains about
15% KCl. The close correspondence of real and predicted fluid behaviour
described in the previous section suggests that this assumption, too, is
valid, in any case from the point of view of temperatures. Vapour
pressures are much reduced relative to the NaCl-HpO system when KCl is
added (Ravich & Borovaya, 1%49). According to those data (fig. 7-1 of
&his thesis) the vapour pressures of beoiling NaCl-KECl-H,O liquids
saturated in NaCl could not exceed 300, perhaps 250 bars. Within the
zone of supersaturation, then, there was probably a zone of pressure lower
than hydrostatic pressure outgide the deposit {270 - 280 bars , the
critical point estimates), unless other volatiles exerted sufficient
partial pressures, possibly 10% of the total pressure, over the salt-rich
liquids. It is known that there was wvery little €0, in the fluids;

other possibilities will be considered in Chapter 10,

The temperature at the maximum vapour pressure of saturated salt-rich
liquids varies between 600°C (NaCl-Hy0) and about 500°C {the mixture with
KC1l:NaCl of about 3:2 h§ weight)., Other mixtures have intermediate values
{(Ravich & Borovayva, 19849). The position of the maximum vapour pressure

igs difficult to judge accurately, even where Ravich & Borovaya have drawn
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curves (see fig. 7-1); it is necessary to extrapolate for Panguna liguids
so that at best the temperature can only be estimated at 550 # SOOC. it
has been explained above that this would be a maximum limit for TgNaCl

if saturated liguids only were involyed. At Panguna, supersaturated

liguids were present, some of them concentrated by boiling, vet ToNaCl
does not exceed 580°C, The correspondence between the observed maximum
value of T NaCl and the tewmperature of the maximum vapour pressure may be
fortuitcous, or it may Indicate that they are related for supersaturated

liguids just as they would be for saturated liguids.

The role of graundwater. In theory, it would be possible to
modify the compositions of two coexisting fluids along the paths ;n
fig., 9-1 while maintaining a constant bulk composition. In natural
situations, the great density contrast between the two fluids will bring
about their separation in an open, fractured medium. Volatiles, mainly
water, will be removed, driving the denser fluid towards saturation and
supersaturation in NaCl as has been described. ‘The observed return to
unsaturation at lower temperatures .cannot, therefore, be brought about
without a diluent from oytside the ore-zone, in this case groundwater.

The change from salt-rich liguid {giving inclusions saturated in
NaCl at room temperature) to groundwater (giving unsaturated inclusions} é
occurs in the range AB of fig, 9-1, Here, there is a large change in
liguid salinity for a relatively small change in temperature. The change
should therefore be confined to a narrow zone. Aany smoothing of the
transition will take place by the outward diffusion of salts or the
inward diffusion of water. ?hié should not broaden the boundary zone
significantly; Turner ¢* al. {l970) have shown experimentally that two
convecting liguids with a large density contrast will remain physically
separate across a sharp interface essentially unaffected by diffusion even

when horizontal. So most of the lateral salinity change due to mixing
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with groundwater will occur in a relatively narrow zone, such as has
been observed in phase A at Panguna. By implication, most of the motion

in the liguids must be vertical.

THE RELATIONSHIP OF FLUID DISTRIBUTION WITH METAL AND ALTERATION ZONING

The association of potassium silicate alteration with salt-rich
liguid, and of groundwater with propylitic alteration, is well-established
at Panguna. Few other absolutely consistent relationships are apparent,
comparing fig. 2-4 and fig. 9-3, but this is doubtless due to the
coﬁplexity of superposition in much of the deposit. Southwest of the
depogit, there appears to have been no superposition of salt-rich liguids
after phase A. Therg, the eritical-point boundary thought to belong to
phase & corresponds with a segment of the phase A pyritic haloe (see
fig. 2-4). 1t also corresponds with the appearance of chabazite in
veins (fig. 3-13}. Fountain {1972} shows wallrock biotite alteration
continuing out to this haio; Tﬁe boundary of supersaturated salt-rich
liguid {essentially the same as the boundary of all salt-rich ligunid)
corresponds with the southwestern part of the outer 0.3% Cu contour, and
a decline in the density of quartz veining (fig. 3~i}. Between these two
boundaries, this study has shown that propylitic alteration appears,
either pervasively (1030353) or as a thin inner selvage (103025, 103026).
The same relaﬁi&nship between fluids and copper grades has not been
observed to the north and easgt of the area affected ﬁy phase‘A. Thisg is
because the margin of the orebody was hot to the north, but Ehe reason
is not evident in the case »f the eastern side. Probably, the fluid
boundary was not located because the area concerned could not be sampled.
Three of the four sphalerite occurrences with chalcopyrite {(fig. 3-7) are
in the low~temperature, unsaturated zoné of fig., 9~3. This suggests that

groundwater may have been the source of the zinc. Consistent with that
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suggaestion, Ford (1376) reported a halo of Pb-Zn trace enrichment in the
propylitic zone southwest of the deposit. There may also be a vague
enrichment of trace Cu in the same halo. ILow salinity waters at
temperatures near BOOQC deposited veins bearing sphalerite, tennantite

and galena within the ore zone and cutside it. Again, in 103017, pyrite
probably associated with (P association fluids occurs with minor marcasite,
chalcopyrite, sphalerite and very minor tennantite. Given the low
salinities of some of the salt-rich liguids in 102594, a groundwater
origin could be possible for the unusual metals - As, Pb, Zn, Sn, Co

and Ni ~ found with the bornite in that specimen.

Thus there are indicaticons that groundwater could have contributed
to the accumulation of metals {(including Cu) in the Pangung deposit. The
influence of groundwater, howsver, was confined to the zones of dilution
of salt-rich liguid - relatively narrow in phase A. This, and the
presence of Cu,Fe sulphide with salt-rich liguid in guartz phanccx?sts,
indicates that most of the copper, in phase A at least, was of magmatic
origin. For the later phases, new and remebilised copper cannot be
distinguished. In phase B, for instance, groundwater may have deposited,
or re—deposited, Cu, Fe and Mo as the discontinuocus sulphide veinlets
which seem to compose a halo to the Leucocratic Quartz Diorite, largely
bevond the halo of thin pyrite veins (fig. 3~15). The centres of phases
B and C éertainly correspond with the highest grades in the deposit
{as shown by Baumer & Fraser, 1975); this implies that the intensification
of mineralisation in later phases, either by the introduction of new

material or by the reworking of old, was significant in raising copper

grades.
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TEMPERATURES AND PRESSURES IN THE TWO-PHASE REGION

Temperatures. There was a single source of heat -~ the magma

that supplied the salt-rich liguid - during each phase of copper
mineralisation. Therefore fluld temperatures should decline away from
the hot centre, probably in steps governed by the distribution of the
varicus zones of fluid. WNo outward increases in temperature would be
expected. The temperature at the critical-point bﬁﬁndary was about
400°C. This calls into question the Th data for certain wvelins thought
to have formed from supersaturated salt-rich liquid, namely those with
Ty < TSNan and Ty, < 400%. 1t appears that Ty gives too low an
aestimate of the formation temperature in these cases, possibly because
of the metastability effect discussed in Chapter 5. The temperatures of
these supersaturated liguids are bracketed by 400% and by ?Bmacl which
is generally 5QOOC or less.

Pressures., At the critical-point boundary, the pressure was
270 - 290 bars, assumed to be the'ﬁydrostatic pressure of groundwater

surrounding the two-phase region. At magmatic temperatures inside the

two~phase region, and possibly at a point below the level of the ore-zone,
fluids were under lithostatic pressure (>8(00 bars). Between the two
pressure regimes, the pressure need not have decreased monotonically. It
has already been suggested that the vapour pressures of superstaurated

salt~pich liquids were less than the pressure at the critical-point

boundary. Fig. 9-4 shows the pressure variation across a horizontal section
of the deposit as a functicon of temperature, and relative to the wvapour
pressure curve of a saturatsd salt~rich liquid approximating the Panguna
liguids in composition {the curve is from Ravich & Borovaya, 1949).

fhe letters A, B and C correspond with the lettering of fig. 8-1.

Peint ¢ has been put at SOOOC; as explained above, this is thought to have
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been the higher temperature of saturation in NaCl. At temperatures
ovelr 5000C, pressure and temperature probably increased together, but

exactly how is not known. Because of the relationship between temperature

and distance from the heat-socurce {previous paragraph) the abscissa
corresponds in a non-proporticnal way with the distance from the hot
centre.

The pressure regime described so far would ogeour in the two-phase
region once it had reached a steady state. HNone of the evidence from
fluid inclusions relates to the conditions during the establishment of
such a system, in particular to the phenomena leading to the formation of
the fracture-systems that control copper mineralisation. Higher fluid
pressures {over 800 bars at the level being considered) would be xequireé,
The emplacement of the stocks was probably accompanied by tﬁe explosive
release of volatiles, a phenomencn guite distinct from, but perhaps the

precursor of, those fluid phenomena accompanying copper mineralisation.

K/Na RATIOS IN THE SALT-RICH LIQUIDS

any adeguate model fqr the fluid interaction at Panguna must be
able to account for the linear increase in K/Na rati&s with decreasing
salinity (see fig. 5-12}). From the discussions above, it emerges that
the ¥K/N¥a phenomenon and salinity are not related to temperature mono-
tonically, even though low salinities and high K/Na generally correspond
with lower temperatures. Therefore a satisfactory explanation must deal
primarily with the salinity dependence of ¥/Na, and the constancy of the
KCl concentration over the whole range of salinity, Five processes may
be relevant.

(i} K/Wa fractionation during boiling. Lagache & ﬁeisbxoﬁ

(1977} have predicted that K/Na (gas) will be less than K/Na (liguid} in

systems buffered by twoe alkali feldspars, e.g. at 400 bars and SUOOC,
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XK/Na (gas) = 0.69 K/Na (liquid). Ewven without the feldspar constraint,
boiling should enrich the residual liguid in X relative to Na, and should
also increase the XCl content and the total salinity if it occurs to a

significant extent. Thus it cannot explain the low K/Na ratios of the

supersaturated liguids with T NaCl > 550°Cg Suypersaturated liquids at

lower T NaCl should also have K/Naiincrease& by boiling, vet their X/Na
ratics do not differ from the ratios of unsaturated liguids of similar

salinity.

(ii) The precipitation of halite. Solid inclusions which might

be halite have been seen in vein quartz (Chapter 4), but these did not
give a positive reaction to a test for MaCl. In any case, the precipi~
tation of halite could not explain the change in K/Na over the whole
range, specifically for all unsaturated liquids. WNor could it account for
the low R/Na ratios in liguids supersaturated to T NaCl > 550°C by
boiling,

{iii) K/NWa fractionation due to differential diffusion. Turner

et agl. (1970) have shown that at low temperatures, K ions have a slightly
highar flux per unit concentration gradient than Na ions at an interface
separating two fluids of different density. At higher temperatures, the
difference in flux per unit gradient would be expected to diminish. There-

foredifferential diffusion will reduce the X/Na ratio of salt~-rich ligquid

near the houndary, but perhaps imperceptibly at high temperatures. This i
mechanism cannot affect liguids away fxom the boundary with ¢groundwater.

{iv) Mixing of two ligquids. The dilution of salt-rich liguid,

particularly along the boundary with groundwater, appears to generate
much of the observed variation in salinity, The linear trend of salt-
richk liquid compositions in fig. 5-12 strongly suggests that they can all

be derived by mixing two end-mewmber liguids. One end-member is the
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salt=-rich ;iquid derived from the magma. The evolution of several

phases of salt-rich liquid from closely-related magmas might reasonably
be expectad to vield just one such isochemical end-member. The other
must Be derived from around the ore-zone, and must have about 15% KC1

and up to 30% NaCl (the most dilute salt~rich liquids on the linear

trend have a total salinity of 45%). It must be generated by a mechanism
than can be repeated for each phase of mineralisation.

Groundwater at the critical point boundary has 2 - 3% eg. NaCl;
similar or more saline waters are found in veins outside the mine area.
The groundwater is boiled between the critical point boundary and the
boundary where salt-rich liguid becomes predominant, according to the
fluid evolution model proposed so far. Some of the OF association
fluids have salinities near 20% eg. NaCl. It seems likely, then, that
groundwater was being concentrated by boiling in a zone envelo;ing'the
ore~zone, eventually yielding salt-rich ligquid. Since the groundwater
was in equilibrivm with propylitic alteration assemblages (in which Na
is fixed in albite, but little or no K is fixed) for some distance aréund
the deposit in each phase of mineralisation, it could have been reiatively
rich in potassjum. The lack of a suitable buffering reaction argues |
against chemical contrel; besides, the groundwater immediately adjacent
to phase B and C salt~rich liquids must have been altering phase 2
ﬁoﬁassi; asgembiages to some extent, a chemical environment guite
different from that experienced by phase 3 groundwaters. A reproducible
control might have to be physical raﬁher than chemical. Turner ef al.
{1970} state that density difference is capabie of keeping two ligquids
separate across a sharp boundary, so that similarity in dengity is a
réqﬁirement for effective mixing. Tt may be that the inferred groundwater—
derived end-menmber composition has a density at which mixing with the

magmatic salt-rich liquid becomes rapid enough to dominate composition
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change due to boiling, alteration and other effects. Condensate salt-
rich liguid could not have been the diluent because as explained earlier
in the chapter, it would initially have a lower X/Na than the ortho-
magmatic salt-yrich liquid.

One lower temperature, lower salinity inclusion relatively rich in
KCl was found in 103047. It has a X/Na ratio of 0.64 {(atomig). It
belongs to a group of secondary inclusions which appear to have necked
down, and which now give heterogeneous data (T NaCl = 294 - 383°C§
6 readings; Ty = 298 - 33106, 4 readings). Thus the high ¥/Na ratio may
be spuricus. The Ffluid alse contains too much XC1 to be a sample of
the diluent.

The miging mechanism cannot account for the concordance Qf:KJNa
values from the highly supersaturated liquids with the general trend.

& close examination of the graph of T KCl vs. Tsﬁatl (fig. 5-10) reveals

that there may indeed be & slightly different trend for T NaCl > ﬁéQ - 520°%.

The difference is not perceptible in the triangular diagram (fig. 5-12)
for the smell salinity range involved.

(v} Rock~fluid interaction. Various studies, e.g. Orville

(1863}, Ryabchikov {1275) and Lagache & Weisbrod {18977) have examined the
relationship between the K/Na ratio of salt-water fluids in equilibrium
with alkali feldspars or with calc-aikaline assemblages and temperature,
pressure and salinity. 211 have shown a temperature dependence; X/Na
decreases with falling temperature. In addition, Lagache & Weisbrod have

shown that there is a pressure dependence based on the unmixing of gas

and liguid at lower pressures, but that there is neither a salinity nor a

pressure dependence for the iiguid phase ¥/Na. This already suggests

that the ¥/Ma veriation at Panguna is not primarily a chemical phenomenon.

There is no strict temperature dependence of X/Na:; rather, liguids with

similar salinities, but different temperatures have similar K/Na ratios.

1
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The KCl content, if buffered by some chemical reaction, should not remain
constant (as it in fact) does) over the whole temperature range.

The decrease in K/Na with decreasing temperatufe in feldspar~
buffered systems is the opposite of what happens in general {if not
absolutely strictly) at Panguna. There is no reason why the K/Na ratios
at Panguna should be subject to that censtraint, for the llguid was
apparently not in egquilibrium with two feldspars at any stage. In the

ﬁagma, there are plagisclase phenocrysts, but no alkali feldspar éheno—
crysts. In the ore—zonhe, plagioclase is destroved and alkall feldspar
i= formsd beside quartz-Cu,Fe sulphide veins. Optical investigation of
the selvage feldspars of veins near the groundwater to salt-rich ligquid
boundary revealed plentiful albite. Microprobe investigation revealed a
potassic feldspar as well, but the relationship of the twe feldspars is
not clear. Certainly, the ¥/Na ratios for these veins are guite incon- .
sistent with the publiszshed data for feldspar-buffered systemg near 40608.
2n exchange of alkalis between wallrock and ligunid must nonetheless
have ocourred. The effect must have been subordinate to, and opposite
te, that of mixing on the alkali composition of the ligquid. The veins in
which liquids are thought to have been supersaturated to T NaCl 2 550°C
by boiling and in isclation from mixing effects have well-developed inner
selvages of sanidine. The formation of this sanidine would deplete the
liquid in X and enrich it in MNa, decreasing the K/Na ratic as observed.

Summary, implications and comparison with other deposits. Given

a magmatic supply of salt-rich ligquid with T Nacl = 500 * 30°C and
characteristic K/Na, no single mechanism is able to explain the K/Na
variation of liguids evolving to both higher and lower salinities. In the
direction of lower salinity, mixing with another salt-rich liquid seems
best able to account for observations, if a reproducible salt-rich ligquid

can be generated around the ore-zone. Where mixing does not coour, i.e.
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in the direction of higher salinity, alkali exchange with the wallrock
would explain the trend. Thé boiling of groundwater has been suggested
as a source for the non-magmatic salt-rich liguid, and this is guite
possible according to the physical model explained earlier.

It is‘interestingAto examiné K/Na data from other deposits. Those
few gleaned from recent publications {(Roedder, 1971; Moore & Nash, 18974;
Etminan, 1978) and a persconal communication (Wilking, 1978, for the Ok
Tedi deposit) h@ve been plotted as TSKC1 vE. wsﬂaCl with the Panguﬁa
trend for comparison in fig. 9-5. As a group, Sar Cheshmeh, Frieda and
Ok Tedi overlap the Panguna trend for 300%¢ < T Nacl < 500°C; individual
deposits, however, cover only parts of that range. For these, a mixing
process like that at Panguna is plausible. The only real departure from
the Panguna trend seems tc be in the case of Bingham, and even this is
not a large departure. On the other hand, Clcke &t «l. {in press)
repoerted that salt-rich liquids from the Granisle and Bell porphyry copper
deposits, British Columbia and from a Pb~Zn skarn at Haica, Mexico, plot
along lines indicating evolution of composition by precipitation of
halite. ‘'The physics of such systems must be quite different from what has
been inferred at Panguna. There may thus be two - or more - distinct
rhysical types of hydrothermal system responsible for porphyry copper
formation, these rafieeting differences in the physical situvatioms, e.qg.

avaeilahility of groundwater.
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ADDING THE VERTICAL DIMENSION

The differences in density of the salt~rich liguids, the vapours
and the groumdwaters imply that fluid evolution in the vertical dimension
will be as important to an understanding of porphyry copper formation
as the changes that occur across a horizontal section. The vertical
extent of sampling at Panguna was insufficient to give any indication of
what happens above and below the esgentially-horizontal section of the
mine as it was in 1974. The horizontal section of the fluid system is -
the only available constraint for the following discussion of changes
above and below.

Vertical and horizontal flow. The likelihood of mainly vertical

fluid motion has been discussed ahove. The vapour, with a density of

0.3 g/cﬁ3 or less, would rise vertically on both sides of the boundary
between salt-rich liguid and groundwater. Salt-rich licuid (1.2 -~ 1.5
g/cm3} would sink relative to groundwater (0.8 - 0.9 g/cm?, Potter &
Brown, 1977}, while groundwater adjacent to the ore-zone would be buoyant
relative to both salt-rich liquid and surrounding, cooler groundwater.
All groundwater adjaceut to the two-phase region of the porphyry copper
system was probably moving towards {from below), and upwards beside, the
two~-phase region in a convecting flow regime extending through a volume
of rock much greater (both vertically and horizontally} than that of the
eventual cre-deposit (see fig. 9-6). The mixing of groundwater and sait;
rich liguid was a segond~order effect superimgeséélan the vertical
movements.

The sinking of the salt-rich ligquid might be expected to carry
copper mineralisation to some depth a;ouné the source intrusion. James
(1971) has described deep mineralisation at Bingham as ragged skirts
draped arcund the central pluton at depth and joining as a hood through

the top of the pluton (not over it). This meanz that the top of the
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pluton was a}ready sclid, and that the magmatic fluids were being ﬁeriveﬂ
at depth. At Panguna, phase A mineralisation about the Kaverony Quartz
Diorite seems to have had a hot, relatively barren "centre” in the
unbiotitised part of the intrusion. The biotitised part (the Biotite
Dierite) was certainly solid, but at temperatures over 700% during
mineralisation. So phase A mineralisation could be a portion of an
asymmetric shell to the Kaverong Quartz Diorite, or may be part of a

hood passing into the intrusion. The asymmetry of the fluid distribution
makes the distinction difficult. In the case of phase B, the mineral-
isation is a hood passing through the top of the leucocratic Quartz
Diorite, which seems too small to have provided fluid without tapping
magma at depth. Part of the veining occurred before the stock had
solidified and part after; veins of an early set become increasingly
indistinguishable from wallrock with distance From the contact towards
the centre of the stock, while a later set cuts across the whole stock.
Phase € mineralisation took place in =zolid rocks, and bears no cbvious
relationship to an intrusion. In phases B and ¢ and possibly A there

has been a transfer of salt-rich ligquid vertically upwards through solid
rock. Despite the density of salt-rich ligquid, this will occur for the
following reasons:

{1} the buoyancy of salt-rich ligquid, vapour or a single-phase aguecus
fluid {whichever is appropriate to the pressure regime at depth) relative
to silicate liquid {(density > 2 g/cm3) will favour the accumulation of
all non-silicate fluids at the highest still-ligquid part of the magma.
Also, it may only be in the highest parts of the magma chamber that the
temperature and pressure conditions are suitable for the exsolution of
non-gilicate fluids.

(ii} Once a stock has penetrated and fractured the country rock permeated

elsewhere at the same level by groundwater, and has itself partly -
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solidified and become fractured, itAwili become a conduit for non-
silicate fluids from below. Even the dense salt-rich ligquid will be
pumped up the stock by the differénce between hydrostatic pressure at
the top and lithostatic pressure (plus any tectonic overpressure) in the
magma where the exsolved £luids afe accummlating. ¥ach hundred bars of
pressure difference could supﬁort a column of about 770 m of liguid of
density 1.3 gfcms. At Panguna thevaifference was gzéater than 500 bars.
At some level in the stock, and not in general at the top (James,
1971}, the salt-rich liguid ceases to rise and moves horizontally into
the country rock before turning down. The reasons for this are not
completely clear, but it could be comnected with a sudden change of
pragsure regime. A column of galt-rich liquid could not be supported
because of its demsity in rock permeated elsewhere by grdundwatar. There-
fore the salt-rich ligquid would spread horizontally at the change in
regime from lithogstatic to hydrostatic. The change appears to occur
near the top of the intrusion. At this level, the cooling of magmatic
vapour would alsc be important, and large guantities of salt-rich
condensate %mula be generated. This ligquid would either descend and then
spread hoxizéntany at its confluence with cztbmmagmati; salt-rich liquid,

or be entrained in convecting groundwater.

The top of the system.' James {(19%71) suggested that copper mineral-

isation also crcurred in a stockwork ilmmediately above the zone of lateral
spreading of salt-rich liguid. Higher in the system, according to
Sillitee (1973), pyrite or marcasite, gypsum and sulphur would be
deposited, and fumaroles might be the surface expression of the system.
Observations on the ore-zone at Panguna suggest that the convection of
groundwater heated by the intrusion and the rising of vapour into a plume
over the ore-zone and the intrusion are the fluid phenomena which dominate

the top of the system. The interaction of groundwater and vapour would
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depend on the size of ;he system and on fluid velocities. AFor exampie,
rapidly-rising wvapour might entrain groundwater and as a result be
cooled and condensed before rising very far above the ore—-zone. ‘The
mixed fluid would be very reactive as a result of inheriting Hél, 80g or
other volatiles from the vapour. The presence of fumarcles at the
surface would not require the persistence of vapoﬁx from tﬁe deposit to
the surface. In some of Cathles' {1977} calculated models, groundwater
boils in a discrete two-phase region within 1 km of the surface.

There would be no salt rich condensate in the plume at temperatures
lower than the solubility minimum of NacCl in the vapour {450 - 475% at
250 - 300 bars: Sourirajan &ernnedy, 1962}, It is possible, héwever,
that salt-rich liquid could be generated higher in the system by the
boiling of groundwater (as at the level of the ore-zone). |

The type of critical-peint boundary proposed at Panguna has & lower
limiting pressure of 221 bars (P_Hy0). 1In fact, the 1limit might be higher
because groundwater is seldom free of dissolved saitgf In a hydrostatic
pressure regime, a pressure of 221 bars corresponds with a depth of
about 2.4 km. The critical-point boundary could thus persist at most
600 m above the section examined. It need not have closed over the ore-
zone because the upward transport of vapour may dominate other £luid
phenomena in the centre of the system at these levels.

The system below the exposed ore-zone. the sinking of salt-rich

liguid from the ore~-zone has already been discussed. Salt-rich licuids
were boiling in all perts of the exposed ore-zone, and in order for
boiling to continue at depth in a salt-rich liquid of constant salinity,
the local geothermal gradient would have to exceed about 25°C}£00 bars
{rough estimate from Sourirajan & Kennedy, 1962, fig. 19). Increases in
salinity due to boiling would necessitate larger gradients. In an area

subiect to magmatic activity, abnormally large geothermal gradients are
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to be expected, and thus itris likely that boiling could continue below
the ore-zone. It also seems probable that the sinking salt-rich liquid
would eventually be recycled in a convecting cell.

Other fluid phenomena at depth would depend on whether groundwater
persists below the exposed ore-zone. In the initial discussion of the
horizontal spreading of the salt-rich ligquid, it was suggested that such
spreading might occour at the boundary between hydrostatic and lithostatic
pressure regimes, i.e. at the iawer limit of groundwater. If, however,
groundwater did continue below the section studied, the interaction with
salt-rich liquid would take on a different ;haracter. The critical~point
boundary would move to higher temperatures and saliniﬁies with increasing
depth and pressure - e.g. at 400 bars it would be at 440°C and 6% eq.
Nacl and at 500 bars, 475°C and 9% eq. MaCl. Groundwater would be
subject to convection over a vertical distance of savéral km, and any
reqular increase in groundwater salinity with depth is therefore unlikely.
:Rather, the higher salinities at the criticai—point‘boun&axy would be due
to mixing with salt-rich liguid, i.e. the gritical-point boundary, or
the onset of boiling, would cccur within the zone of mixing. It appears,
then, that neo groundwater salt would be involved in the interaction of
groundwater and salt-rich liquid, and this woui&_iea& to a different K/Na
variation in the salt-rich liguids. |

Summary. The fluid phenomena which have been deduced fsr the
Panguna deposit could occur only within a narrow range of pressures and

corresponding depths, although the entire hydrothermal system extended

over a larger wvertical range. This gualitative ex&minatien suggests that

the change of pressure regime from lithostatic to hydrostatic was

important in determining the level at which mineralisation toock place.
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COMPARISON OF PANGUNA WITH PREVICGUSLY-SUGGESTEDR FLUID MODELS

In Chapter 1, current ideas on the fluid-intrusion interactions
responsible for porphyry copper formation were reviewed. These can
now be evaluated against the proposed hydrothermal system at Panguna. :

An orthomagmatic model, by whiéh salt-rich liquid and vapour are
exsclved by a cooling, crystallising magma, is certainly consistent with
éaxt of the observation at Panguna. An additional source of salt-rich
ligquid is reguired and the physics of the system suggest that it is
gxoundwater concentrated by boiling. Thé beiling of groundwater under
other circumstances has also been suggested (Chapter 8) as an.expianatimn
of the pebble dykes. 8o despite their relative disfavour to date,
boiling groundwater models seem to account for important features of the
Panguna dep&sit. The mechanism of condensing a salt-rich liqﬁid from
magmatic vapour sheuld alsg operate, but ig does not contribute to the
mineralisation in the way that Henley & McNabb {1978} have proposed.

Lastly, the simple convection of groundwater ccols the deposit once the

source of magmatic salt-rich liquid wanes. None of the mechanisms, then,
can be ruled out as irrelevant to the formation and evolution of the

Panguna deposit.

Fig. 2-6 is a summary of the ideas discussed so far in the form of

a hypothetical vertical section through a porphyry copper system.




Critical point
boundary

Section at
Panguna

mg..t_.._

Lower limit of )
groundwater ©°

Fig. 9«6 Diagrammatic vertical section of a porphyry copper
deposit associated with a stock {+ pattern} showing
£luid cirgulation; phase-behavicur of salt-water
liguids {patterns as in fig. 2-4) and estimated !
pressure and temperature gradiente {top). Copper :
mineralisation is shown as -~ pattern.
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CHAPTER TEN: CHEMICAL CONSIDERATIONS

The variety of mineralisation styles at Panguna presents a
multitude éf chemical prcblems. Heres, it is intended to examine oﬁly
phencmena associated with the érimary'd@position of copper at tempera-
tures over 400°C.

The fluid system consists of salt-rich liquid and vapour at ééuil-
ibrium, both phases being at equi;ibrium.at a given point with certain
crystalline phases. Whereas the liquid cools and evolves in equilibrium
with the solids, the vapour is continually rémoved from the systeﬁ and
can only be considered to be at equiiibrium with the solids at its point
of origin. The system tends to lose volatiles throughout mineralisation.
ﬁ&ither fluid can be dealt with in terﬁs of aquecus electrolyte
chemistry. Because alkali chlorides and water are present in comparable
gquantities in the liquid, the alkali c¢hlorides cannot be selvatgd as in
more dilute solutions. The alkali chlorides tend to associated in the
temperature range being considered (Montoya & Hemley, 1975). They are,
in effect, solvents; sulute~solvent interactions are just as 1ike1y to
involve the@vas to involve water. Solvation of ions does not occur in
the vapour either, associated species being the rule.

Since the iempexatureﬁ involved range from 400°C up to magmatic
temperatures, the discussion is inevitably 3peculati§e. Thermodynamic
data are not available for some substaﬁcea at these tamperaturés and are
suspect for others, while fugacity and activity coefficients are in many
instances unknaﬁn. The following conventions and assumptions are adopted:-
1. The standard states of solids and liguids are the pure substances in
their most stable form at T and 1 atm pressure, and for gases, the ideal

gas at T and 1 atm. fThis is the convention adopted in the tables of
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Robie & Waldbaum (1968) and JANAF (1971). The former have been used
here as a source of data for solid phases and the common gases, and the
latter‘for the gaseous metallic oxides and halides unless otharwisé
stated. ,

2. Pressures are therefore expressed in atmospheres and temperatures in

Kelvin, This is despite the cholee of units earlier in this work. It is

easier to relate khars and degrees Celsius to thg literature on the
physical properties of the systems, and atmospheres and Kelvin to the
thermodynamic data. Since two significant figure accuracy is probably
more than sufficient in the following calculations, the bar and the
atmosphere will be considered as equal, and earlier results in bars will ;
be transposed direct into atmospheres.
3. No pres%nze correction is applied to the egquilibrium constant k. In
equilibria involving condensed phases, the p?essure dependence of the
equilibrium constant is expressed
Avs

4 log kPZ"pl = -2.303 §§‘{22"P1}
where é?s is the change in molar volume of all condensed species in the
particular eguilibrium. In this case, Py is the standard state pressure,

1 atm. 1In order that the correction be negligible, say IA Egg'kl £ 0.1,

I

|avg|s 1.5 cal/atm at P, = 300 atm, T = 700 K

|avg|s 0.9 cal/atm at P, = 800 atm, T = 1100K.

avg data are not available for all substances of interest, especially
chalcopyrite and bornite but in the following relevant reactions, ﬁ?é can
bg evaluated:-

3Fes04 = 2Fez0y + %0p AVg = -0.04 cal/atm

2FeS, + 3/20; = Fep03 + 25, -0.42

3FeSs + 200 = FeqOy + 382 -0.65
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ZnS + 202 = ZnS0y AV = —0.42 cal/atm
PbS + 20'2 = PbS0Oy ~0.40

Cas0y + Tiﬁz + 5102 = Q&'I’iSiOg +
ﬁf}g + 3f2$2 ~(.76

It will be assumed that the pressure correction i{s negligible for all

other reactions.

The notation used in this section is tabulated in the Introduction

Chapter.

THE BUFVERING OF K/Na IN SALP~RICH LIQUIDS

In Chapter 9, it was suggested that the K/Na ratios of the
salt-rich liguids were the product of the mixing of two salt-rich liquids,
one derived from the magma and the other from groundwater by boiling.

The consistency of the trend over three phases of mineralisation suggests
that the alkali ratios in both end members were externally contxolzéﬁ.

The intrusive suite at Panguna is low In potassium. Foxrd (1976)
gave average K,0O contents of 1.72% for the Raverong Quartz Diorite, and
1.42% for the Biuro Granodiorite, compared with 3.07% for average grano-
diorite (Taylor, 1969). The Panguna intrusives crystallised phenocrysts
of quartz and plagicclase, but not of alkali feldspar. FEquilibrium between
the salt-rich liguid and the plagicclase, which generally contains less
than 0.5% K0 (Ford, 1976) could result in low K/Na ratios in the liguid. .
It is possible to do a rough calculation to test this,

Ha and K are exchanged between plagioclase and liquid by the following

reaction:

KA1SigOg 1y + NACl ;. ., = NaAlSigg ., + KCl .er 10.1

{1ie)

Ryabchikov (1975) gives activity coefficients for the orthoclase component

in plagioclase, and the activity of the albite component, but they must
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be read from small diagrams and so are not available in very precise
£orm,
Values of X1 3, the equilibrium constant, are available for

temperatures up to 923 K {Hemley, cited in Brimhall, 1977).

Kyp 1 = L ¥s %o
: % Y0 ac1

{subscripts A& for albite component, © for orthoclase). The activities
of RCl and HaCl aré for the éaltwrich licquid; to relate the;e to mole
fractions, it will be assumed that the ratio of activity coefficients
is 1. Montova & Hemley (1975) used such an assumption, but for much

less concentrated solutions of salts., Thus

k1 _ Tkar K101 Zo
Agacl Nacl S

The constant Xj;p.; increases as a function of tempeﬁature over the range
773 ~ 823 K, and has a value of 0.44 at 923 K. B rough linear extra-
polation based on the three data points indicates a value of about 0.6 at
1073 .

The mole fractions of albite and orthoclase in plagloclase have
been taken from Ford {(1976) who analysed cores and rims of phenocrysts
from the four main intrusions at Panguna. These are plotted, XO vs. xA
as moie pexrcentages, in fig. l0~1. Where core and rim analyses are
avallable for the same phenccryst they are joined by a straight line.
The ratio aofaa has been contoured on the same axes; this was calculated
from Ryabchikov's data for 1073 K.

There is commonly a large change in composition between core and

rim in a phenccryst. In those few phencoorysts across which Ford did

analytical traverses, most of the change takes place in the rim only,




Fig. 10-1

Compositions of plagioclase phenocrysts in the Panguna
intrusive rocks. Mole % KAlSizOg is plotted against

mole % NanAlSijz0g {(data from Ford, 1976). Both core

and rim compositions are plotted, and are joined where
avallable for single phenocrysts. The lowest diagram

is a contour plot of the ratio aor-/aab at 1073 K {(zee

text for explanation), with the fields of rim compositions
for each of the four intrusions {symbols shown beside
names in other diagrams) superimposed.
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i.e. this zone represents an event which ococurred late in the crystallisa-
tion of the phenccrysts. Strong albitisation, by as much as 37 mole %,
accompanied by an increase in the X content, is characteristic of the
Kaverong Quartz Diorite. In the Ieucocratic Quartsz Diorite;‘a reduction
in X content and relatively little change in Na is typical. Changes
intermediate between these types are found in the other intrusions.
Comparing the changes with the aG/aA curvas, it is seen that all major
changes in composition are in the direction of ingreasing aafaA. Other
phenocrysts indicate very little change in the ratio, exceét for two in
the Biuro Granodiorite where there is a definite decrease.

The rim event was probably the exsolution of wolatiles frqm the
magmas. Later alteration seems unlikely; in the ¥averong Quartz Diorite,
where there iz considerable variation in the style of subseguent alteration,
the rim compositions bear no relationship to Ford's descriptions of the
alteration in each specimen. The fields of rim compositions are super-
im#esed on the aofa& contours in fig. 10-1. The fluid composition is
obtained thence with the constant kj5,31. TIf kjg.1 at 1073 K is estimated
to be 0.6 ~ 0.7, a fluid with mKCifmﬁaCI1x 0.25 {a likely value for a
primary magmatic fluid with T NaCl = SOGOC} is possible for aofaa <

about 0.4. For those, or lower values of ¥;g,3; at 1073 K, equilibrium
between liguid with the low K/Na values found at Panguna is possible for
many of the phenccrysts in the Kaverong Quartz Diorite, the Biotite
Granodiorite and the Leucocratic Quartz Diorite, but only for one from the
Biure Granodiorite. For higher X/Na in the primary salt-rich liquid,
the upper limit on ae/aA is a little higher. The results seem consistent
with the field and petrographic interpretation that tﬁé Biuro Granodiorite
did not exsolve important quantities of mineralising fluids, whereas the

others did.
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THE FUGACITIES OF OXYGEN AND SULPHUR DURING COPPER MINERALISATION

The mineral assemblages at Panguna include many specles useful for
fixing the fugacities of oxygen and sulphur. Most of thesé,‘however,
occur in low~temperature veiné} and diagrams like thése of Holland (1965}
are useful only at temperatures below 800 XK. These paranmeters are
vital to an understanding of the processes taking place in the magma at
temperatures much higher than 800 K. Other constraints must Ee invoked
if they are to be evaluated.

Oxygen fugacity. Coarsely-bladed, primary hematite in quartsz-

Cu,Pe sulphide veins, and hematite replacing magnetite in vein selvages
have been described in Chapter 3, ané by Lawrence & Savage (1975).
Hematite as a daughter mineral and as solid inclusions is typical of

many of these veins, especially the high-temperature ones, but ig also
completely absent from other veins. Yet others bear magnetite (Lawrence

& Bavage, 1975%) or have selvages containing unaltered magnetite inter~
grown with chalecopyrite or bornite. Therefore the oxygen fugacity appears

to have remained near the hematite-magnetite (HM) buffer

2Feq0y + %0 = 3Feq03 ve. 10.2

(possibly a little higher on average).

The various estimates of the oxygen fugacity at the HM buffer differ
among themselves by at least one log unit, indicating the likely limit-
ations of the thermochemical data being used here. The data used for the
HM buffer reaction in figs. 10-2 and 10~3 have been taken from Haas &
Robie {1973), and other data are from Robie & Waldbaum (1968). The.data
are consistent with the coexistence of sphalerite and hematite up to and
beyond 850 K, but galena will not coexist with heﬁatite above aboubt 780 K.
The occurrence of galena, bornite and hematite in 102594 (formed bhetween
© 700 and BOQ K) bracketg the oxygen fugacity for that specimen tightly near

the HM value.
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Chalcopyrite and hematite usually occur tégethei. At first sight,
thiz might £ix an upper limit to the oxygen fugacity at temperatures
below 820 K vwhere the tetragonal polymorph of CuFeS, becomes unstable

{Yund & Kullerud, 19%66). The chaleopyrite~bornite~hematite eguilibrium
5l4Fefy + 8y = CugFeS, + 4FeS; oo 10.3

has been plotted using Barton's unpublished data (Barton & Skinner,
in press), and the other boundaries of the chalcopyrite fields in fig. 10-2

are based on this, e.g. the boundary representing
SCuFe$2 + 302 = CQSFe54 + 2F8293 + 352 cee 10.4

has slope 1 and passes thrqugh the point at which hematite, pyrite,
chalcopyrite and bornite coexist. The unreliability of the data have
already been stressed, however. The apparent convergence of the oxygen
fugacities at HM and at the hematite-pyrite-chalcopyrite-bornite point
with rising temperature suggests that high CuFeS; polymorphs andvhematite
might not be able to coexist at higher temperatures. ¥No watertight
conclusions can be drawn f£rom the thermochemical data, which.becomé even
less reliable for the Cu,Fe sulphides above 820 K. Certainly, observation
at Panguna suggests the opposite; that hematite and CuFeS; do coexist over
the whole temperature range. However, it is not certain that the Cu,Fe
sulphides now seen in veins formed above 820 K have retained their
original compositions. Chalcopyrite, and less frequently bornite, are
present yet the broad range of compositions of the cubic Intermediate
Solid Selution, the high-temperature sgquivalent of chalcopyrite (Yund &
Kallerud, 196&} implies that other exselution products such as tainakhite,
nooihoekite and haycockite ought to be present. BEtch and microprobe
investigations (etch methods from Cabri & Hall, 1972) have failed to
reveal any of these; Barton {(pers. comm, 1977) has commengéa that the
sulphides may have undergene later additions of sulphur during the long

hydrothermal history of Panguna.




Fig. 10-2

Eguilibria relevant to Panguna mineralisation, shown
on log fg, vs. log fo, plots for temperatures of
700, 800 and 850 K. The field of chalcopyrite is
stippled. RAQ/S refers to the rutile-anhydrite-quartz-
sphene equilibriwa {equation 10.6). Standard state
pressure of all substances = 1 atm.
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Sulphur fugacity. The sulphur condensation reaction

5 o= ve. 10.5

28 ..
{lig)
sets an absolute upper limit to the sulphur fugacity because no native

sulphur is known in the deposit., The narrow range over which hematite

and chalcopyrite ceexist helow B20 K would bracket the sulphur fugacity
clogsely if it were reliable. It is nonetheless consistent with the.

broader limits set by the equilibria:

TiOp + CaS0y + Si0; = CaTiSiOg + %S, + 3/20; ... 10.6

{represented as RAQ/S in figs. 10-2 and 10-3), and
MoBs + O = Moly + S» e 10.17

{data for 10.7 from Helland, 1965). Rutile, anhydrite, quartz and
meiybﬁeﬁité are characteristically found with chalcopyrite in veins with
included hematite. Molybdenite has not been found in veins formed above
B50 K, although Helland's data for reaction 10.7 suggest that the co-
existence of molybdenite with rutile, quartz, anhydrite and hematite isl
possible at higher temperatures. Rutile is abundant in the selvages of
anhydrite =~ éu&rﬁz«ﬁu,Fe sulphide veins formed above 800 K (e.g. 102998,
102675 and 103012). If the whole assemblage is at aqﬁilihxium, then
reaction 10.6 sets the only useful lower limit to the sulphur fugacity at

|

1

high temperatures. The gasecus equilibrium E
Sy + 0y = 8Oy ... 10.8 ;

can be used to set an upper limit at high temperatures in conjunction with

the constraint P Let us assume for the moment that

<P .
S0p total

. X { Fionid . . .
Egez < 0.1 Ftcﬁal {(justification will be given in the section below on

sulphur gas species), i.e, P

50, is no greater than the walues given in

Table 10-1. To find the fugacity of S0,, the Lewlis & Randall approximation

for gas mixtures is used;
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viz. "the fugacity of each constituent is equal to its mole fraction
maltiplied by the fugacity it would exhibit as a pure gas, at
the same temperature and the same total pressure.”
{Denbich, 1571)

In this case,

£ = . . = 0. .
505 Ys0," Frot. * *s0, 0-1 Yg0,° Piot.

Using the equilibrium constants in Pable 10-1 and fugacity coefficients

from Newton (1935), the limiting fugacities of S; and 50; have been
calculated (Table 10-1) and are plotted in fig. 10-3.

The limits at temperatures over 900 X do not aﬁpeax to overlap

any estimated high-temperature continuation (for Intermediate Solid

Solution) of the CuFeS; fields from lower temperatures unless oxygen
fugacities fall well within the nmagnetite field. 'The absence of magnetite
from many high-temperature vein selvages and replacement texturesrin
others argue strongly against adjusting the oxygen fugacity to fit. The
blame might better be placed on the thermochemical data, and the
uncertainty as to what happens at high temperatures. ’

Qualitatively, it is seen that the sulphur fugacity must increase
with decreasing temperature to a maximum value near 800 X, and then
decrease with continued cooling. . ?

At 800 K, the fugacity of 80, for chalcopyrite-h&matite—mégnetita

eguilibriem iz 11 atm, and the total fluid pressure is about 300 atm.

2t a log oxygen fugacity 1 unit avae HM, the fugacity of S0; becomes

316 atm, corresponding to a pressure close to the total fluid pressure.
Thus, at 800 K the oxygen fugacity must be very close to the value at the
HM buffer as accepted here. This eénciusien might be substantially

changed by relatively small changes in the thermochemical data.




Table 10-1

FUGACITIES OF §2 AND S03.

A. Maximum fﬁzf given PSOZ = 0.1 Ftot.(xssz = (0,1}
T PSOZ Ysoz fsog = log log tlog f fSO2 log
X, Y. -P f50,| K10-8 log — | £
K | atm. S0 " 7505 tot. 2 (M) = Sy
Sz
1100 80 1.11 89 2.0 i3.4 -8.8 4.6 =5.5
1000 50 1.00 50 1.7 15.1 ~11.0 4.1 ~4.8
800 40 0.94 38 1.8 17.2 -13.8 3.4 «3.6
f502
. = FR
leog f% log kip,.8 + log f02
Sy

B. Minimuom fSOg' given minimum fs {at rutile-anhydrite—-quartz—sphene
2 .

bowmdary, £ = FIM).
Oz
T log £
S?_ 505
log log fs02 fso2 atm.
% (fo =F{M) f%
2 So
1160 -B.7 0,35 2.2
1600 -9, 4 - =0 . 60 0.25
900 ~9.6 3. ~1.40 4.0 x 1072

¢. ERange of fse

2

and fsé {from A and B, zbove).

T log f502 log f52
1100 1.2 & 0.8 ~7.1 & 1.7
1000 0.6 &+ 1.0 -7.1 %+ 2.3

9500 0.1+ 1.5 -6.6 t 3.0
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10-3 A likely log fg; - 'log fg, path, as a function of
temperature. See téxt for an explanation of
assumptions. The stippled areas are the foz =~ £5,
fields at 900, 1000 and 1100 X, limited by the
constraints:~ hematite~magnetite equilibrium {(M/H);
rutile-anhydrite~cuartz-gphene eguilibrium {RAD/S);
Psp, = 0.1 Prot. {dashed line, position calculated
from Ys0,. fo, and data for equilibrium 10.8).
There is no upper limit for foz.

L
o
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THE CHEMISTRY OF THE VAPOUR PHASE

State of water. Increasing pressure favours the polymerisation

of H,0 in the vapour phase (Hastie, 1975, p.75 ££f.). At pressures of
300 - 800 atm and temperatures near 1000 K the dimer predominates. The
fugacity coefficient, as tabulated for example by 2Anderson (1967),
corrects for this source of non~ideality so that the thermochemical data
for monomeric water can be used. Mole fractions, he#ever, ought to be
calculated taking polymerisation into aaﬁoﬁnt. For the calculations
which follow, the pressures and fugacities of water listed in Table 10-2
will be used, assuming P

P This assumption will be re-examined

H,0  tot.’

in the section on sulphur species, below.

Fugacity of HCI1. Ryabchikov (1975) has swygested the following

reaction to evaluate the fugacity of HCL in magmatic fluids

2NacCl + HyO

(1ig Naj O + 2HC1 ... 10.9

(gas) (x1)

He estimated the activity of NaCl in the salt-rich liquid to be 0.35 % 0.06;
at Panguna the approach of salt-rich liquids to saturation near 700 K may
mean that the activity approaches 1. Otherwise, Ryabchikov's estimate

can be used. The error in this is much 1&55 than that involved in the
estimation of the activity of Na,0, which Ryabchikov does by setting

limits based on granitoid mineralogy {(presence of cuartz and fel@sﬁaxs,
absence of corundum at one extreme and of wollastonite at the other,

fizing a

AL,03 within limits and thence aNazo by a reaction involving the

decomposition of albite to its constituent oxides).

At 1000 K, equilibrium with a granitoid assemblage implies & HC1
fugacity of 0.4 te 4.0 atm (Table 16-3). At the lower temperaturés, the
calculations will not correspond exactly with the situation in porphyry
coppers; although quartz and one feldspar are present, the activities of
the feldspar components will differ from those used by Ryabchikov.  The

estimates are therefore probabif only general indications.




Takhle 10-2

FUGACITY OF WATER

T, K

b , atm.

£

s atm,

tot. Yy,0 Hy0 Hy O
700 300 0.77 230 2.4
800 300 0.82 245 2.4
a00 300 0.88 264 2.4
1000 500 0.88 440 2.6
1100 800 0.84 670 2.8
Table 10-3
FUGACITY OF HCL
T, X 1og Kip.9 log fﬁzo log aﬁacl loyg aNazo log fHCl
700 ~27.3 2.4 0.0 -23+1 ~1.0+0.5
800 ~23.4 2.4 - 69%.16 -21%1 ~0.7+0.6
850 -21.8 2.4 -.69%,16 -19,5+1 -0,7+0.6
1000 -17.9 2.6 ~.69%,16 ~16.8+0.8 0.1+0.5
iloyg chl = k{log k + log ngG + 21og avact "~ log Rﬁazo)
Table 10-4
DIMERISATION OF NaCl
T, K loy klﬁ-lOA Ptot.' atm. Prac1’ atm. Na,Cl, atm.
700 8.27 0.36 4.4 x 1078 0.36
800 6.42 0.05 1.4 x 107% 0.05
850 5.70 0.05 3.2 x 1o7h 0.05
900 4.98 0.09 1.0 x 1073 0.09
1000 3.82 1.57 1.6 x 1072 1.55
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Fugacity of HaCl. For each set of pressurs~temperature

conditions, the composition of the vapour in the NaCl-H,0 system can be
estimated from the fluid evolution paths discussed in the previous
chaptex, in conjunction with the data of Sourirajan & Kennedy (1962).

The species present will depend on equilibrium in the following sets of

gaseous reactions:

2NaCl = NapCly «rs 10.10
NaCl + H,0 = NaOH + HCL sae 10011
2NaCl + 2Hy0 = Nay (OH), + 2HCL ves 10,12
NaCl + 2Hz0 = NaCl.2H,0 «-e 10.13 suggested by
' Hastie (1975)
NaJOH + HQ«O = HﬁOﬁ.KzQ 4w 10-3.‘3 ’

Thermochemical data are available in JANAP (1971) for all except the
hydrate species. Considering initially only reaction 10.10, i.e;‘a
vapour containing only sodium chloride at a total partial pressure P,
Py is calculated from the NaCl content of the vapour (wt. % is converted
to mole fraction and thence to pressure), with water dimeric. Whether
NaCl is mainly dimeric or monomeric does not, as shall be seen, change

the final solution because the factor of 2 by which Pt wonld vafy as a

result is relatively insignificant in the solution of the two equations

+ =
PNaCl PNaZClz Pt

2 ES i =
?Na2012;P NaC1 - kig,10 (assuming Fi fi)

The Pt values in Table 10-4 assume the predominance of dimers, but the
same qual@tative result, the predominance of dimers, can be obtained
assuming mainly the monomer in the mole fraction calculation.

From thérmoch@mical data for reactions 10.11 and 10.12, and the

previously-established fugacities of HCL, the following are obtained:
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at 1000 X,
fNaOH fNagiOH}z
log F - -3.5 = 0.5; log A -3.7 £ 1.0
NaCl HaCl
and at 850 K,
fﬂa{}H fﬂ (om)
log =~ = -4.2%0.7; log gre—t% = -2.9% 1.4
NaCl NaCl
For log fNaCl « 0, as it is here (considering the predominance of the

dimer) NaOH is a minor species, but MNa_.(OH), may predominate over

e 22 o

Nacl and possibly also over Na2C12, Hastie (1975) has explained

that the change in slope of the soclubility curve

of NaCl in water vapour {see fig. 9-1) implies different chemical
mechanisms §f solution above and below 873 K énd that these are consistent
with reaction 10.14 ‘above 873 K, and reaction 10.13 below 873 X. In the
absence of the required thermochemical data, no firm conclusions can be
drawn on the likely fugacity of WaCl. It is evident that NaCl will be

a minor species, dominated by WapCls, and possibly by the hydrated species.
The values of P in Pable 10-4 will be diminshed by the formation

WaCl

of hydrates. The values in Table 10-4 will be used as maximum estimates

of and £

PNaC} NaCl.

Sulphur species. At temperatures over 673 K, only Hp8, Sp; and
5012 need be considered among all the possible sulphur-bsaring species
in hydrothermal fluids (Barnes & Czamanske, 13867; Ohmoto & Rye, in press).

5, is usually considered only because its fugacity is a useful chemical

parameter.
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In a system contalning only Hz0 and sulphur species, the constraints

are
+ + =
XSO;,: XHzS tzO 1
%Sy + 0p = 80, ... 10.8
Hy8 + 3/20, = Hy0 + S0, ... 10.15

It has been shown in a previous section that the fugacity of sulphur
cannot be limited without making assumptions about the fugacity of S0s.
Here, we shall begin by examining the relative fugacities of Hp0 and HyS,

assuming only that Hs0 is a major constituent (and not, for the moment,

that fH20 = YHZO'Ptot.) and setting a high limit for PSOZ' The‘;elat;on—

] d > - - - B -
ship of fﬂze an Ptot. will then be re~examined, and, finally, the ratio
ESOZX§HZS will be calculated.

The r&ﬁib ngO/fﬂzs depends on fsz‘and f02 in the following way:

£
log 222 = log ky9,15 + 342 log £, - log £
HeS 2

509

In Table 10-5, this ratio is calculated assuming a mecle fraction of 1 for
80, in the vapour. For lower mole fractions (an order of magnitude lower
would be reasonable}, higher H,0/H;8 ratios are obtained, Thus only at
700 X might HpS become important relative to water in the vapour and this
is unlikely, because the mole fraction of SOp will be very small at 700 K.
The fugacity ratic corresponds approximately with the pressure ratio
because the ratio of fugacity coefficients is near 1. Except perhaps at
700 X, then, HyS can be neglected relative to HpO so that, to é sufficient

approximation,
%0, T o = 1

Equation 10.8 can be used as a constraint only at 700 and H00 K where

mineral eguilibria provide upper and lower limits., &AL 300 - 1100 K,




Table 10-5

SULPHUR SPECIES EQUILIBRIZ

- + = ) - — e
1. %S, + 05 = S0, log kjp.g = log f502 log fo2 % log fSz
log £ log £ . leg £
T log kip.8 02 S2 S0y
: HM HM+1 HM HM+1 HM HM+1

700 24.0 -22.0 -21.0 =5.0 -4.1 -0.5 0.9 fgo, derived from fsz, chalco-

800 19.8 -17.5- -16.5 ~-2.5 -1.7 1.1 2.5 Pyrite-hematite assemblage.

900 17.2 -13.8 -12.8 -6.6%13.0 -9.1%3.4 0.1%1.5 -0.211.8 |fg, derived from pressure limits
1000 15.1 ~11.0 -10.0 -7.1+2.3 -9.61+2.8 0.6%1.0 0.321.4 |on 50, and rutile-anhydrite-
1100 13.4 -8.7 =-7.7 -7.1%1.7 -9.6%2.1 1.2+0.8 0.9%1.1 dquartz assemblage. ‘

2. + = + = - -
HpS + 3/20, = Hp0 + S0p log kjp,.15 = log fH20 + log f502 3/2 log fo2 log fHZS
£ f f
*
log £_ . log £ log H20 log 502 log S0z log £
Q3 503 £ Y T £ f Ho S
. HsS Hy S HyS Ho 5 )
T  log kig,15 if X =1
HM  HM+1 S0p Y _ i
HM  HM+1 Hy0 PHp_O =P, . r HM HM+1 HM HM+1 |

700 34.6 -22.0 -21.0 2.4 -0.8 0.7 1.2 -0.8 0.7 0.3 0.2
- 800 29.8 -17.5 -16.5 2.4 1.2 2.7 1.2 1.2 2.7 -0.1 -0.2

850 27.9 -15.3 -14.3 2.4 2.6 4.1 1.2 2.6 4.1

900 26.0 -13.8 -12.8 2.5 2.8 4.3 1.2 2.9 4.4 -2.8%1.5 -4.6%*1.8
1co0 23.0 -11.0 =-10.0 2.7 3.8 5.3 1.2 3.9 5.4 -3.3+1.0 -5.1%1.4
1100 20.5 -8.7 -7.7 3.0 4.5 6.0 1.4 4.7 6.2 -3.5%t0.8 -5.3#1.1

* cgoefficients from Newton (1935) T coefficients from Ryzhenko & Volkowv (1971) and Anderson (1967).
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mineral eguilibria provide only a lower limit to the sulphur fugacity,
and an assumption must be made about the partial pressure of 80, in order
to place an upper limit. If all of the volatiles exsalvé& by a magma
go into a single fluid, the molar ratio 502:H;0 can be calculated from
Ryvahchikov's {1975) estimate, 1 -~ 2%, of the water losgt by the magma,
and one he quotes from Vinogradov for the sulphur content of such magmas,
0.04%. fThese are by weight, so that the molar ratio is 0,02 i&go as
monomers) or 0.04 (dimers). Thus the limit PSO2 < 0.1 Ptot. is adopted;
if Vinogradov's estimate is low (it is difficult to see how ghe:sulphur
content of magmas which characteristically exsolve volatiles could be
estimated) the fluid could carry away twice as much sulphur and still
fall within the limit.

With this limit, it is possible to calculate the fugacity ratio
505:H28 and thence the fugacity limits of H,S8. The partial pressure of
(Hzé}n must be greater than 0.9 P and the mole fraction of HyO 2 0.9,

tot.
By the Lewis & Randall Rule,

. -
fHZO{pare) ES szQ(mmxture) z 0.9 fﬁgo {pure at same T & P)

= i - z =0.05.
therefore, 0 = log fHQO(mlxture) leg fﬁzc(pure) : 0.05

This correction may be regarded as negligible, and the fugacity ratio of
S0y to HyS calculated using ﬁHZO{pure}. the ratios, and the fugacity
ranges of H.S at the various temperatures are listed in Table 10-5, and
plotted in fig. 10=4. 1In the figure, it is clearly shown that SO; is the
principal sulphur species in the vapour in the porphyry copper environment.

this need not be the case in the liquid, as will be seen in Chapter 1l.




Log fugacity
%

_.6..
S2
~8
-10 ) i { $
700 800 900 1000 100
Temperature K

Fig. 10-4 Iimits on the fugacities of HyQ, 80p, HpS and Sp
over the temperature range 700 - 1100 XK at
Panguna. Assumptions discussed in text.
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BASE METAL TRANSPORT IN THE VAPOUR

The vgpoux in porphyry copper systaﬁs removes a large amount of
water, and ma§ remove significant amounts of other volatiles such as
RaCl, 8Qg, Hy8, HCl and volatile base-metal species. The Henley &
MoNabb {1978) vapour plume mechanism, for example, would require
significant transport of copper in the vapour. The vapour, as sﬁggested
by Krauskopf (1964), may also play & part in the separation of the vase
metals. The possibility of base-metal transport in vapour when fluid
inalusions are decrepitated has been discussed in Chapter 4. The
chemicalwtranégort properties of the vapour in porﬁhyry copper deposits
will now be examined in the light of current thermochemical data. The
approach is to be compared with that of Krauskopf (1964). It differs from
’Krauskopf's‘in that newer thermochemical data are available,.and in the
consideration of complex metal-bearing volatile species. |

Enhanced volatility in salt mixbtures. Some metal halides,

particularly those of trivalent metals, are volatile at high temperatures.
The mixing of halid salbs gives rise to complex halide species. In a
laxrge number of mixed halide systems, the measured vapour pressures are
higher than can be explained hy the vapour pressures of the individual
components. Commonly, then, the formation of complex halides in mixed
halide sYstems:enhances the voiatility of the simple components. Re#iaws
on this phenomenon include those of Schaefer (1976), Binnewies & Schaefer
{1973) and Hastie (1975). Hastie's book includes a set of rules for the
estimation of the thermochemical properties of many species, and a
discussion of the possible application of the enhanced volatility notion
to the problems of ore genesis.

The importance of enhanced halide volatility in chemical transport

has been recognised, both in unapplied investigation (Schaefer, 1974) and
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in metallurgy (the TORCO, or segregation process for the extraction of
copper; Brittan, 1970; and Gross & Stuart, 1971).

Chloride volatility versus hydroxide volatility. Enhanced vola-

tility is also characteristic of non~halide systems, in particular metal
oxide - water systems and possibly sulphide systems (Hastie, 1975}.
Since water is the main constituent of porphyry~copper Vapour, the
relative importance of chloride and hydroxide volatility must be a first

as a

consideration. On p.68 £f. Hastie considers the ratio P /

M{CH})» PMCJ.Z

function of the ratio P /P

Hel Prom data avallable for certain cases

HzO‘
in JANAF (1971), and from a consideration of the bond-dissociation
energies involved, he deduces the following generalised thermochemical

data for the reaction

MCly + 2H;0 = M(OH); + 2HCL | ... 10.16
AS =¥ =4 & 2 cal/deg.mole, T = 1000 -~ 2000 K
AH = 28 keoazal/mole.
These are based on known thermodynamic data for reactions of type 10.16.
Theilr negligible temperature dependence iz characteristic of such vapour
phase reactions (for the chloride-chloride reaction case, see below).

Thus log K1, 15= =7 at 1000 K and -8 at 850 K, and

P 3 2 +
Pﬁclz = 107 . {?_.mm%,] = 310%°0 ~ 10 at 1000K, and
M{CH) » H20

B

P 2

+ -

108 . [M] = 102°9 * 10 5t gso %,
HoQ

{using data from previous sections).

Ch;orides of divalent metals appear to predominate over hydroxides, but
by relatively small factors at the lower limit in each case. an un-—
certainty of an order oflmagnitude in log kip 1s would therefore mean that

<£5 . 3 e . _
P&(OH)z 5 PMClz No similar considerations are available for the mono
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valent metals, although it has already been seen that NaOH.H»O may predominate

over Nacl.at tempmratures over B73 K. For the trivalent metals it can be

shown similarly that at 1000 X

P P 3
mﬁggL___ = 110 | [ _ggé.] = 1025 + 1-5
Pﬁieﬂ)a Ho O :

The conclusions for divalent and trivalent metals are therefore similar.
At 1000 K, hyfroxides may be present at levels comparable to or less than
the concentrations of simple chloride species. 7This does not rule out
the possible predominance of complex chloride species over both. The

importance of these will now be considered for Fe, Cu, %n and Mo.

IRON SPECIES

FPerrous species. Chou & Bugster (1977) showed that FeClz was

the dominant iron~bearing species in supercritical chloride solutions at

oxygen fugacities up to the hematite-magnetite buffer. The conditions of the
experiments do not match those at Panguna; to investigate the effect of z

Panguna conditions, the following gaseous peacticn is considered:

2FeCl; + 2HCL + %0p = 2FeCly + "Hy0 ee. 10.17
: fFeClg _ '
log 7= = h{log kyg,17 = dog £, + %log £+ 2 log £,..)
FeCls . 2 4

Using the fugacities established in earlier sections,

: £
At 1000 K, log kig,17 = 2.3, and log 7% = -1.7 £ 0.5 at HM
Fe(:‘12
or =-1.4 £ 0.5 at EM+1
fFecl
and at 850 K, log kjp 17 = 3.6, and log — 3 -2.1 % 0.6 at HM
freci,

or ~1.8 * 0.6 at HM+1
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Ferrcus chloride predominates, then, and will be used as a base for the

measurement of the iron content in vapour according to the reaction
YFep03 + 2HC1I + %0; = FeClp + HyO 7 ... 10.18

At 1000 X, log kjg_1p = -6.1 and log f = -14.0 * 1.0 at HM

FEC§2
or ~13.5 & 1.0 at HM+1.
At 850 K, log kjp,.38 = =-7.2 and log f?EClg = -18.7 i)l.z at o
or -18.2 £ 1.2 at HM+1.
Other ferrous species which could be considered are the dimer Fe,Cly and
NaFeClz. The K-analogues of the Na-bearing complexes should behave

similarly, and will not be considered here.

Thermochemical data for the reactions

2FeCly

I

FexCly ess 10.19
NaCl + FeCl, =  NaFeClj ... 10.20
can be estimated with the rules suggested by Hastie (1975, p.135 ££.).

For reactions of the type A + B = C,

AS = -30 & 5 calfdeg.molg.

Hastie commented that AS for such homogeneous gaseous reactions is found
to depend chiefly con the change in number of species. 2s a corollax?,
As changes little with temperature, and the temperature dependence can
be entirely haglacted if only whole orders of magnitude are considered.

AH is given by a consideration of changes in the number and nature
of chemical bonds, and for mixed complexes, by an additional, empirically-
based measure of stebility enhancement as a function of changes in the
coulombic repulgion between metal atoms. For the conlombic effect, the
change considered is that taking place on the reaction of two simple
dimers to give twe molecules of the complex species (see NaFeCly example

below) .
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For: the cyclic FeyCly structure {Ci»Fe(gi:Few01} the contribution

of bond dissociation energy is the result of the substitution of four
bridging Fe-Cl bonds for two terminal Fe~Cl bonds. Hastie has shown
that the energy of a bridging bond in general is about 0.6 of the enerqgy
of a terminal bond linking the same types of atoms. In the case of
FesCly there is no coulombic repulsion effect, because both of the metal
atoms are the same. The enthalpy change has a negligible temperature
dependence (because it is due largely to changes in bond dissociation

gnergies) if only whole orders of magnitude are dealt with.

It is found that AH = —-0.4 D L+ Where E&e—

re-C is the average

Cl
bond disscciation energy of Fe-Cl bonds in FeCl,, egual te 927.2 kcal/mole

{vedeneyev et al., 1966}, Thus AH = ~-38.9 kcal/mole, and at 1000 K

AG = AH ~ TAS = -9.6 £ 5,0 kecal/mole.
fFe 1
log ki1g.1g =221 = log 75‘“‘"“‘2““& = 109 e,
FeCly

£
1%?519&93& & =12 £ 2 at HM and at HM+1.
FeClo

SBimilarly, at 850 X,

f?ﬁzClq
FeClz

log -16 £ 2 at HM.

Applying Hastie's rules to reaction 10.20, A8 = =30 + 5 cal/mole.deg

= i}, = =3, Iel
and AH {(bond) 0.2 (DNa-Cl + QFe-Cl) 38.9 kcal/mole {data from Weast,

1975; and vedeneyev, 1966},

Po calculate the coulombic stabilisation, the reaction comsidered is

ClL. Cl. CL
- i~ e -~ e
Nal,,.Na + Cl-Fel,, . Fe Cl 2 Na\clfFe cl

It
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Na and Fe are considered to be icns of charge +1 and +2 respectively,

so that the change in electrostatic potential energy is

AU = 2 ;mlfé__ - Zixz - g:l R ) {arbitrary units)
Na "Fe Fe “"Na .

fr; is the ionic radius of ion i, values from Weast, 1975).
¥rom fig. 3-6 of Hastie (1975), this corresponds with a sta&ilisatibn
of AH= ~15 keal/mole.

So theAtotal AH of reaction 10.20 is -53.9 kcal/mole.

At 1000 K, AG = -23.9 * 5, and log kyg o9 = 5 + 1;

£ .
log 2FeCls  _ 511 4109 £
£ NaCl
FelCl,
< + i
£ 3% 1 (if log fNaCl £ log PRaCl as in

Table 10-4). No better estimate is possible because of the uncertainty

about fNaClg it van only be concluded that &aFeCla could be the dominant

species by a factor of 102 to 10%.

At 850 K,
£
locg mgﬂgfgii % 4 £ 1.
FeCls
Ferric species, For the ferric species NaFeCl,, there are thermo-

chemical data in the literature. The gasecus reaction considered is:
NaCl + FeCly = NaFeCly «ee 10,21
Galitskiy {1968) gives AG = -22.7 keal/mole at 1000 K, and -27.0 kcal/mole

at 850 K.

At 1000 K, log k§0.214=5.0’ = log Nacl

£
HafbFeCl
4 <%
FeCly

and log



154

fNaFeClu
FeClg

At 850 K, log = 1.5

The dimerisation of FeCl3 takes place by the gaseous reaction
2FeCly = FepCly - cae 10,22
At 1000 K, log kig.2z2 = 0.2, so that

log £ = =31 at HM.

= log klO.ZZ + 2 log ﬁ]?e(:}.g =

Fe2C15
Similarly at 850 K, FesClg is unimportant.
Summarising, for all the ratios obtained above at 1000 X,
= 2, = 0.1 %+ 0, i i - i
log fH20 2.6, log fHCl 0.1 * 0.5, the fugacities of the iron-bearing

speciles in the vapour are:

log £ HM HM+1
Oz

- + - +

log fFeCig 14.0 £ 1.0 13.5 £ 1.0
- + - *

log fP&Clg 15.7 £ 1.5 14.9 ¥ 1.5

e e -

log fNaFecl3 £ -11 t 2 | £ -11%2
< -12.5 % 1. £ =-11.7 & 1.

‘log fﬁa?eClq 12.5 l.5 11.7 1.5
-6 + - +

log fFegCig 26 3 26 £ 3
-— - —-— +

109 fre ca 31 3 30 + 3

Evidently, iron transport in the vapour is of very minor significance,
even if the volatility of hydroxide species approaches that of the

chlorides.

COFPER SPECIES

There are no data for comparing the wvolatilities of the hydroxide
and chloride species of monovalent copper, but it 1s possible to compare
the various chleride species. Divalent chloride species are assumed not
to exist at most of the temperatures of interest because CuCl; decomposes
at 766 K {Barin & Knacke, 1973). CuCl, its polymers, NaCuCl,, NWaCuyCly,

CuFeClg and CuFeCly will be considered.
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For chalcopyrite~hematite equilibrium, the CuCl content of the
vapour can be calculated for temperatures up to 820 K {(the temperature
at which the tetragonal polymorph of CuFeS; becomes unstable) within

the limits of accuracy of the data.
CufeS, + HC1 + 20; = 4Fe,03 + CuCl + MH,0 + Ss ess 10.23

At 800 K, log kjg,23 = —-6.1 {data for chalcopyrite from Barton & Skinner,

in press) so that

log anCl = =log Kig.23 + 2 log foz - log fH - log fsz ~ Mlog fHZO

Cl

|

«28.3 at HY and ~26.3 at HM+l.

For the higher-temperature cubic polymorph, it iz estimated that
Ge = ~40 * 10 keal/mole at 1000 K {an extrapolation of Barton's data for

the lower pelymorph). In this case, log kip,23 = -6 * 2 and log £

cucl
~10 * 5 at HM, assuming that the activity of CuFeS; in the solid solution

iz 1.

The polvmers of CuCl. Except for the trimer {JANAF, 1971) the

data are from Guido et al. (1972).

20uCl = CuyCly ... 10.24

log kyg.o4 = 3.2 * 0.4 at 1000 X and 5.5 * 0.5 at 800 K.

£
“%E%EE& = log fCuCl + log Kig,oy
cuCl

log £

~23 at 800 K, HM.

£

At 1000 X, if log fC'EJ.Cl < =2.8, :Log ?‘2612 < O,
Cull
3cucl = CusCls ... 10.25

log kig. 25 = 20.4 at 800 K and 13.6 at 1000 K.
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log log kig.25 + 2 log £ = =36 at 800 K and HM.
cucl
cucl
fengoL
At 1000 X, log *@Mﬁmmi- < 0 if log £, ., < -6.8
CuCl Cuc
S 4cuCl = CuyCly A ... 10.26

log kyg.26 = 23.1 + 0.6 at 800 K and 14.6 * 0.6 at 1000 K.

£
Cuylly
log ———* = log kyp ¢ + 3 log £, ., = -61 at 800 K and HM.
cucl
founcr
At 1000 X, log _?mi__i < 0 if log £, .. < -4.7
Cull

None of the polvmers is significant beside CuCl at 800 K. The

" polymers could only be significant at 1000 X is log fCuC1 exceeded the

limits indicated. Wone seems likely to be significant at Panguna, given
the limits calculated roughly from reaction 10.23. Even the trimer can

only become significant near the upper limit of fCuCl estimated from

equilibrium 10.23, from limits set deliberately wvery broad., At log fCuCl

> -6, log fCa > =4.4 and Cu transport in this form becomes important.

3Cig

In systems with higher fCuc . the trimer may predominate {e.g. the study

1
of Gross & Stuart, 1971) or thHe tetramer may also be important
{J.D. Williams, University of Tasmania, pers. comm., 1978).

Na-bearing species. Gross & Stuart (1871) found that the

formation of the complexes NaCuCl, and WaCupClj "contributed a very
considerakble part" to copper transport at temperatures above 1000 K in

the segregation process for copper extraction, but found no evidence of a
NasCuCly complex. They estimated eguilibrium constants based on pressure
ratios in torr; these will be used below with the pressures converted to
atm. Again, the situation must be re-examined thoroughly for the conditions

at. Panguma. For the gaseous reaction



157

NaCl + ¢ucl

i

NaCuCl, ... 10.27

log kyg.27 = h&&%&ﬁ + 11.6 £ 0.5

B

= -3.3 £ 0.5 at 800 K {extrapolating) and -0.3 * 0.5

at 1000 K.
PE&CuC£g
log —_5 = log kyp,97 + log Pﬁaﬂl
CuCl
_ni» 5““"
= 6.8 0.5 at 800 K {log PN&Cl 3.5)
or < -2.1 £ 0.5 at 1000 K {log P s ~1.8).

S Nall

The WaCupCly species is formed by the gaseous reaction

Nacl + 2CuCl =  NaCuyClg e 10.28

~25600
T

for which log kig 28 + 25,3 % 1.0

= -§,7 + 1.0 at 800 K and —0.3 * 1.0 at 1000 K.

= log P

—p——&=—= = log kjg,28 + log cucl

PNaCl

5 +38.5 % 1.0 at 800 K, HM, log yﬁaCl £ =3.5

and ¢« -2.1 % 1.0 4+ log P at 1000 K; this is much

CuCl

less than log P

Nacucl,”*

at ilikely values of P

CuCl cucl’

© At the temperatures cited, neither complex is important compared with CuCl.
NaCuCl, may beccome comparable with CuCl at a temperature greater than
1000 X, possibly at magmatic temperatures.

Fe~bearing species. These can be considered using rules given

by Rastie (1975). FPor

il 4+ FeClp, =  CuFeClg v 10029
Ag o -~30 + 5 ¢al/deg.mole
AMH (bond} = ~0.2 (D + D, ) (D for FeCls)

Cu~C1l Fe~C1l
= ~36.4 keal/mole.
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AH (coulombic repulsion)

4

-15 kecal/mole

Total AH = ~41 keal/mole.
Log kyjp.ga = 2 % Znat 1000 K and 5 £ 1 at 800 K.
log fEEEEEiﬁ. = log k + 1 £
ﬁCuCl 10.29 og FeCl,

= =16 t 2 at EM, 1000 K,
or much less at BM, 800 X,
The species CuFeCl, can be treated similarly, but estimating
the coulombic repulsion enthalpy term from Hastle's diagram engenders
an uncertaiﬁﬁy of £10 kcal/mole.

Cucl + FeCly = CuFeCly : . 10.30

AS = -30 % 5 cal/deg.mole

AH {bond}

-0.2 {Dbuhck - DF&mCl} = =358 Kcal/mole

(D for PeClsy)
AH {coulombic repulsion) = =20 % 10 keal/mole.
Log kKip.30 = 6 £ 4 at 1000 X and 8 = 4 at 800 X.

g fCuFﬁClq
CuCl

lo = log Kyg,3p0 + log £

FeCljz

= -10 £ & at 1000 X, HM, and less at 800 X.

Neither of the iron-bearing species need therefore be considered.
Dewing {1970) found no stable complexes of larger size formed betwesen CulCl
and FeCl; under the conditions of his experiments (673 - 1073 K, CuCl-FeCljy
melt present).

Summary. Of the possible copprer-bearing species considered, CuCl
is the predominant one at 800 K, and Qrobab1§ also at iOﬁo K. Even at
1000 K, rough calculations suggest that there is only a very small amount

of copper in the vapour.
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ZINC SPECIES

Some zinc is certainly present in porphyry copper £luids, as
indicated by the analysis of fluid inclusion decrepitation products
{Chapter 4), but little zinc is deposited in the ore zone. A study of
zinc speciation may be useful in explaining this. Chloride species
which could transport significant zinc in vapour include 2ZnCls, Zn,Cly,
NaZnClj3, Nas2n,Clg, the K-analogues of these species, and possibly

ZnFeCly. Again, the potassium species will be assumed to behave as the

sodium ones. ’

Na-bearing species. The complexes NaZnCly, and NasZn,Clg were

reported by Bloom ¢f al. (1970) who gave these thermochemical data:

2NaCl + 22ZnCl; = Nas2ZnsClg . es 10.31
AH = ~53.8 kcal/mole
NaCl + 2ZnCls = NaznCly ... 10.32
AH = -~18.3 % 3.4 kcal/mole.

All species are gaseous, and the temperature range is 577 - 777 K. Since
these enthalpies depend largely on bond dissociation energies and bond
lengths (Hastie, 1975}, they are not significantly temperature-dependent

and can be extrapolated. Hastie's rules give

451p_.31 = =90 % 15 cal/deg.mole

Sip,32 = =30 5 cal/deg.mole.
At 1000 X, log kjp,3z is -2.6
fx&chl
log woem—3 = log kjp, 32 + log £
4 NaCl
ZHC:LZ

A

-4.4 {if log £
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log k§§.31 = -7.9 at 1000 K, and

£
HNas2
log —82%naCls log k19,31 + 2 log f ., + log £, .
ZnCl, a nbt2
€ -11.5 + log £, .
2
£
" NapZnaClg
< ™3 -
If .09, €500 (R =500 atm), log S e < -8.8 .
2

ZnCls clearly predominates over the NaCl-ZnCl, complexes at 1000 X, and

a similar result applies at 850 K.

Fe~hearing species. ' The thermochemical data for the reaction
= AL
ZnCl, + FeCly = ZnFeCl, (Cl—Zn\Cl,Fe—Ci} ce. 10.33

can be estimated by Hastie's rules.

A = =30 % 5 caifﬁeg.mole

s—-

— . C s
Dpn-c1 * Precy) 34 & 2 keal/mole

{DRwCE for ACl,; data from Vedeneyev gt gl., 1966).

AR (bond) 0.2

AH {coulombic repulsion) = 0 (because the ionic radii of Fe?t ang
7t are egqual; Weast, 1975). Hence there is no stability enhancement,

and the species should be unimportant relative to ZnCl, and FeCly. To test

this:
At 1000 X, 4Gy, 33 = 4 * 7 keal/mole
and log kip.33 £ 0.7
onFeCl
log o= log kig.33 + log fFeCi
%nCly 2

% ~14.7 % 1.0 at #M.

ZncCl, . Thus only ZnCl, (and possibly its dimer) are important.

The fugacity of ZnCl,; can Le estimated roughly from the reaction

Zns (solid) + 2HC1 = 2nCl, + Hy8 «es 10.34
at 850 K, approximately the formation temperature of 103014, in which

there is sphalerite. No explicit thermodynamic data for ZnCl; gas are
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available, but Barin & Knacke (1973) give AG; for the liquid (-128.7
kcal/mole}, and the equilibrium vapour pressure. It will be assumed

that f,0c1, = Fanc, ©

ZnCl, (lig) = ZnCls; (gas) .e- 10.35
For pure liquid, log kjg_ 35 = log onClz m--l.z, and AGig.35 = 4.7 keal/mole,
Thus nag ZnCl, (gas) = -124 kcal/mole. So for reaction 10.34, using

only date from Barin & Knacke,

log kig 34 = =3.7
ané loyg fznciz = log kyp 3y — log £H2S + 2 1og fHCl
= ~3.7% 1.8

The caloulation would not give a meaningful result at 1000 K because ZnS
dogs not appear to be stable at Panguna at that temperature. iIf the
amount of ZnClz in the salt-rich liguid is the same at 850 K and 1000 K,
the amount of Zn in the vapour at 1000 K should be much larger than at
850 K. Vapour pressures of pure liguid ZnCl increase. about sixteenfold

over the same temperature interval (Barin & Knagcke, 1973).

MOLYBDENUM SPECIES

Both the oxides and chlorides of Mo are volatile, and the +4, +5
and +6 valence states may be important. There are thus many reactions
to consider. Thermochemical data are available for the following {(all
specles gaseous) :

MoOs + 4HCL = MoCly + 2Hp0 ' ... 10.36

MoOy + %Op = MoOj .. 10.37
MoOz + HpO = MoOz(OH), <.. 10.38
MoQz + 2HCL = MoO,Cly + H0 cer 10,39
MoOg + 6HCl = MoClg + 3HpO .. 10.40

MoClg + HCL + %0y = MoClg+ XH,O vv. 10,41
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The rules used previously cannot be applied to complex halide species

of molybdenum. Table 10-6 is a listing of the eguilibrium ;anstants

and fugacity ratios for the equations above under Panguna conditions.

The +6 oxidation state predominates, largely as OH-bearing species.
Glemser & Wendlandt (1963) have suggested that even larger hydroxy-oxide
species may be the most significant in the transport of Mo. The species
Mo701g(0H) g is consistent with the chemical - transport data at pressures
up to 330 atm. At higher pressures, they suggested a species involving
two H,0 molecules. There are no thermochemical data for these species,
but their predominance would be consistent with the stability trend
"established for the simpler species. Certainly, all available data
suggest the predominance of hydroxy-oxide species under Panguna conditions.
Kraéﬁkopf (1964}, concluded that oxides predominated over chlorides undexr
nost fﬂcl vonditions at 1 kbar total pressure.

Thera is no evidence that molybdenite is a stable solid phase at

Panguna at magmatic temperatures. If molybdenite was stable at 850 K
{e.g. in 103014, where several type TIII inclusions gave Ty > SBOQC}, the

equilibrium fugacity of MoO, would have been as follows.

MoOp, + 8p = MoS, (solid) + Oy ee. 10.42
Mills (1974} giwves estimates of AG? for MoSs.
log k1g, 42 = 13.3
log fMocz = =log Kyg,uz *+ log faz ~ log fsz
= =24.1 % 1.5

and from the data in Table 10-6, log £ -3.6 * 1.5

MoO, (CH) 5,



At 1000 K, log fH

o = 2.6, log £

Table 10-6

" MOLYBDERUM SPECIES

= g =
uel 0.1 * 0.5, log foz 11.0 {(HM)

Reaction log kig.4
10.36 11.2 log [fMQC1 /E Mnoz] w 5.4 + 2,0
10.37 7.9 log [fHoO Hae I= 7.8
10.38 7.5 log {fgﬁozcoﬁ}zf MQ‘:}%]- 10.1
10.39 10.6 1og[fHQ62012/fM003]m 8.4 + 1.0
10.40 -8.35 iog[fMoClG/fgbggjﬂ -15.6 * 3.0
10.41 -5.2 log[£ I= «9.1 £ 0.5

ﬁOQlGXfMﬁC15

At 850 K, log fHZO = 2.4, log £, = ~0.7 % 0.6, log fo2 = =15.3
Reaction log ky4. 4
10.36 15.7 log [£ MQC14 maez]" 8.1 % 2.4
10. 37 8.8 log [ m03/ M902}= 8.5
10.38 9.6 log [fﬁeﬁzfeﬁ}g Moog’" 12.0
= 3
10.39 13.7 log {fMoozclzzﬁgaog 9.9 % 1,2
—_ = - 4 .

10.40 6.0 log {fﬁﬂclaffﬁoss] 17.4 £ 3.6
10.41 -5.0 log [f JE. 1= -10.7 + 0.6

MoClg” "MoClg
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DISCUSSION OF VAPOUR CHEMISTRY

The fugacities of the various important metal species can now be

compared.
850 K 1000 X
log £, -28.3 -0 £ 5 2
109 fyarect, ~15 % 2 -11 % 2
log 500, -3,7 + 1.8 ? (> =3.7 * 1.8)
log £ '
MoO, (OH) 5 ~3.6 * 1.5 ? (> =3.6 % 1.5)

Under magmatic conditions {7 10060 K) the transport of Fe in the vapour
is insignificant. The transport of Cu is alsc unimportant if log fCuCl
< -5.8, which seems likely on the basis of the deliberate broad limits
{log fCaCl = =10 # 5) arisging from the rough calculation on sguilibrium
10.23. 1f all of the metals have relative valatilities that are similar
under magmatic conditions to those at 850 K, then it may be possible to
gseparate Zn and Mo from Cu and Fe in the process of evolving a boiling
salt-rich liquid from silicate melt and crystals. This could account for
the general lack of %n in porphyry coppers, and for the separation of

Mo from Cu in certain deposits.

The condensation of salt-rich ligquid by the Henley & McNabb {1978)
mechanism will fractionate whatever metals are carried in the vapour into
the condensate to some extent. No Henry's Law constants are available.
Whether Qr not this leads to the formation of porphyry-molybdenum
deposits, Cu and Mo may behave differently enough to be separated under
éorphyry copper conditions. That Zn ghould follow Mo, on the indications
given here, is a problem, because Zn-enrichment is not characteristic of
porphyry molybdenums.

Lastly, the likely copper concentration of the salt-rich condensate

.gan be examined, For 1 ppm of Cu in vapour consisting otherwise of water,
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the mole fraction of CuCl is

1/63.5

= -7 . . .
1763.5 + 105/36 6 x 10 for dimeric Hp0.
-
A t 1 pre 8 Y =
t a total pressure of B00 atm, then, PCuCl 4.8 x 10 atm ﬁCuCI
for a vapour concentration of 1 ppm. At 1000 X, log fCuCl has heen

estimated at -10 % 5. Under conditions at which CuCl is dominant

{log fcucl < ~6.8}) the goncentration of Cu in the vapour is less than

1 ppb; the presence of, gay, 5% NaCl in the vapour makes little difference
to the calculation. If all of the copper is transferred to a liguid
consisting of 50% NaCl and 50% Hp0, then 10% of the mass of the vépoux

is being condensed and the copper is enriched 10 times to less than

10 ppb. If thg vapour contained only 2% NaCl, the enrichment factor would
be 25 and the upper limit on copper concentration in the liquid 25 ppb.
This falls short of the observed copper concentrations in type IIT
inclusions by many corders of magnitude, and would be a further azguﬁent
against any significant copper deposition from thé condensates of the
magmatic vapgni. This, as stated earlier, seems likely from the broad

overlap of the limits of £ for equilibrium with hematite and chalco-

CucCl
pyrite, and for the dominance of CuCl in the vapour. It appears possible,
however, to derive a salt-rich liguid rich in copper for log fCuCl between
-5 and -6. (learly, better thermochemical data for the Cu,Pe suiéhides
are required if this problem is to be rescolved beyond doubt.

The findings eof this study can be compared with those of Krauskopf
{1964). Under the conditions T = 1100 X, log fﬂzﬁ = 3, log fOZ = -B,

log fzs =1, log £ = 0, he found that

HCl
log fCBaClg -1
log fFeClg =5
log fZaclz -2
log £ -2

MoOy



" and at 900 K, 1 f = 3 f = o P
a ¢ log 1,0 2F log 0y 14, locg st i, log fﬁcl 1
log £ -
°9 Tousc1s 7
log f?eClz -8
log onClz -5
log fMoOg ~5

The estimates made in this study for magmatic conditions apply to inter—
mediate conditions., Both studies agree on the high volatility of Zn and
Mo. The volatilities of Cu and Fe are considerably higher in Krauskopf's
results than in those of this study. In particular, the importance of
CuzCls according to Krauskopf contrasts with its insignificance according
to this work. Both studies are limited by unreliable thermochemical data

for the Cu,Fe sulphides. . $

THE ACIDITY OF THE SALT-RICH LIQUID

The salt-rich liguid presents its own problems of speciation, but
a consideration of this serves little purpose at present. It ig sufficient
to remark that all potential vapour specles, dominant or otherwise, must
exist in the liguid, and probably do so in different relative proportions.
The conseguences of mineral precipitation in veins and of wallrock
alteration will be dealt with here.

K-feldspar, or K~feldspar + sericite, commonly forms an inner
alteration selvage to quartz~Cu,Fe sulphide veins. BA quartz-sericite
assemblage without K~feldspar was noted in only one case, 103021. Sericite-
albite assemblages without K-feldspar occur along the boundary between
salt-rich liguid and grounduster., To a good approximation, the molality
of KCl remained constant in the salt-rich liguids sc that any increase in
molality of BHCl would drive the liguid towards the sericite field (Montova &

Hemley, 1975). The alteration assemblages show that this did not happen
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in general; the K~feldspar — sericite boundary was not crossed. Montoya
& Hemley's diagrams can be used, with estimates of the molalities of
NaCl and XKC1 at Panguna, to show that the range of pE in which albite
and sericite coexist at 400°%¢ is close to the buffered PE of the
K-feldspar - sericite assemblage. There appears to have been a control
on the amount of HClL in the salt-rich licquids. The reactions controlling
HC1 include:

(i} precipitation of guartz. Dissolved guartz is presumed to be in the

form of an alkalil silicate.

Na,0.n510, + 2HCL = 2NaCl + nSiQ, + H,0 ... 10.43
{ii} precipitation of sulphides, e.g. chalcopyrite, pyrite - see below
for ecuations {10.53, 10.54}.

{(iii) precipitation of anhydrite.

caCl, + H,80, = Caso, + 2HCL ... 10,44
The sources of CaCl, and H,80, are‘discussaé below.
{iv} wallrock alteration. Biotite is by far the most abundant alteration
product associated with quartz-cu,FPe sgulphide veins at Panguna; ;réaations
invelving this mineral all either gonsume or produce HCL. Biotite usually
replaces plagioclase and amphibole of either igneous or =arly hydrothermal
origin. Ford (1976) gives analyses of amphiboles and all fall in a‘ranga
between actinolite and hornblende. Here, reactions are written for both
end members, Ca,{Mg,Fe):8140,.(0H), and Ca,{Mg,Fe) Al,51+0,,(0H},, and for
the anorthite and albite components of plagioclase.

{a} Plagioclase to biotite.

CaRl,S8i,0g + 2KCL + 6{Mg,Fe)Cl, + 4810, + 8H,0 =

2K{Mg,Fe) sAlS1i30,,(0H)» + CaCl, + 12HCL ... 10.45

NaBRlSiz0g + KCl + 3(Mg,Fe)Cly + 4H,0 =

K{Mg,Fe) 3al8i30;4{0H)» + NaCl + 6HCI ... 10.46
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(b{ Hornblende to biotite.
Cap (Mg ,Fe) 3alsSig00,(0OH)g + 2KC1 + 2Ho0 + 2{Mg,Fe)Cl, =
2K (¥Mg,Fe) 3alSig0)g{0H)y + 2CaCl, + Si0p, + 2HCI ... 10.47
{¢) BActinelite and plagicoclase to biotite.
Cap (Mg,Fe)58ig0o3 (OH)y + CadlyBis0g + (Mg,Fe)Clp, + 2KCL + 2HCL =

2K(Mg,Fe) gAlSiq015{0H), + 3CaCl, + 48i0, .v. 10.48

Cay (Mg ,Fe) 581g0,5{0OH)» + NadlsSizOg + KCI + BHC1 =
K(Mg,Fe) 3Al8i3014(0H)2 + 2CaCly + 2{(Mg,Fe)Cl, +
NaCl + BSiOp + 4Hy0 .e. 10.49
(d) Hornblende and plagioclase to bictite {(combining a and b).
Cap(Mg,Fe)y,AlySiy0p4 (OH)p + 4KC1 + CaBlyS8i,05 + 35i0,
+ B(Mg,Fe)Cl,; = 4K(Mg,Fe)3Alsiz0yy{CH),

+ 3caCl; + 14HCL +e. 10.50

Ca, (Mg, Fe) ;215517055 (OH), + NaAlSizOg + 3KC1 + 3(Mg,Fe)cl,

+ &Hp0 = 3K(My,Fe)3AlSii0yg{0H); + 2CaCl,

+ NaCl+sio, + 8HCL ee. 10.51
The reactions above are written to conserve aluminium, which shows only
small variations betwscn fresh and altered rocks at Panguna {Ford, 1978).
The reactions by which sanidine replaces biotite and chlorite replaces
biotite both consume HCl, but these are considered unimportant beside
the other reactions above. Likewise, the reactions depositing vein
material should be insignificant because of the sheer volume of biotitised
rock in the orebody, with the possible exception of the deposition of
guartz in parts of the orebody where guartz veins make up 5 to 10% of the
total volume.

The biotite-amphibole-plagioclase reactions are summarised below

a8 a table, giving the numbers of moles of HCl produced {+) or consumed

{-) per mole of reactant on conversion to biotite.
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albite Anorthite No plagioclase
Actinclite -8 -2 , -
Hornblende +8 +14 +2
No amphibole +6 +12 -

In the intrusions, the alteration pf plagioclase predominates, so that
there will be a net increase of HCl in the fluid (this may be partly
compensated, but not completely, by the consumption of HCl as 8i0y

is supplied from the fluid to alter anorthite). In the Panguna Andesite
amphibole of the amphibole-plagioclase-magnetite alteration assemblage
is entirely altered, and the plagioclase partly. Since the volume of a
mole of amphibole is nearly three times that of a mole of plagloclase,
the simultaneous conversion of a mole of each in a rock consisting of
approximately equal volumes of each is probably a reasonable approach to
reality. If a mole of AbggAngg reacts with a mole of Hbgphcgy to give
biotite, interpolation of the numbers in the table gives about 3 moles
of HC1 added to the fluid.

If this extra HCl is not taken up by some other means,.sericite
will replace K-feldspor. The sporadic chloritisation of biotite, the
replacement of biotite by K-feldspar near veins and the depesition of
quaxtzAin veins may all be in part z response to local HCL1 build-up.
However, minerals not favoured by increasing HC1 content (sulphides and
anyydrite) also form in the veins and wallrock. This suggests that some
other means of removing HCl is operating. The most obvious cohe is
boiling, for which there is evidence in the form of type IX inclusions
throughout the deposit. Boiling would thus appear to be an essential
element of the porphyry copper mechanism in deposits in which sericite is
not an important component of the potassic alteration assemblage.

Sericite ~ K-feldspar assemblages are characteristic of veins cutting the
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Biotite Grancdiorite (and also oecur to some extent in the other
porphyries). This is consistent with the predominance of the alteration
of plagioclase in the porphyries and the consequent release of large

guantities of HCL.

SULPHIDE AND SULPHATE DEPOSITION

Although the main sulphur-bearing species in the vapour is 50,, it
will be shown in Chapter 11 that sulphur isotope data are consistent
with a predominance of Hz$8 in the salt-rich liquid. Only 10 - 20% of
the sulphur in £he liquid is carried as S0;. 1In the vapour, S0p will

decompose as the temperature falls, probably according to the reaction
480; + 4H;0 = Hp5 + 3H3S804 +»e 10.52

{Holland, 1967, p.421). The same could be suggested for the salt-rich
liguid, although the chemical evolﬁtion is different. The liquid appears
to maintain'a constant $05:HaS ratio, between 1:9 and 1:4 (see fig. 11-3},
while HpS is withdrawn as Cu,Fe sulphides, so that S0, must be withdrawn
simultaneocusly. BAs sulphate is formed, it will combine with Ca.*?"+ £from the
alteration Qf'plagi¢c1&$e to give anhydrite. A sufficient explanation of
the vein assemﬁlages should account for these features:
{i} The #alt-rich liguids are saturated in Cu,Fe sulphides and anhydrite
over the whole temperature range, from magmatic temperatures to 4OGOC.
{(ii} In the high-temperature veins (e.g. 102675, 102676 and 102998)
anhydrite is more abundant than sulphides; sulphides become much more
abundant, probably more so than anhydrite, at about 500°C and below (this
is difficult to judge because of the solution of anhydrite, but there is
nothing to suggest a large-scale removal of anhydrite from wallrock at

lowar temperatures).



170

Reaction 10.52 is incapable §f accounting for the increase of
sulphide relative to sulphate at lower temperatures, although it seems
necessary io account for the generation of sulphate at all temperatures,
and if it is the only important reaction at high temperatures, could
account for the high sulphate to sulphide ratio in the high—temé&rature
veins. Other reactions for the decomposition of 50, may become important

below SOOGC: e.g. for the formation of chalcopyrite

6CuCl + 6FeCl, + SOp + 11H,S = 6&CuFeS, + 2H,0 + 1BHCL .., 10.53

and for pyrite

9?§c12 + 280, + 4HpS = 3FeS, + 6FeCly + 4Hy0 oo 10.54
The reaction forming chalcopyrite removes 50, and HpS in a molar ratio
1:11, and this will tend to deplete the liguid in HpS {according to the
ratios arising from the isotope study). Reaction 10.52 will enrich the
liquid in HyS5. A combination of the two processes could account for the
constant ratios at lower temperatures.

The reduction of M05+ species to form molybdenite could alsc con-
tribute to the oxidation of Fez+ or S0s, zlthough the quantities involved

would be very small.

METAL ZONING

Bocording to the textures described in Chapter 4, pyrite deposition
generally preceded the deposition of chalcopyrite and bornite. The
distribution of bornite and digenite relative to chalcepyrite, and of
sphalerite relative to the Cu,Fe sulphides are further features that
require explanation in a complete chemical model of ore deposition. The
formation of a mole of biotite (according to the average reaction
considered above in the context of acildity) would consume one nole of

{Mg,Fe)Cls, while the alteration of plagicclase alone causes a larger
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depletion of Fe and Mg in the liguid. Ford (1976} has suggested that

the formation of biotite might be a necessary condition for the deposition
of Cu,Fe sulphides instead of pyrite and macgnetite, through the decrease
it brings about in the concentration of Fe species. The liquid may thus
evolve in composition, first depositing pyrite, then chalcopyrite, and
finally becoming sufficiently enriched in copper over iron to deposit
bornite with or without digenite. It is unlikely however, that the
situation is as simple as that. The removal of volatiles by boiling may
also affect the replacement of pyrite by chalcopyrite and chalcopyrite by
bornite. The chemistry of ore depumsition at the edges of the deposit

may also have been complicated by additions from groundwater (see

Chapter 9}.

THE QXTIDATION STATE OF MAGMATIC FILUIDS

The occurrence of hematite and the expulsion of much 50, (see
Chapter 11) are consistent with a high oxidation state in the magma and
the fluids it was exsolving at the time of copper deposition at Panguna.
Magnetite is the usual iron oxide phase in ¢rystallising magmas (e.g.
non-mineralised Kaverong Quart? biorite, where sphene and ilmenite also
occur). Oxidation therefore seems to have taken place before copper
mineralisation, and Chmoto & Hye {in press) have suggested the diffusive
loss of hydrogen as a possible mechanism. Tﬁe degree of oxidation of an
ordinary pluton {i.e. one without porphyry copper mineralisation) seldom,
if ever, attains the degree observed at Panguna. Thus there is little to
suggest that diffusion, which ought to be egually effective in all
plutons, brings about the oxidation in porphyry coppers. Hematite has
"been reported in other deposits, e.g. Bingham {(Roedder, 1971}, Sar Cheshmeh

{Etminan, 1977}, Frieda {appendix, this study), and there is evidence of
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more extreme oxidation at El Salvador (see Chapter 11}, The expulsion
of two fluids from the magma is evidenced in each of these deposits
just as it is at Panguna.

In a magma which has begun exsclving water and other volatiles, the

fugacity of hydrogen is governed by the gaseous reaction

BEyQ Hy + 3502 aee 10.55

¥

log £ log k + 1 -
' o Hy og k9. 55 log szO % log foz

At 1100 K, log kipg. 55 = -8.9. If exsolution starts at log an = HM-3
{the estimate of Carmichael et gl., 1974, for calc-alkaline magmas with

amphibole phenoccrysts) and log £ 2.8, then log fHZ = «0.2. The

HaO
fugacity coefficient of hydrogen under these conditions is 1.2 (Newton,
1935: critical parameters from Weast, 1975) ss that the correspondiﬁg
partial pressure of hydrogen is 0.5 atm, by the Lewis & Randall Rulé,
This is a substantial pressure in terms of the ability of a vapour_phase
to carry hydrogen away from the magma. Continued removal of vapour will
therefore lead to the oxidation of the magma and fluids by the loss of
. hydrogen. At log feg = HM the hydrogen fugacity is ~1.7, and at
HM4+1l, -2.2. “Yhe degree of oxidation will be limited by the decline of
the partial pressure of hydrogen.

The expulsion of magmatic volatiles is therefore implicated in
the oxidation process, not only at Panguna, but in many porphyry coppers.
This mechanism was also suggested to explain progressive oxidation during
the crystallisaticn of the PFPinnmarka complex, Norway, by Czamanske &
Wones (1973}, 1This meana.that the production of oxidised fluids ought to
he preceded by the production of reduced fluids, all as part of a single,
continuous process. There is evidence for this {except for the continuity

of the process) at Panguna where phase 2 Mineralisation, usually hematite-

bearing, was superimposed on to a slightly mcre extensive and more
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pervasive amphibole-plagioclase-magnetite alteration with associated
sphene (cf. oxidation state of unaltered Kaverong Quartz Diorite). There
is meagre evidence (specimen 103048) that a boiling salt-rich liguid

was involved in the formation of the amphibole-bearing assemblage, and
that the water in equilibrium with another specimen was of magmatic
origin (Ford & Green, 1976). The phase A pyritic halo, described by
Fountain {;§?3) as being most intensely developed at the outer boundary
of the amphibole-bearing assemblage, may also have been deposited by

the reduced fluids. The pyrrhotite replaced by pyrite in 103029 may also
belong to this hydrothermal phase.

Chivas {1976) recognised oxidation resulting from the axpnisign of
volatiles at the Koloula porphyry copper prospect, Guadalcanal. He
attributed part of the copper mineralisation to the first, relatively
reduced, fluids which were boiling salt-rich liquids {although the
£fluid inclusions of these are said to contain hematite by Chivas &
Wilkins, 1977).

There is nothing to suggest that the reduced fluids at Panguna
deposited copper, although they may have deposited sulphur in the pyritic
hale and iron as magnetite and pyrite. Together with the apparently
general association of copper deposition and oxidised fluids in porphyry
coppers, this suggests that the evolution of cogpermiich fluids from the

silicate melt iz dependent on the state of oxidation of the fluids.
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CHAPTER ELEVEN: SULPHUR ISOTOPE STUDY

INTRODUCTION

A small number of samples was examined at the isctope laboratory
of the C.5.71,R.0. Minerals Research Laboratories, North Ryde, New South
Wales, under the guidance of Messrs. J.¥. Smith and M.S. Burns,

Sulphide samples were separated physically if possible, but
anhydrite was dissolved away from chalcopyrite in HCl, and samples bearing
pyrite, sphalerite and galena were subjected to & chemical ﬁepéx&tian.

A weighed sample was reacted first with cold IN HCL in a reflux apparatus
with a magnetic stirrer. A stream of nitrogen was passed through the
reactants to collect any HoS, and was then passed through a trap
containing AgNO3 solution. Any Ag,S formed was collected by filtration,
dried and weighed., The reactants (minerals + acid) were also filtered,
the residue being kept for the next stage and the filtrate for analysis
by atomic absorption spectrophotometry. The residue was placed .in ;old
2N HC1 and the whole pirocess was repeated, and the residue from that
stage was processed a third time with hot 2N HC1. The final residue,
pyrite or chalcopyrite (they cannot be separated by this process) was
dried in a nitrogen atmosphere. The three Ag;S samples and the pyrite
{in this case)} were burned as described below. Since the process does not
separate the minerals guantitatively, the filtrate analyses {(Pb, Zn, Cu
and Feg) are used to determine the contributions of each mineral to the
measured $3%8 of each Ag,S =ample.

Powdered sulphide samﬁles {10 mg of pyrite, 20 mg of others) were
ground with excess Cus0 and burned at 900°C in a vacuum. Any water

vapour in the gaseous products was separated out with an acetone-dry ice
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freezing mixture, and any (0, was separated from SO, with a pentane
freezing mixture (Sakai & Yamamoto, 1966).

Anhydrite ﬁaﬁplas were first converted to BaSOy by solution in
hot HC1 and precipitation with BaCl,. Weighed BaSO, samples were
reduged to BaS with graphite at 1100°C under a stream of nitrogen
{basically the metﬁcd of Rafter, 1957). The BaS was leached out and
filtered into AgNO3 solution, and the resulting Ag,$ was recovered and
burned as above.

§3%s was measured for each $0; sample on a mass spectrometer
relative to a laboratory standard. In the case of determinations on
Agy5 from anhydrite, a second standard (seawater sulphate taken as
+20.2%. ) was also checked. Since this was found to give +19.1%.
relative to the other standard, all §3kg readings on sulphate sulphuy
were corrected according to a linear interpolation between the two
standards. |

As is customary, the isotopic variation is expressed as 63“8;
defined as

§3%s = hs/325 (sample)
3”8/328 {standard)

1] x1000 %

The standard is troilite from the Cafion Diablo meteorite. fThe fractién-

ation of %S between minerals A and B is expressed as

e t34c  _ 34
A 6SAGS

A-B B

Recently, Rees (1978) criticised the method of determining 63%s on
S0; samples. He presented inter-laboratory data which showed poor
agreement due to the “memory™ effect - the retention of $0; in mass
spectrometer inlet valves between measurements - and to mace&untaﬁ«fc)r
oxygen isotope interference., The interference is unavoidable when S0p

is used. On the basis of determination on SFg, free of both drawbacks,
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Rees et al. {k??ﬁ}.have recalibrated seawater sulphate at 6345 =
20.99% . The temperatures guoted here may therefore be in slight
error because seawater sulphate was taken as +20.2% . Studies of the
isotoplc variation in a single mineral across a deposit will not be
greatly affected,Aprovided all measurements are made in the one
laboratory. The determination of temperatures from isotopic fraction-
ation {which, by virtue of the need of a calibration cuzve, will
generally involve data from more than one laboratory) will be subiect
to unknown erroz; The wuncertainty in sulphate-sulphide temperatures,
already large according to the calibration data {(Chmoto & Rye, in press},
will be increased because the disagreement between laboratories tends
to be larger at higher §34g (Rees, 1978). In this study and in another
of sulphur isotopes at Panguna {(Ayres et al., in press) and in a study
of the calibration (used here) of the galena-sphalerite-pyrite thermo-

meter (Smith et gl., 1978) all readings were made in the same laboratory.

THERMOMETRY

Sphalerite-pyritc veins. Sphalerite~-pyrite pairs were obtained

from six veins, a sphalerite-galena palr from one and sphalerite-galena-
pyrite from'oné. In the last (103473} the ekpe¢ted fractionétion order
{galena < sphalerite < pyrite) was reversed and the results were
rejected. A high result for one of the AgeS samples in 103471 was also
rejected because the vield of the burn was low, and it led to a low
A{sphalerite-pyrite} compared with the other sample, which was comparable
with other specimens. The §3%8 and A values are set out in Table 11-1.
The mineragraphic study (Chapter 3} confirmed that sphalerite and
galena were in equilibrium in 103480. 'This was the only specimen in

which pyrite alsoc appeared to be in equilibrium with sphalerite, but no
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§3%s could be measured for the pyrite because of the presence of
tennantite in the final residue. The galena-sphalerite pair gave a
temperature of 300%. Three of the pyrite-sphalerite pairs in épparent
textural diseguilibrium ga%e similar temperatures (270 - 310°C). The
other two palrs gave much lower temperatures.

The only comparable fluid inclusion data are from 103042 (see
Chapter 6} which did not have enough galena or sphalerite for isotopic
study. The pressure-corrected trapping temperatures were 330 & 5%,
Taken altogether, the varicus temperature estimates indicate an‘average
temperature nearx 30$QC for sphalerite-pyrite mineralisation. Osatenke¢ &
Jones (1976} report a similar temperature, 26600, for a sphalerite-pyrite
pair from Valley Copper, British Columbia.

Anhydrite-Chalcopyrite. Two samples were obtained from diamond

drill core BVP 8B for this study. Ayres ¢t al. (in press) made measure-
ments on two other samples. All of the data have been converted to
temperatures using calibration equations cited in Ohmoto & Rye (in press),

viz.

” -3
p = =55 X107 (for T » 673 K)

(4 £ 13%
Note that the temperatures published by Avres gt al. differ substantially
from those accepted here {Table 11-2). fThe temperature range compares
favourably with the fluid inclusion temperature range for ¢uartz-Cu,Fe
sulphide mineraglisation. In the cases of 102675 and 102676, the
temperatures match the fluid inclusion data for quartz from 102676

(T, = 600 to >700°C).



Table 11-1

§3%5, A AND TEMPERATURE MEASUREMENTS ON PYRITE~SPHALERITE VEINS

§3hg, s, o
Specinen A, % T C*
galena sphalerite pyrite

103048 +0.2 +2.4 2.2 <150
103481 +1.2 +2.4 1.2 270
103475 +1.6 +3.1 1.5 200
103476 ' +0.6 +1.7 1.1 310
103471 +1.6 +2.7 1.1 310
103473 -1.5 £ 210 2.5 300

[ i

3 S

\w.....—‘—- e

* uging data from Smith et al. (1978).

Table 11-2

§3%g, A AND TEMPERATURES FOR ANHYDRITE-CHALCOPYRITE PATRS

63“51 %o
. o8
Specimen A, % TC
anhydrite chalcopyrite

102875 +7.6 +(. 4 7.2 79770
102676 +11.5 +0.5 11.0 588440
34649+ +16.0 -0.1 16.1 438122
34641? +11.0 +0.2 10.8 597440

frbg Ayres etoai, {in press}, who gave temperatures of
350°C and 5207°C.

§ 3ata cited in Chmoto & Rye {in press).
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VARIATION OF §34S IN TIME AND SPACE

Pyrite. Pyrite samples exXamined in this study had §3%g values
ranging between +0.5 and +3.1% {+2.4, excluding veins with appreciable
sphalerite). &Ayres ¢f gl. (in press) found a similar range of 0.0 to
+2.3% . All avéilable measurements for pyrite have been plotted on a
map of the deposit (fig. 11-2). PFig., 1ll-1 shows specimen locations for
the sulphur isotope study. There is no systematic distribution of §34g
if the data are considered in this way. The data of Ayres et ¢l. do
not lend themselves to classification in terms of vein-types; mﬁstxaf
the pyriﬁe samples had been classified by association with alteration
types. Even where a veln i{yvpe was specified, it is not possible to
relate Ayres! classification {after Fountain, 1972) to that used here.
Thus only the measurements made in this study can be classified
according to vein type.

Apart from the high 3%g content of the pyrite from sphalerite-
pyrite veins, no real trend is visible, probably because there are not
enough samples for most of the vein types.

Chalcopyrite. The range of §3hg given by Ayres et al. is -1.6

to +1.5% within the orebody, and one is -2.5% outside the orebody.
Given the number of samples involved, the trends suggested by Ayres

et ai. {viz. a difference in mean $°%S between samples from near the
Leucocratic Quartz Diorite and samples from near the Biuro Granodiorite,
and an enrichment in %S towards the northwest) do not seem to be

gignificant.
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SULPHIDE §3%S VALUES, CLASSIFIED BY VEIN TYPE

Table 11-3

(see Table 3-1)

This study ayres ¢t al.
Vein type 3 " "
i L : n 3
. Bpecimen 8 spy’ %q Specimen & Spyr %o & Sccp %o
{ii} 103029 +1.6 409617 0.0 (.3
409627
34640 -0.1
34641 +0,2
34644 +0.1
34645 +0.9
34647 ~0.5
346487 +2.0
40963 -1.6
27987 -0.2
{iv} 103028 +1.5
QP assoc. 103017 +1.5
103040 . +0.7
external 103479 +0.86
103045 +0.5
103043 +1.1
{(v) 103470 +0.5
{vi) 103474 +0.6
{viii) 103472 +0.8
{ix/x} sp. 103042 +1.8
no sp. 103477 +0.7 30643 +0.8
(Listed under
ccp by Avres
see also Table 11-1. gt al.)
Other 103478 +2.4 Pyrites associated with bigtite

alteration:

-1.4, +0.4, +0.5, +0.6, +1.3, +1.3,
+2.0, +2.1, +2.3
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FURTEER EXAMINATION OF ANEYDRITE-CHALCOPYRITE FRACTIONATION

Field & Gustafson (1976) prepared a plot of 6345 of coexisting
sulphides and sulphates as a function of A, i.e. effectively as a
function of temperature, They explained that the data will plot as two
straight lines if three conditions are met:-

1. The sulphur reservolr was effectively infinite;

2. The &3%5 of the sulphur reservoir remained constant;

3. There was a constant ratio of oxidised to reduced sulphur species
throughout mineralisation.

Field & Gustafson found this to be so for anhydrite and sulphides at

El Salvador. Therg were two trends, one pair of lines (for anhydrite

and Cu,Fe Suiphideé) converging to §3%s = 41.6% and the other (for

anhydrite and pyrite) to +6.8% at 4 =0,0%. . For any intercept on the

& = 0 axis it is possible to caleulate a family of lines giving §3%g

variation in anhydrite and a sulphide as a function of A and the ratio

of oxidised to reduced sulphur species. This was doﬂe for pyrite ahd

anhydrite by those authors {(who assumed that oxidised sulphur would be

present as sulphate in the liguid, and reduced sulphur as H,S) for

§3%g = 0%. at A = 0% . fThe 8°%S value to which the lines defined by

actual measurements converge gives the isotopic composition of the sulphur

reservolr,

A similar diagram has been prepared for the four pairs of data
from Panguna. A pair of straight lines is defined, and these give a
§3%s value near 1%, within the range shown, at the point of convergence
(fig., 11-3).

The assumptions of Field & Gustafson warrant further attention.
Given the straight line plots, the three numbered assunptions above seem

justified. 1In view of the nature of the hydrothermal system, however,
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the meaning of the "sulphur reservoir" concept should be re-examined.

The 63%S value at the convergence of the two straight lines is not an
estimate of the isotopic composition of magmatic sulphur. It is&only

an estimate of the bulk isotaéic camposition of the initial salt—riéh
liguid {which precipitates the sulphides and sulphates at lowexr
temperatures). fThe implied constancy of §3%S in the sulphur reservoir
{assumption 2) is thus a constancy in the salt-rich liguié, implying a
constraint on §3%8 of the magma in which the salt=rich liguids originated.
The infinite supply of sulphur (assumption 1),4hawever, refers to tﬁe
salt-rich liguid only. Thus assumptions 1 and 2 ars independent, and
both are necessary. At temperatures below 750 ¥, the situation will be
more complicated because of the possibility of adding sulphur from
groundwater, and of depositing pyrite either before or with chalcopyrite.
2 small amount of pyrite in equilibrium with chalcopyrite would have the
.53“5 values shown in fig. 11-3, with litile variation as a function of
temparature. Both pyrite and gromdwater would affect only a small
interval - the lowest temperature part - of the range of A baing
considered, so that ignoring them would not greatly affect the arguments
used here. Likewise, deviation from the infinite reservoir hypothesis
is most likely in the salt-rich liquid at low temperatures where most of
the sulphides were deposited. BAll of these effects might have to be
consiaeréd in a study based mainly on lower temperature sulphate-sulphide

pairs.

5°%s TN THE SULPHIDES, SULPHATES & FLUIDS AS A FUNCTION OF £o,

Sulphur in the liguid and vapour at temperatures over €73 K is
present as S0, and HoS (Barnes & Czamanske, 1967) and not as SO 2=, The

sulphate in anhydrite probably originates from the decomposition of 50,,
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which becomes an unimportant species near 673 X under porphyry copper
foz conditions. The calculation of a family of curves giving 8°%s as a

function of ﬁanh—ccp under the conditions at Panguna is based on the

following equation:

at temperature T iven values for ; s ~
P * 9 8 £or Bgg,-mys’ Lanh-myst Socpemps O

[all fractionation data are from Ohmoto & Rye {in press) ; see

E

Tanle 11-4): 3 = H:l=—
e ¥ M5 Mge, = 21173
§34s. . = a 3% _ 4 (1-a)(43Y
lig a H,S {1-a) (& SHgs + Asozmﬂzs}
= 1 {value taken from fig. 11~3).

34 = R34
whence, & ScCp § SHZS

34 = &34

and 3§ 8. nh 8 SHZS + Aanhwﬂzs

Some of the curves are plotted in fig. 11~3. The curves bracket
mHZS:mSOQ between 9:1 and 8:2. The ratio 9:1 will be adopted for the
purposes of the following calculations.

Thus, at 1100 X,

1 = 0.92(§%g + 0,153 .
(& Hgs) G.1{(8 SHZS + 3.4}
3 = +0.7%
and § SHgs 0. 7%
34 -
I\ 3302 +4.1%e .

Since the vapour contains effectively only SOp (see Chapter 10},
5345 = +4.1% .
vap
In this relatively simple situvation, the §3%S of the fluids,
sulphides and sulphates depends on the oxygen fugacity. The higher the

oxygen fugacity, the highe. will be m in the liquid, the steeper

50, Hy8
the sulphide lines and therefore the larger the difference in §3tg
between the liguid and the sulphides, and the smaller the difference

between the ligquid and the anhydrite.



Teble 11-4

FRACTIONATION AMONG SULPHUR SPECIES

T AS0,~HaS AHS -H,8* Accpmﬂzs* ACaSOy~HyS™
700 9.1 -0.7 - ~3.10 16.3

800 6.8 -3.7 -0, 08 12.5

800 5.3 ~-0.7 -{.06 9.9
1000 4,240, 5 ~0.74£0.2 -0, 05:+0.08 8.0+x1.0
1100 3.4 =0.7 -0.04 6.0
* extrapolated
Data from Ohmoto & Rye (in press). All values in %..
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Under any conditions at which sulphate and sulphide coexist, the
5345 of chalcopyrite will decrease with decreasing temperature. This
ought to be reflected as a zonation oﬁ’ﬁg%ccg with outward decrease.
Tthe smallness of the decrease imgli@d by fig. 11-3 for Panguna must
make zonation difficult to detect if there is also scatter in the data.‘
Ayres ¢t cl. give a §34g range of 3% for Panguna chalcopyrite, compared
with the predicted decrease of <l% in fig. 11-3. Howaver, the prediction
corresponds with the isotopic zonation reported by Field (1966) at -
Bingham, where there is an outward decrease in 83%s.  The apparent contrast

between salt-rich ligquid {m = 1:9}) and the vapour {fso : £ =10%.9
2

505 “THyS HyS

at 1000 H, HM) deserves comment. The large difference may be an artefact of
thermodynamic assumpﬁions (standard states and activity coefficients),

possibly implying that one of the gas species interacts strongly with

another chemical species in the liguid. Alternatively, the assumption

that 80; is the only oxidised sulphur species in the liguid may be at

fault,

COMPARISON WITH OTHER DEPOSITS

Coexisting pairs of anhydrite and sulphide have been examined in
relatively few porphyry copper deposits, For El Salvador (Field &
Gustafson, 1976) and Frieda (dppendix 3), there were sufficient data
to plot curves like those in fig. 11-3. ILimited fluid inclusion studies
of both deposits {Gustafson & Hunt, 1975 and appendix, this study) show
that the hydrothermal systems consisted of boiling salt-rich ligquid,
comparable with the Panguna system., The isotopic data for Frieda and El
Salvador both give converging pairs of straight lines, two pairs at
El salvador and possibly two at Frieda. From the discussions above, the
slopes of the lines and the intercept on the §3%5 axis are the most

important parameters for comparison.
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The §°*S lines for anhydrite and chalcopyrite or bornite converge
at about +l1.6% in the case of El Salvador. The ratio of oxidised to

reduced sulphur species, using S0, as the oxidised species instead of

850427, is recalculated as follows:

5385 = 1.6 = g4 . shg
liq 1.6 878y, 5™M,s * 87 S50, Ms0,

{where mst + mSOZ = 1). From Field & Gustafson’s diagram, at & = 10.0%

= 900 X Shg = =3.0% . - = 5, 3%
{T Y, 6 cop 3.0% From Table 11~4, ﬁsoz_ﬁzs 5.3% an§
Accp*ﬁzs = 0% at 900 K,‘so that
= 0. = H .
mHES 13 and msozmeZS = 7sl

Thus conditions were more oxidising than at Panguna. A&As an alter-
native measure of this, the difference in §3%s between the ;iquid and the
Cu,Fe sulphides at El Salvador is 4.6 to 7.6%., greater than at Panguna.

Anhydrite-pyrite mineralisation at El Salvador gives a very
different pair of lines. These converge to +6.8%,; and have slopes
indicating high oxygen fugacity. Field & Gustafson conclixled that a
correction to the pyrite data may be required. & subtraction of 3% from
53§5py would correct temperature sstimates (see below) and align the pair
of lines s0 as to indicate a single source—composition of sulphur.

The aiffiéulty with pyrite does not seem to arise in the case ﬁf
Frieda (Zppendix 3). In summary, the two pairs of lines {(one pair of
which, as drawn, coincides exactly with the Panguna curves) may reflect
mineralisation from two different centres. If so, the slope of the
steeper sulphide line is greater than at Panguna, indlcating a higher
oxidation state. The pairs of lines both converge neaxr ;I%a.

Sulphide data from other sslected deposits are listed in Table 11-5.
The sulphide from El Salvador is isotopically very light compared with

the other deposits. Other deposits with low §3%s are known,



Table 11-5

SULPHUR TSOTOPE DATA FOR PORPHYRY~TYPE MINERALISATION
FROM SELECTED DEPOSITS

Deposit §3%s range, cop $3%s range, py Reference
%a %o
Panguna -1.& to *1.5 0.5 to +2.4 ayres 2+ gl {in
press); this
study.
Frieda =-3.5, +0.1 ~1.6 to +2.1 this study
Bingham =2.9 to -0.1 ~0.4 £o +1.1 FPield (1966)
{central)
Putte -3.0 to 0.0 ~1.0 to +2.7 Lange & Cheney
(deep zohe) {1971}
Valley Copper -3.3 to +1.5 ~3.1 Osatenko & Jones
(1976)
El Salvador ~5.3 to ~3.1 -5.1 to ~0.3 Field &
(except peri- Gustafson (1976}

pheral}
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e.qg. Yerington, Nevada (Field, 1966, data for undifferentiszted sulphides}.
Pariguna sulphides are a little heavier than the others. The range for
pyrite is displaced about 2% in the positive direction in each case.

If this difference reflects the temperature of formation, then the
temperature would be less than ZSOOC, considerably lower than éth&r
estimates. At El Salvador, coexisting pyrite-chalcopyrite pairs have
been examined, and they give apparently erroneons temperatures. At
Panguna, it is at best uncertain whether chalcopyrite and pyrite wexe
ever in equilibrium; the same may .apply to the other deposits.

All information points to Cu,Fe sulphide~anhydrite pairs as the
most useful and reliable source of data on poxphyry copper mineralisation.
In a well=controlled and sufficiently detailed study, pyrite may vield
additional insight. fThe variety of pyrite occurrences at Panguna suggests

that very careful sampling would be necessary.

THE ISOTOPIC COMPOSITION OF MAGMATIC SULPHUR

The near-~zero 6348 values of porphyry copper sulphides have in
the past been taken to indicate that magmatic sulphur in these systems
also had §3%s ﬁear D% . The fixing of much sulphur as anhydrite (likely
even in deposits where it has not been observed because it has been
dissolved away), and the removal of large amounts as S0, in vapour imply
that this approach is greatly oversimplified. Field & Gustafson's
suggestion that the point of convergence of curves such as those in
fig. 11-3 represents the isotopic composition of magmatic sulphur is also
inadeguate in any system in which two fluid phases separated from the
crystallising magna.

Two eéxtreme cases are to be considered. In the first, the magmatic

H

volatiles separate in isotopic equilibrium with the silicate liquid,
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i.e, without depleting the magmatic sulphur reservoir significantly.
Hy8 in the salt-rich liquid will therefore be in equilibrium with HE
in the magma (Chmoto & Rye, in press). At Panguna, 63”SH23 = +0.7% 50
that §3%g = = 0.0% .

HS

In the second case, the volatiles remove all sulphur from the
magma. The 4375 of all the volatiles taken together is tha‘saw& as the
magmatic §3%g,  The problem becomes one of knowing the relative propor-
tiong of vapéur and salt-rich 1iqgid, and the oxidation states of the
fluids. The avaiution of an early, beiling salt-rich liguid aﬁ relatively
low oxygen fugacity has been discu&aed in Chapter 10.

‘Using the estimates of magmatic volatile content cited in
Chapter 10 {viz. for 1 kg magma, 15 ¢ Ho0 and 1 g NaCl}, and assuming
the evolution of salt-rich liquid of 65% RaCl and vapour of 2% NaCl,
the molar ratio of vapour and ligquid is found {from a caleculation similar
to those performed iﬁ Chapter 10} to be 0.034:0.61 for dimers in the
vapour, = 1:18.

In the vapour evolved during copper mineralisation (1100 K, HM

> & atm (Chapter 10), i.e. X > 0.01 and 18 moles of

and 800 atm) PS 50,

Oz
vapour contain more than 0.18 moles § as SO0s.

If one mole of salt-rich liquid contains enough sulphur to form
chalcopyrite éorrespcnding to 1900 ppm Cu (Chapter 5), i.e. 1900 ppm 5,
and 65% HaCl, the mole fraction of 8 as chalcopyrite is

0.19/32 .
65/58.5 + 35/1B + 0.19/32 -

1.9 x 10”3

If the molar ratio of 50, :H,S in the liquid is 1:9, and if sulphate forns

by reaction 10.52, this corresponds with a total sulphur mole fraction of

1.9 x 1073 {1 + [%/(9 + %3}} ~ 1.9 x 1079
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bDoubling the above figure to account (roughly) for sulphur lost by
boiling in the ore-zone, the mole fraction of sulphur in the ligquid

becomes about 4 x 1073,

. (s -3
Thus, moles S in ligquid < 4 x 10 - 1

moles 8 in vapour 0.18 a5

50, is also the dominant sulphur species in the vapour down to
log f62 = HM - 3 (k) 35 from Table 10-6; log ngO = 2.8}. If more
sulphur is carried in the wvapour than in the ligquid undexr all fe
conditions, then sggsmagma = 63“8802 sumed over the whole process of
expulsion of volatiles. Late, relatively oxidised fluids must have
removed all sulphur remaining in the magma which would. therefore have
had 63%s = +4.1% at that stage. Early, relatively reduced fluids
may have remqved sulphur in isotopic equilibrium with magmatic sulphur,
before significant aepletion of the reservoir. Since this sulphur was
removed as 505, the initial §34%3 of the magmatic sulphur would have been
greater than 44.1% . How much greater depends on the amount éf'sulphnr
carried in the reduced f£luids, and there is no information about this.

Again using the calculation of the number of moles of 1iq§id and
vapour expelled by a kilogram of magma, it is possible to estimate the
amount of sulphur lost from the magma as volatiles. Considering only the
sulphur in the wvapour, for which the limits xsoz = 0,01 to (.1 were set
in Chapter 10, the number of moles of § lost as vapour would be
6.1 x 10”3 to 6.1 x 10™2, and the weight 0.2 to 2.0 g. The estimates
of Xsoz apply only to the relatively oxidised vapours expelled during
copper mineralisation. If, say, half of the volatiles were expelled in
that condition, then 0.1 tc 1.0 g 5 would leave the magma during copper
mineralisation. The more reduced half of the fluids might be expected

to carry less SO, because of the lower oxygen fugacity, but no estimate

is possible. In any case, the amount of 5§ carried in the f£luids would he
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ne less than 0.1 to i.O g, a guantity to bé compared with the amcunt of
S remaining in unaltered Kaverong Quartz Diorite (0.3 g/kg, analyses
from Ford, 1976). Thus isotopic equilibria could well be subject to a
depletion effect, even for the minimum guantities estimated here, and
the results would approach those of the second case discussed above.

The problem of the isotopic composition of magmatic sulphur is
thus a difficult one, dependent for its solution on a complete under-
gtanding of the processes by which volatiles are evolvéd and expelled
from the magma. 7The speculations here are founded on guesses asg to the
relative guantities of oxidised and reduced fluids, and the amouht of
sulphur in the reduced £laids.

Comment: . less than 2% of the sulphur expelled from the magma
during copper mineralisation is carried in salt-rich liquid {see
calculation above). The figure used in the calculation was a minimum
estimate of the amount carried away as vapour. Earlier fluids may also
have removed significant sulphur, and the mineralising salt-rich liguid
itself may not deposit all of the sulphur it contains. Thus the formation
of a porphyry copper fixes little, probably much less than 1%, of the
sulphur expelled from the magma, and ﬁuch sulphur may be available for

mineralisation higher in the hydrothermal system.
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CONCLUSTIONS

The sequence of mineralisation at Panguna porphyry copper deposit
conprises many types ané episodes of veining, including the quartz-Cu,Fe
sulphide veins associated with the copper mineralisation. Fluid
inclusions in quartz of thesa‘veins contain three types of fluid: dense
salt-rich liquid, low-density water—rich vapour, and brines of low to
moderate salinity unsaturated in HaCl at room temperature., The fluids
may be grouped into two systems, one of salt-rich liguid in equilibrium
with vapour, the other of low to moderate salinity brine. The two
systems weré distinct in the ore-zone.

The composition of the salt-rich liquid, in terms of the syste§
HaCl-KCl-Ho0, ranged‘between 76% and 46% salts by weight in inclusions
which had nucleated sylvite. The NaCl content varied from 60% to 30%
while the KC1 coﬁtent remained constant at 16 £ 2%, Salt-rich ligquids
with T NaCl < 320°C had not nucleated sylvite, except for one inclusion
which had 22% KCL and 27% NaCl. The K/Na ratio of the salt-rich liquids
ranged from 0.46 to 0..17 (atomic proportiocns), inéreasing as the salinity
decreased and, in ganéral, ag the temperature decreased. Na, K, Fe and
¢l are the predominant ionsg in leachates of crushed guartz;: Ca, 50y and
minor Mg are also present. Chlerides of Ha, K and Ca (minor Mn, Zn),

a Cu,Fe sulphide and possibly apatite have been identified among the
daughter salts of opened inclusions of salt-rich ligquid. Volume measure-
nents on chalcofyrite crystals in fluid inclusions indicate an original
copper concenifation neayr 1990 ppm in the salt-rich liquid from a vein
formed at temperatures below 55§°C. . The density of the salt-rich liguids
lay in the range 1.2 - 1.5 g/cm3ﬁ The temperatures of these liguids

varied between 350°C and 700°C or higher.
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Salt-rich liguid deposited quartz-Cu,Fe sulphides, anhydrite and
iron oxides and was associated with the development of potassic
alteration assemblages. They may also have deposited earlier amphibole-
magnetite-quartz veins. Some, at least, were of magmatic origin,
because primary salt-rich inclusions occur in guartz phenocrysts. The
temperature and salinity éistributians of the salt-yich liquids,
combined with field data, indicate‘three phases (A, B and C) of guartz-
Cu,Fe sulphidé mineralisation freg different centres. Phase A,
the earliest, toék place while the Xaverong Quarte Diorite was at near-
m§gmatic temperatures (>?OG°C) to the north of the orebody and was
bounded to the south aﬁﬁ gouthwest by a zZone at 350° - 420°%. fThis zone
corresponds closely with the 0.3% Cu ore~grade contour and is paxaliel
to a pyritic halo beyond the orebody.  TgNaCl vﬁiggs were 450° - 4900g
except along this zone, where they fell below 420%¢. Prior to phase A
copéex mineralisation, a hydrothermal system of similar extent brought
about pervasive alteration of the ?gnguné Andesite to an é&yhibole-
plagioclase-mpagnetite assemblage. Before this, the Panguna aAndesite
may have undergone therma; metamorphism to biotite hornfels at ﬁﬁa contact
of the Kaverong Quartz Diorite,

h Two later phases, B and C, occurred after a long period of cooling
and may have been partly concurrent. Phase B, which seems to have
comprised two stages, was associated with the emplacement of the
Lencocratic Quartz Dicorite. Temperatures exceeded 600°C at the centre
and T_NaCl values varied between 390°C and 490°C. The cell of mineral-
isation was bounded by a halo of pyrite veins and possibly by another of
fluids at or near the critical peoint. Phase C postdated the Biuro

Granodiorite. Temperatures exceaded 580°C and T NaCl values attained

570°C at the centre. A group of veins with TgNaCl < 400°c east of the
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Biotite Granodiorite may be part of the phase C boundary, which has not
otherwise been located,

Brines of low to moderate salinity, in terms of the system NaCl-Hy0,
covered the whole composition range of sclutions unsaturated at 25%,
Brines of U0 ~ 5 wt; % eg. NaCl predominated. Feormation temperatures
{corrected for pressure) ranged between 160°C and 400°c. The brines
deposited guartz-pyrite veins and were assogiated with some of the phyllic
alteration. They also appear to have been associated with the deposition
of sphalerite-pyrite and pyrite—clay veins near 300%c. Isotopic
evidence (Ford & Green, 1977) combined with £luid inclusion evidence,
indicates that these were meteoric waters. No regular temperature or
salinity distributions were found for the brines of low to moderate
salinity. They were present outside the zones of ore-deposition during
rhases A, B and probably C, and inundated the orebody between phases a
and B, and again after the waning of phases B and e; They were present
throughout the cooling of the ore zone from 400°c t§ below 200°C, and
may have beer involved in the formation of the post-mineralisation éebble
dykes that intersect the hot centres of phases B and C. The opening of
large fractures is thought to have carried groundwater into'ro¢k hot encugh
to cause violent boiling.

Tﬁe fluids near the critical peint at 400%c (the QP association of
Chapter 6) are thought to represent the boundary of the region of two
coexisting £lulds from which copper was deposited in each phase of fluid
circulation. The critical pressure of the fluids (270 ~ 280 barsf is
a minimum estimate of the pressure at the edge of the system, to be
compared with a maximum estimate of 290 bars based on the behaviqur of
gas~rich inglusions, and an estimate of 200 - 300 bars based on the vapour
pressures of saturated salt-rich ligquids. OUnder a hydrostatic pressure

regime, this implies a depth of formation of about 3 km.




191

With the critical pressure of the QP association as a boundary
pressure, the phase behaviour of salt-rich liguid in fluid inclusions
is found to compare closely with.the behaviour predicted in the
literature for boiling WaCl-H,C licquids, provided supersaturation is
permitted in the real system in place of saturation, and despite the
presence of significant XC1 in the real liquids. The evolution of the
liquids was as follows: wunsaturated, boiling salt-rich Eiquid was
expelled from the magma, and cooled by boiling to saturation and super-
séturation at temperatures probably near 56000. Purther cooling was
in part due to mixing with cooler, more dilute liguid so that the salt-
rich liqn&dsAbecame unsaturated again by about 430°. During phase C,
some ligquids were concentrated by boliling to 75% salinity without
mixing. Dilution and cooling of the boiling liguids continued from
430°C te 400°C, at which temperature the compositions of the liquid and
gas had converged to a single, critical composition.

The compositional variation of the salt-rich liquids, a straightw
line trend on the NaCl-RCl-H;0 triangular diagram, is consistent with
the mixing of two salt-vich licquids, one of about 65% salts and low K/Na,
derived from the magma, and the other containing at mpst 45% salts and
with a higher K/Na, probably derived from groundwater by boiling. Both
would have contained the same cancentration, abput 16% (wt.) of KCl.

The K/Na ratios of magmatic salt-rich liquids are consistent with
equilibrium between the liguids and the rims of plagioclase phenoccrysts
in the various stocks. HNo buffering mechanism can be suggested for salt—
rich liguid derived from groundwater.

Salt~rich liquid probably ascended from crystallising magma to
the ore—-zonhe by the pumping action of the difference between lithostatic

pressure in the magma and hydrostatic pressure in the ore-zone. At a level
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probably determined by the presence of groundwater, salt-rich liguid
moved horizontally into the country rocks, then descended, because of its
density, through the ore-zone.

The critical-point boundary proposed for the region of two fluid
phases can continue at mosf 600 m above present levels of exposure. The
pature of the boundary over the two-phase region cannét be inferred.
Bzlow the exposed ore-zone, the salinity at the critical~point boundary,
if it and groundwater persist to depth, would increase with depth.

AL 1000 K, 500 bars and log fo at the hematite-magnetite boundary,

2
vapour leaving the magma would have had the following chemical

parameters:
lag foz = ~8.8 log fKaCl < =~1.8
log fsz = 7.1 % 2.3 log fCuC1 = ~l0% 5
log fgo, = 0.6 % 1.0 1og £urec1, = L E2
log fy,s = ~3.3 % 1.0 log £, 01, > -3.7% 1.87%
log g o = 2.6 10g 00, (OH) 5 -3.6 * 1.5 *
log fHCl = 0.1 % 0.5 {* values at 850 X}

when in equilibrium with an assemblage of quartz, anhydrite, rutile,
molybdenite, sphalerite and Cu,Fe sulphiée, and with XSGQ < 0.1. Values
at other conditions are tabulated in the text. Enhanced volatility in
mixed halide systems brings about a significant increase in the volatility
of iron only, but does not lead to significant vapour transport of lron.
The metal-bearing specieg akove are the predominant species for each
metal except for Na (NaOH.H,0 predominating) and Mo [Mo0qp(0H)g pre-
dominating]. 2inc and molybdenum may separate {in vapour) Ffrom iron and
copper {in liquid) by virtue of thelr greater veolatility. The formation

from magmatic vapour of a salt-rich condensate with the copper concen~

tration observed in f£fluid inclusions of salt-rich iiquid is unlikely unless
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fCuCl > 10768, The chemical apprgisal of the vapour plume mechanism
of Henley & McHabb cannot be improved without better thﬁrmocheﬁical data.

Since bioctite is the most abundant alteration product asscciated
with copper wmineralisation, the acidity of the sait-xich liguid must be
dominantly controlled by the formation of biotite from amghibole.anﬁ
plagioclase. The acidity of the salt-rich liquid should show a net
increase, driving the liguid towards eguilibrium with sericite rather
than the observed K-feldspar, or K—feldspar + sericite. The formation of
anhydrite and suiphides also produces HC1, S0 that boiling may be
nécassary in addition to the precipitation of gquartz in ordexr to take
up excess HC1l and avoid the formation of large guantities of sericite.

The alteration reactions also control the activity of FeCl, in the liguid,
apd may thexefére control the distribution of bornite and chalcopyrite.

The decomposition of 80, may account for the presence of the
sulphate fixed as anhydrite but cannot account for the increase in
sulphide deposition below 500°C. Reactions such as the reduction of 505
by Fez+ may be significant at lower temperatures.

The high oxidation state of the magmatic fluids during copper
mineralisation rellects the loss of Hy in earlier f£luids, those responsible
for amphibole-magnetite~plagioclase alteration in the Panguna andesite
prior to phase A. There is no evidence of the deposition of copper by
the reduced fluids, which appear to have been salt-rich licguid and vapour.
The transport of copper may thus be dependent on the oxygen fugacity.

Sulphur iscotope data yielded temperatures near éQQQC for sphalerite-~
pyrite velins, and 400 - >800°C for anhydrite-chalcopyrite pairs. Ne
space or time variation of 6348 in pyrite or chalcopyrite could be
detected in the data available. Pyrite has a 83%5 rdnge of +0.5 to +3.1%.,
chalcopyrite (Ayres et al., in press) -1.6 to +1.5%. and anhydrite +7.6 to

+16.0%, . The salt-rich liquid which deposited anhydrite and sulphides had



154

§3% = 1%.. The §3% values of the liquid and the'soli& phases should
vary as a function of oxygen fugacity and are not simply related to
the §3%s value of magmatic sulphur.

The evolution of salt-rich liguid from crystallising magma, the
condensation of salt-rich liquid from cooling magmatic wvapour, the
beiling of groundwater and groundwater convection driven by h&gt from
the intrusive centre -all suggestions by other authors regarding the
mechanism of porphyry copper formation - may all have contributed to the
formation or eﬁolution of the Panguna deposit. The association of salt-
rich liguid with copper is definite. The continuity of K/Na ratios
between salt-rich liguids in veins aﬂd in the magma, along with the
improﬁability of significant copper transport in the vapour under .
porphyry copper conditions implies that liquid expelled direct from the
magma, and not condensate, was responsible for the mineralisation. Some
metals and sulphur may have been derived from groundwater.

Further work at Panguna could examine the amphibole-bearing veins
and alteration in greater detail, if the guality and quantity of
gpecimens permit. More detailed work on the composition and properties
of inclusiong (solid and f£fluid) in guartz phenoorysts may also yield
interesting data on processes occurring in the magmas. Any axtension of
the sulphur isctope study should, at the outset, be limited to anhydrite-
chalcopyrite pairs {which are not common) or to chalcopyrite samples with
temparature control. Depth was not considered as a spatial variable for
the set of samples used in this study, so that ultimately, a new set of

gsamples from the deepened pit may make an interesting comparative study.
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Appendix 1

LIST OF SPECIMENS FROM PANGUNA

ABBREVIATIONS

bD -~ Blotite Diorite, bhG - Biotite Granodiorite, BiG - Biuro

Granodiorite, IB - Intrusive Breccia, KgD - Kaverong Quartz Diorite,

lgb ~ Leucocratic Quartz Diorite, PA ~ Panguna Andesite, qfpP -

Quartz Feldspar Porphyry.

RL: reduced level in m above sea level. MNo RL is given for samples from

diamond drill core; instead the position in the hole (m from origin) and

hole no.

1025384

102609
102612
102619
162636

102645

102651
102658

102661

{DDH BVP ...} are given.

Quartz-bornite vein {minor anhydrite, hematite, zutile, digenite,
tennantite, stannite, galena, bravoite)} from PA. RL: 625,
coords. 61850, 121900 approx.

Quartz-chalcopyrite~bornite veln (minor anhydrite, hematite)
from Pa. RL: 825, coords. 61840, 122080,

Quartz-chalcopyrite~-bornite vein {minor anhydrite, hematite]
from 1lgbB. RL: 825, coords 61840, 122050.

Ouartz~chaloopyrite~bornite vein (minor anhydrite, molybdenite,
pyrite) from lgb. RL: 625, coords. 16840, 121925.

Quartz~chalcopyrite-pyrite vein (minor hematite, anhydrite,
rutile} from PA. RL: 625, coords. 61435, 121830,

Quartz-chalcopyrite vein from bD. RL: 840, coords. 61250, 121285.

Quartz-chalcopyrite-pyrite vein {(minor hematite, rutile) from PA.
RL: 670, coords. 61790, 122560.

Quartz~chalcopyrite~bornite vein (minor hematite) from PA.
RL.: 670, coords 61850, 122410.

Quartz~chalcopyrite~bornite vein (minor digenite, hematite, molyb~
denite, rutile} from PA, RL: 670, coords. &2000, 122030.



102662

102666

102668

102673

102676

1029927

162998

102999

103000

103001

103002

103003

103004

103005

1030086

103007

103008

103003

103010
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guartz—chalcopyrite vein (minor anhydrite) from PA. RL: 670,
coords. 61980, 121840.

Quartez-chalecopyrite~bornite vein (minor anhydrite, hematite)
from PA, RL: 670, coords. 61750, 121650.

Quartz-chalcopyrite-bornite vein (minor hematite) from PA.
RL: 670, coords. 61980, 1l21775.

Quartz-anhydrite~chalcopyrite vein {(minor hematite, rutile)
from bl. 301 m, DDH BVP &l.

Quartz-anhydrite vein (minor chalcopyrite, bornite, hematite)
from bD. 476 m, DDH BYP 88,

Quartz-chalcopyrite~pyrite vein {(minor anhydrite, hematite)
oxidised to give covellite 7 chalcocite, from bD. From surface

‘eoords. 62050, 123320,

Quartz-chalcopyrite vein (minor anhydrite, hematite) from KqD.
338 m, DDH BVP 146, coords. 61380, 123150.

guartz-chalcopyrite-pyrite vein (minor anhydrite, rutile) from
bbD. 67 m, DDE BYF 248, coords. 61700, 122960,

Quartz—chalcopyrite-pyrite vein (minor anhydrite) from PA.
33m, DDHE BVP 281, coords. 62100, 122770.

Quartz~chalcopyrite~pyrite vein (minor anhydrite, hematite)
from bG., 233 m, PDH BVP 105, coords. 61370, 122770.

Quartz-chalcopyrite-pyrite vein (minor anhydrite, magnetite}

"from PA. Rl: surface, coords. 60150, 123110.

Quartz-chalcopyrite vein (minor anhydrite, hematite, molybdenite)
from PA. RL: surface, coords. 60380, 122650,

guartz vein (sulphides oxidized} (minor hematite) from bD.
RL: 670, coords. 61350, 122600, "

guartz vein {sulphides oxidised to chrysocella) from bG (minor
anhydrite, hematite). RL: &70, coords. 61510, 122610.

Quartz-pyrite—chalcopyrite vein (minor anhydrite, hematite) from
IB. RL: 670, coords. 61670, 122850.

guartz—chalcopyrite-pyrite-hematite vein (minor anhydrite,
rutile) from PA. RL: 8670, coords. 61750, 122620,

Quartz-chalcopyriic vein (minor hematite} from PA. RL: 700,
coords., 61850, 122670.

Puartz~chaleopyrite-bornite breccia f£illing {minor anhydrite,
hematite, rut@le) from IB. RL: €55, coords. 61750, 122480.

Quartz—chalcopyrite vein [minor anhydrite, hematite, rutile)
from IB. RL: 655, coords. 61750, 122480.



103011

103012

103013

103014

103015

103016

103017

103018

103019

103020

103021

103022

103023

103024

103025

103026

103027

103028

103029
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Quartz-chalcopyrite~pyrite vein {minor anhydrite, hematite,
rutile} from bG. RL: 655, coords. 61540, 122480.

Quartz-chalcopyrite wvein (minor anhydrite, hematite, rutile)
from PA. RL: 640, coords. 61250, 122440.

Quartz-chalcopyrite vein (minor anhydrite, hematite, rutile)
from BiG. RL: 625, coords. 61170, 122335,

Quartz-chalcopyrite-pyrite-sphalerite vein (minor anhydrite,
hematite, molybdenite) from BiG. RL: 625, coords. 61180, 122340.

Quartz~-chalcopyrite vein (minor hematite) with second fracture
filling: quartz-pyrite-chlorite vein from bG. RL: 640,
coords. 61480, 122270.

Quartz-chalcopyrite vein (minor anhydrite, hematite) from bG.
RL: 655, coords. 61500, 122400.

Quartz-pyrite vein (minor chalcopyrite, sphalerite, marcasite,
hematite) from Diorite. RL: 640, coords. 61820, 122310.

Quartz-chalcopyrite vein (minor rutile) f£rom Diorite. RL: 640,
coords. 61820, 122310.

Quartz-bornite-chalcopyrite vein (minor hematite, greenockite)
from PA. RL: surface, coords. 62320, 122430.

Quartz-pyrite vein from PA. RL: 760, coords. 62290, 122170.

Quartz-pyrite-chalcopyrite vein (minor hematite) from gfP.
RL: 625, coords. 61650, 122210.

Quartz-chalcopyrite vein (minor hematite, rutile) from bG.
RL: 610, coords. 61300, 122180.

Quartz-chalcopyritebornite breccia filling from PA/IB.
RL: 610, coords. 61250, 122200.

Quartz-pyrite-chalcopyrite wvein (minor anhydrite, hematite)
from PA. RL: 610, coords. 61055, 122150.

Quartz-chalcopyrite vein (minor hematite) from PA. RL: 72,
DDH BVP 142, coords. 60875, 122175.

Quartz—-chalcopyrite vein (minor anhydrite, hematite, rutile)
from PA, 128 'm, DDH BVP 140, coords. 60880, 122880.

Quartz-pyrite-chalcopyrite vein (minor anhydrite, magnetite)
from PA. RL: 595. coords. 61100, 122050.

Quartz-chalcopyrite vein (minor anhydrite, hematite, rutile)
and second fracture filling: quartz-pyrite vein (minor
molybdenite) from PA. RL; 595, coords. 61140, 121900.

Quartz-pyrite~chalcopyrite vein (minor rutile, pyrrhotite)
from PA. RL: 595, coords. 61450, 121900.



103030
103031

103032

103033
163034
103035
103036
103037
103038

103039

1063040

103041

103042

103043
103044

103045

103046

103047
103048
103048

103466
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Quartz-pyrite~chalcopyrite vein from PA. RL: 610, coords.
61430, 121860,

Quartz-chalcopyrite vein (mincor anhydrite, hematite) From
PA. RIL: 640, coords. 61920, 121950,

Quartz-pyrite vein from PA. RL: 775, coords. 62280, 1218B0.

guartz-chalecopyrite vein (minor anhydrite, rutile, hematite,
magnetite, molybdenite) from PA. RL: 655, coords. 62000, 121800.

Quartz-chalcopyrite-pyrite vein {minor sphalerite, rutile)
from PA. RL: 715, coords. 62180, 1217860.

Quartz-chalcopyrite vein (minor sphalerite) from PA. RL: 775,
coords. 62250, 1215%0.

fuartzechalcopyrite~bornite vein from PA. RL: 655, coords
61770, 122700,

Quartz-chalcopyrite vein (minor anhydrite, hematite) from PA.
RL: 655, coords. 61630, 121710.-

uartz-pyrite-chalcopyrite vein from Pa. RL: 655, cooxds.

61440, 121725.
Quartz-pyrite vein from PA. RL: surface, goords. 61040, 121550.

Quartz-pyrite vein (minor chalcopyrite, molybdenite) from PA.
RL: surface, coords. 61085, 121380.

Quartz~pyrite vein from PA. RL: surface, coords. 61500, 121550.

Quartz-pyrite~clay vein {(minor chalcopyrite, sphalerite, galena)
from PA. Ri: surface, coords. 80260, 121860.

Guartz-pyrite vein from PA. RL: surface, coords. 59120, 1213%00.
Quartz~pyrite vein from PA. RL: surface, courds. 59860, 122800,

Quartz-pyrite vein (minor chalcopyrite, molybdenite) from KgD.
RL: surface, coords. 612%0, 124130.

Ouartz-pyrite vein from PA. RL: 655, coords. 62180, 121930.

Quartz-chalcopyrite-bornite~molybdenite vein {minor anhydrite,
hematite) from lgD. RL:610, coords. 61865, 122045,

Quartz heeling brecclated sphalerite {minor pyrite) from PA/bD?
RL:? within the madrilateral of 103004, 103011, 103022, 103013,

Amphibole~plagicclase-magnetite vein {minor quarﬁz; sphene)
from PA. RL: 625, coords. 615885, 121970.

Digeontinuous veinlet from PA. RL: 685, coords. 61933, 121590,
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103467 Discontinuous chalcopyrite-pyrite veinlet from PA. RL: 595,
cpords. 61100, 122050, :

103468 Pyrite~clay-guartz vein from PA. RL: 685, coords. 61770,
121570.

103469 Vivianite (minor guartz, pyrite) wveinlets from bG. RL: 640,
coords. 61500, 122300,

103470 Thin pyrite vein with a bleached selvage, from qfP. RL: 655,
coords., 61750, 122480.

103471 Massive sphalerite~pyrite vein (minor gquartz, chalcopyrite)
from IB. RL: 655, coords. 61750, 122480.

103472 Thin pyrite-chalcopyrite wvein (minor gquartz) from PA. RL: 655,
coords. 62040, 122000,

103473 Calcite-sphalerite-pyrite vein {minor chalcopyrite, galena)
from argillaceous fault-zone in PA. RL: 655, coords. 615950,
121950, :

103474 Thick, massive pyrite vein (minor chalcopyrite} from PA near
1gb contact. EL: 610, coords. 61870, 121820,

103475 Sphalerite-pyrite vein from PA. RL: 685, coords. approX.
61950, 121800.

103476 Calcite-pyrite (minor chalcopyrite,sphalerite) wvein. RL:
surface (creek bed), coords. 61370, 121410.

103477 Pyrite-clay vein from PA. RL: 595, coords. 61300, 122000.

103478 Vein of pyritohedra in a chloritic matrix, from 2bD.
RYL: surface, coords. 58700, 122550.

103479 Pyrite vein from KgD. XL: surface, coords. 561520, 124300,

103480 Sphalerite-pyrite vein from PA. RL: 625, coords. approx.
61250, 122300.

103481 Sphalerite-pyrite from PA/bD. KRL:? , c¢oords. within quadri-
lateral of 103004, 103011, 103022 and 1063013,

For descriptions of alteration assemblages with certain of these

specimens, see Table 3-2.




210

Appendix 2

FLUID INCLUSION DATA FROM PANGUNA

A, TYPES I, IT and IV

Explanation:

Type I Inclusions predeominantly of low to moderate 5alini£y aqueous
solution,

Type 11  Gas-rich inclusions,

Type IV Inclusions with visible liquid o,.

| X - with a small solid phase, insoluble on heating;

a - the gas appears to be divided in two, probably by a
plate-like transparent solid.

?h = temperature of disappearance of the bubble in type I inclusions, QC,
or temperature of disappearance of the liquid rim in type II inclusions (and
in a few type I inclusions), OC, or temperature of disappearance of the
aqueous liquid-gas meniscus, .

ThCO2 = temperature of homogenization of COZ«rich liquid and Cﬁz—rich
gas OC.

f# = phase remaining immediately following homogenization at Th' This is

indicated only for inclusions belonging to the QP fluid association (see

text), in the following manmer:

L = liquid

G = gas

* = gupercritical fluid
B = gas, after boiling

Tf = temperature of fusion of ice, OC; in a few cases, possibly the

decomposition of other solids.
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B, TYPE III INCLUSIONS

No. with asterisk : wmeasurement made with a stage built at the

University of Tasmania.

No. without asterisk : measurement made with Chaixmeca aquipment.

TSKC§ = temperature of disappearance of the KCl crystal on heating,
°.

?SNaﬁi = temperature of disappearance of the Nall crystal on heatiﬁg,
°c.

Ty = temperature of disappearance of the bubble on heating, ?ﬂ.

Other = (a) temperature of disappearance of a salt X on heating

(T>20%)
(b} temperature of fusion of (?) hydrate phases, or salts

precipitated by cooling, during warming CTfZQOC)

<h : for Th’ when Th < TSN361, but not precisely known

>g + for TSNaSl, when TSHaCI > Th’ but not precisely known.
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Appendix 2

A RECONNAISSANCE FLUID INCLUSION AND SULPHUR ISOTOPE STUDY OF THE

PRIEDA PORPHYRY COPPER PROSPECT, PAPUA NEW GUINEA

INTRODUCTION

The Frieda prospect is in the West Sepik Province of Papua New
Guinea, ahout 50 km NNE of Telefomin at Latitude 4041’8, longitude
141°%45'g {fig. Al}. Access is by company aircraft from aaﬁﬁng, aApprox-
imately 300 km east. The prospect is in the densely forested, sparsely
populated and rugged ranges south of the Sepik trough. Despite the -
physical ¢bstacles, an intensive programme of mapping and some preiiminaxy
diamond drilling were carried out before 1974 by the Carpentaria
Exploration Company. The work continues under the auspices of Frieda
Exploration Pty Ltd, a consortium of Japanese companies and Carpentaria
Exploration.

Scope of the study. The author visited the prospect in December

1974 and collected samples for fluid inclusion, sulphur isotope and
general geclogical stuiy. The samples were taken mostly from diamond
drill core, and a few were obtained from outcrop or from float in. stream
beds. A study using these methods, (those employed at Panguna)

could not rise above the level of a reconnaissance, given the difficulty
of sampling and lack of exposure at Frieda. Alone, the study would

have been of much less value than the Panguna study. Much is added to
the Frieda study, however, by comparing the findings with analogous
results from Panguna where a broader understanding was possible. It is
recommended that the reader do so in order to make the most of the few

data presented here.




Fig. A-1l ILocality maps.

Fig. A~2 Geological map and section of the Frieda Intrusive Complex.
(mapping by company geclogists). The letters signify the
following:

A~  cross section

I Iwaiitaman (Top Camp)
K ¥oki Creek

B Ok Binai

OF Ok Flimtem

W Wisliadebém

Blank areas in the Frieda Intrusive Complex are obscured by
recent deposits.
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[T T P L

Nena Diorite Frieda Intrusive Complex *
Ambunti metam. Wogamush Beds
["7] Salumei metam. Ml April Ultramafics

¥ heavy hatching = alunitic alteration
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A note on geographic nomenclature. ‘ The name of the prospect
derives from its proximity to the Frieda River, presumably a namé of
German origin. Current usage for the immediate area of the prospect
reflects the various present cultural influences, e.g. Koki, Kumul and
¥okomo Creeks from Melanesian Pidgin; Horse, Storm and Peeache (pH)
Creeks from English {scientific and otherwise}, and many original names
from the language of the Telefomin people on whose land the prospect is
situated. In the last case, "Ok" means water or stream {as Ck ?iimﬁem}
and “Debcm“"mcﬁntain {as Wisliadebom}. In 1974,‘Japanese influence was

making an appearance among the names of helicopter landing pads.

REGIONAL GEQLOGY

Sedimentation and igneocus activity in the Mesozoic and Tertiary
have resulted in the following major units. The descriptions are
summarised from Hall & Simpson {1875); see fig. a=2.

The Salumel Formation, This is known in the Frieda area as

the Salumei Metamorphics. Slate, phyllite, sericite schist, marble,
altered mafic and intermediate velcanics, feldspathic sandstones and

greywackes make up the formation, which has been strongly deformed, and
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no bedding has been observed. Intrusions have not affected the trend

of the regional foliation.

The Wogamush Beds. This sequence of sandstones and subgrey-

wackes 1s younger than the Salumei Metamorphics, and is represented in

the immediate vicinity of the prospect by a hornfelsed shale.

The April Ultramafics. These are rare in the vicinity of the
prospect, but more common near Ok Binai. They consist of variably
serpentinised peridotites, pyroxenites and dunites.

The Frieda Complex. This is a fault-truncated, elliptical body

of intrusive anﬁ extrusive calc-alkaline rocks, 18 km by 4 km. The
complex has a congentric structure, the centre consisting of voleanic
hornblende andesite which has been subjected to strong aiqniteupyrite
alteration, possibly as a result of permeation by sulphurous volcanic
emanations. The margins of the complex coﬁsist of intrusive diorites
and anﬁesiﬁes of which thirteen varieties have been mapped. The
intrusives enclose remnants of metasediments and volcanics. The precise
form of the intrusions has not been established; Lacy {pers. comm. to
C.E.C.) h;s suggested three possibilities - a ring dyke, a cone sheet or
a central stock with a system of sills. The intrusive rocks have been
dated at 13-15 m.y. (Page & McDougall, 1972). The whole complex suggests
a volcanic centre, subsegquently intruded. Small plutons, separate from
the complex, intrude the Salumei Metamorphics to the east near the
Ok Binai camp.

structure. The dominant feature is the Frieda Fault, one of a
series of major transcurrent faults running parallel to the axis of New
Guinea. The disposition of the April Ultramafics and other intrusive
complexes appears to be controlled by the Frieda Fault. Near the prospect,
faulting of a lesser magnitude has juxtaposed the Wogamush Beds and the

Salumel Metamorphics.
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INTRUSIVE ROCKS

The division into thirteen species, on the basis of mapping, may.
to & certain extent be geographical. This is indicated by similarities
in the appearance of éome of the porphyries. FPigs. A-3 and A-5 are
detailed geclogical maps of the intrusive rocks in the main mineralised
aresas.,

In general, the intrusive rocks are plagioclase porphyries.. (Despite
the "guartz" ap#ellations in some cases, guartz i# not nearly as evident
as plegioclase in hand gpecimens.) The plagioclase phenocrysts ;re
commonly several mm across, and show spectacular oscillatory zoning
(e.g. 47610). Hornblende is, or was, the major férromagnesian mineral,
but is commonly replacéd by biotite. Primary hornblende cccurs in the
leucocratic Quartz Andesite (47601}, the Porphyritic Hornblende Quartz
Andesite {47607) and the Koki Quartz Andesite Porphyry (47602). Biotite
phenocrysts may have been present in the Leucocratic Quartz %ndesite
"{47601). In the Porphyritic Hornblende Quartz Andesite (47607} there
are prominent xXenoliths of quartz and quartz dicrite. BApatite, zircon
and opagues are minor phenocryst species. The groundmasses of the
porphyries axe commonly altered te such an extent that the original
mineralogy is obscured.

The porphyry (47605) which intrudes the Salumei Metamorphics near
Ok Binal differs from those of the complex in having a higher phenccryst
to groundmass ratio and in being richer in gquarts.

The sequence of intrusion, as deduced by company geologists for
the Koki Creek and Ok Flimtem are%s, is summarised below. No correlation

between the two areas is offered.



200m

W‘ogémush Beds

Koki qtz. andesite porphyry
West Koki gtz. andesite
m Kumut gtz andesite porphyry
Leucocratic qtz. andesite
E Storm Creek dacite

- Fine -grained hbl. andesite

Fig. A~3 Koki Creek mineralised area:

by company geologists).

geology {(mepping



200m.

10000 E

497
489 YA-Y.
&
1000 N
C$§;
%

#501%571 *484

© 492

Fig. A=-4 Koki Creek mineralised area: sample
locations. The numbers shown are
rrefixed by 103 in the University of
Tasmania catalogue, e.g. 492 is
gatalogued as 103492, 486 was
taken from waterborne gravel at the
site indicated; others in sifu.

«502,514




| ERR [T Flimtem trachyandesite
Leuc.gtz andesite |#* | Porphyritic hbl. andesite
Porphyritic gtz hbl. andesite
e — 12| Wogamush Beds
200m Salumet metamorphics
Feldspar diorite porphyry

Fig., A-5 Ok Plimtem and Ok Emtem mineralised
areas: geology (mapping by company
geoclogists) .




*494

» 47607
~_ei80512  *483
* 499,500,
506

100008
110008

*513

Fig. A-6 Ok Flimtem and Ok Emtem mineralised areas: sample locations. The three~
digit numbers shown are prefixed by 103 in the University of Tasmania
catalogue, e.g. 483 is catalogued as 103483. 485 was taken from water-—
borne gravel at the site indicated; others in sifu. ’
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Intrusive Sequence in the Frieda Prospect

KOKI CREEK ' OK FLIMTEM

Youngest
Teucocratic Quartz Andesite Flimtem Trachyandesite

Storm Creek Dacite

Porphyritic Hormblende Quarts

Kumul Quartz Andesite Porphyry Andesite

Roki Quartz Andesite Porphyry
Wogamush Beds ~ Wogamush Beds

Oidast

ALTERATION

The patterns of alteration are far from c¢lear. A detailed study
is at present being undertaken by R. Britten.

Potagsic alteration. As mentioned above, secondary blotite

commonly pseudomorphs primary hornblende (e.g. 47609}, and may revlace
other elements of the porphyries to a lesser extent. X-feldspar occurs
as thin selvages along veinlets (Hall & Simpson, 1975), and a 1 ¢m vein
of massive K~feldspar was observed in the bed of Koki Creek. Thus the
potassic alteration at Frieda is typical of the pattern in the Southwest

Pacific: abundant biotite and less important feldspar {Gustafson, 1978).

The most extreme example of potassic alteration seen in the suite of rocks

ig in 47600, the so—-called Thermally Altered Hornblende Diorite, an
altered porphyry from the southern part of the ¢k Flimtem aréa.
Aggregations of opaque crystals are associated wiﬁh coarse biotite,
anhydrite, secondary guartz and a little rutile.

Phyllic alteration. Hall & Simpson (1975) report that secondary

quartz and variable sericitisation of feldspars are found in association

with potassic alteration. The presence of sericitic vein selvages cutting

‘
N
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potassic alteration suggests some of the sericitic alteration is later

than the potassic.

Propylitic alteration. Chlorite—epidote-sericite~calcite~

anhydrite alteration has been observed around the peripheries of both
mineralised areas {Hall & Simpson, 1975). This author has observed
epidote alteration of plagioclase near small pyrite-bearing veins in
the Feldspar Diorite Porphyry at Ok Emtem {47610}.

Other notes. (a) Simpson (pers. comm. 1974} recognised a
central unaltered zone in the Koki Creek area. (b) During this study,
it was noted that there seemed to be an upper limit to the cccurrence
of anhydrite and gypsum in the drill cores examined. BAbove this 1i§it,
there were calcite veins. A similar phenomenon occurs at Panguna

{Baumer & Praser, 19875), vwhere it appears to be related to the topography.

MINBRALISATION

The sastern side of the Frieda Complex includes a broad area of
weak éopyer mineralisation, and a further area, detached from the Compiex,
is situated in a stock of porphyry near Ok Binai. In 1974, exploration
had revealed two concentrations. of mineralisation worthy of interest,
thoze around Koki Creek and Ok Flimtem. They do not appear tg he
connected, and their geoclogy differs in certain respects, e.g. the presence
of an unaltered centre at Koki Creek. Ilacy (pers. comm. to C.E.C.)
suggested that the Koki Creek mineralisation was the deeper—-seated of the
two.

Disseminated mineralisation and wveins account for equal ﬁrpportions
of the copper in the intrusions (Hall & Simpson, 1975). At Koki Creek,
‘the mineralisation seems to be closely associated with the Koki Quartz

Andesite Porphyry, and at Ok Flimtem, with the Porphyvritic Hornblende
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Quartz Andesite. There is no zone of supergene enrichment. The ridaes
are oxidised to a Gepth of 75 m, and watercourses intersect hypogene
sulphide.

The following styles of mineralisation and veining were observed

in the diamond drill core remaining after assaying.

Disseminated sulphides: both pyrite and chalcopyrite as crystals,

irregular blebs or replacing ferromagnesian minerals.

Sulphide-only veins: pyrite veins with bleached, sericitic margins, and
pyrite or ch&icépyrike in continuous or discontinuous veinlets with no
obvious selvages.

Quartz veins: barren, massive quartz; gquartz with a central seam of
sulphide {commonly pyrite); quartz with disseminated sulphide {pyrite,
chalcopyrite, bornite and minor molybdenite and pyrrhotite}, magnetite
and rutile alsc occur ; and quartz-pyrite veins with characteristic
milky ¢uartz from the Salumei Metamorphics.

Anhydrite veins: purple anhydrite in veins up to 2 em thicks of coarse

tabular or finer, equant crystals; commonly containing pyrite; and white
anhydrite in veins up to 2 om thick or as breccia matyix, consisting of
coarse tabular crystals and commonly containing chalcopyrite. The white
and purple cannct be clearly distinguished accox&ing to their sulphides;
minor pyrite has been observed in the white, and mincr chalcopyrite and
molybdenite in the purrple.

Calcite veins: white, opague veins up to 3 cm thick, cccasionally

containing pyrite. A few veins contain both caleite and anhydrite, but
as noted above, the two minerals-characteristically occur in different
zones at Frieda.

Hematite veins: weins of red, flaky hematite up to 1 cm thick, some

associated with pyrite; borders to  the clasts of a breccia with a white

anhydrite and pyrite matrix.
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Gypsum veins: thin, transparent wveinlets, and selvages to anhydrite

veinsg.

Skarns: these rep}aoe calcarecus members of the sélumai Metamorphics.
Marble is common among the boulders of Ok Emtem where most of the

skarn outcrops are to be found; there they may be associated with the
Feldspar Diorite Porphyry. Magnetite-, hematite- and pyrrhotite-rich
outcrops were observed, but the hematite may be a surface alteration
product. Pyrite in lustrous crystals bands magnetite and pyrrhotite
in 103509, and there are bands of epidote, amphibole and garnet with
the ores in 103507 and 103508.

An attempt was made to establish a sequence .of mineralisation

events. The very small number of relevant observations suggested the

following:

Oldest Quartz . cannot differentiate ages of
‘ various types of guartz veins.

Pyrite (bleached margins) alteration as evidence
{see text)
Purple anhydrite order?
based on one observation
White anhydrite
Discontinuous sulphide

Youngeet Gypsunm

Since anhydrite is easily remobilised, the relationship of quartz and

anhvdrite is also unclear.



247

FLUID INCLUSION STUDIES IN QUARTZ VEINS

Only three of the many prepared samples contained sufficient fluid
inclusions to be of interest. Two of these came from float in créegw
beds. Some quarts veins had been deformed and retained few inclusions;
others were optically unsuitable. In this respect, the study was dig-
gppointéng, but it nonetheless indicates the types of fluid that were
present. The fluid inclusions are alassifie& as follows:

Type I Inclusions of low to moderate salinity, not saturated in
ﬁaCl at room temperature.
Type II  Gas-rich inclusions with small liguid rims. Some contain
daughter minerals.
fype III Salt-rich inclusions containing halite, sylvite and commonly
birefringent salts, opague crystals (some chalcopyrite) and
hematite as daughter minerals.
No inclusions bearing CO, were seen, and the formation of CO; hydrate
was not observed in any rum. The crushing of guartz released énly
minor CO2, if any. No definite primary inclusions were identified. 1In
addition to the fluid inclusions, solid inclusions of hematite, and
others similar to those identified ag anhydrite at Panguna were noted.

Inclusions of types I and III were heated; and type I inciuéions
were frozen, on the Chaixmeca eguipment described in Chapter 4. The
inclusions at Frieda are generally small (<20 3 across) s& that all
measurements, and particularly Ty measurements in type I inclusiéns, are
difficult. The data are listed in Table A-1l.

Type I inclusions. Ty Measurements ranged between -38 and GQC

{salinities of 0 - 23% eg. NaCl, or greater), and homogenisations between
50 and 515°C. Apart from a small group of type I inclusions with Ty in

the range 500 - EISQC, the Ty, readings were below QIQOC and most were in
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the range 270 % 50°c. The data are presented as histograms in fig, A~7

B and C. In fig. A-9, the seven available Ty Tg pairs are plotted on

a Ty vs. T¢ diagram. No salinities were determined for the inclusions
with Ty, = 500 - 51500, but from a consideration of critical compositions
in the NaCl-H,0 system, these must contain more than 10% eq. NacCl
(Sourirajan & Kennedy, 1962). Pressure corrections are presumably
necessary for the type I inclusion data, because there is no evidence
that these f£luids boiled. The only indication of what the fluid pressure
might have been at Frieda iz the vapour pressure of the salt;rich liguids
{see below). If the pressure was similar to that at Panguna, the
correction would be 25 £ 10°C.

Type IILI inclusions. These occur in association with type II

inclusions in all three specimens. Although no osther evidence is available™
at Frieda, this presumably indicates that the salt-rich liguids were
boiling, as xis thought at Panquna (see Chapter 4). Alsc by anag;;;W\
with Panguna, the composition of the salt-rich inclusions suggests a close
agssociation between salt-rich liguid and ceopper deposition at Frieda.
Examples of a type II and a type III inclusion are shown in fig. A-lo;

TghaCl and T, data are presented as histograms in fig. A-7 A.
Measurements on type III inclusions were subject to the same &ifficﬁlties
gncountered at Panguna, i.e. heterogeneity at trapping, the reversal of
homogenisation order and the metastability effect described in Chapter 5.
the three specimens 103482, 103483 and 103486 from which sufficient data
were opbtained are distinguishable from each other by their Ty ana T NaCl
disﬁxi@uﬁ;onﬁ, and this suggesﬁs that with a better suite of samples, a
study of gimilar nature to the Panguna study would have heen possible.

T NaCl data cover the entire range 300 - >580°C in 103486 alone,

but modal T NaCl values are defined in each of the specimens, Both

TSN&C1 and T$K01 were measured in four inclusions. Thesze data have




Fig. A~7 Histograms of fluid inclusion data.

A.

Ty, (white) and T NaCl (black) for type ITI inclusions
from ¢gquartz veins. Specimen numbers indicated at top
left. The symbol "9<" means that nine Tp values were
less than T _NaCl in the respective inclusions, but
were not determined precisely. The temperature scale
breaks at 580°C; to the right, T > 580°C.

Ty for type I inclusions from guartz and anhydrite
veing. Black indicates readings from purple
anhydrite, and white from white anhydrite.

Ty for type I inclusions from quartz and anhydrite
veins. Black indicates readings from purple anhydrite,
and white from white arhydrite.
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Fig. A~-8 Ty vs. T NaCl for type III inclusions from gquartz veins.
Data for which only an upper limit was fixed are
indicated by a point with a bar on the T NaCl = Ty line.

Fig. A-9 Tg vs. Ty for type I inclusions from quartz and
anhydrite veins.
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Fig. A-10 A. a type IT inclusion from 103486. g = gas.

B. a type III inclusion from 103486. o = opague,
g = gas, h = halite, s = sylvite, b? = possible
birefringent salt.

Fig. Ba~11 §3%3 for anhydrite, pyrite and chalcopyrite as a
function of A anhydrite-gulphide.
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already been considered in Chapter 10 where they were compared with
the trend established by the Panguna data. They fit the trend approx-
imately, but are not numerous enough to confirm a trend for Frieda.
The salinities of these four inclusions range between 55% total salts
(15% KC1 + 40% NaCl) and 66% total salts (18% KCl + 48% NaCl) according
to the data of Ravich & Borovaya (1949). The whole salinity range is
broader, particularly in the direction of lower salinities.
T NaCl and Ty data together indicate the range of phase behaviour
found in the salt-rich ligquids. 1In fig. A-8, Ty, is plotted against
TgNaCl and the following types of salt-rich liquid are indicated:
(i) Unsaturated liguid at high temperatures (>5800C), for T_NaCl
* 500°C, mainly in 103486.
(ii)  Near-saturated liquid at T,, = TgNaCl =~ 420°C, in 103482.
{iii) Unsaturated liquid at Ty, = 4800C; TgNaCl = 4000C, in 103486.
(iv) Supersaturated liquids at TgNaCl = 500°C Ty, =-4500C, and at
higher and lower T NaCl in 103486; at TgNaCl = 500°C, Ty, = 270°C,
and T NaCl = 340°C, T, = (2)230°C in 103483.
The importance of each type of phase-behaviour, quantitatively and
spatially, cannot be assessed without a more comprehensive set of
specimens. The varieties of salt-rich liquid noted at Panguna are present
with the exception of the lower-temperature unsaturated liquids. Frieda
also differs from Panguna in that there appears to be unsaturated
liquid at 480°C and supersaturation continues to T NaCl below 430°C. The
very high degree of supersaturation in 103483 is not‘matched at Panguna,
nor are the inclusions with TSNaCI > 580°¢ (although these are so few and
so scattered in 103486 that they may well be spurious, the result of
necking down). The evolution of salt-rich liquid at Frieda may thus be
different from, and possibly more complex than, what has been deduced at

Panguna.
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The maximum temperature at which salt-rich liquid was present
was >5800C. A minimum temperature is difficult to fix. The Ty values
indicated for éupersaturated fluids (minimum 24OOC in 103483) may not
be reliable, as is suspected for some of the supersaturated liquids at
Panguna (Chapter 5). The T), measurements for 103482 indicate a
temperature of. 400 - 43000 for the near~saturated liquid in that
specimen. This liguid would have had a vapour pressure of 200 ; 300 bars
like similar liquids at Panguna (Ravich &‘Borovaya, 1949). The appareﬁt
high degree of supersaturation in ceftain‘fluids at Frieda could
iﬁdicate lower pressures, however, and there is no indication of the
geometry of the distribution of homogeﬁisation pheﬂomena. A knowledge of
the distribution at Panguna was important to the understanding and inter-
pretation of the vapour pressures of salt-rich liquids. Thus the
formation pres;ure at Frieda is uncertain. If the Frieda Intrusive
Complex does indeed represent an ancient intruded volcanic edifice,

pressures comparable with oxr lower than those at Panguna are very likely.

PLUID TINCLUSION STUDIES IN ANHYDRITE VEINS

Type I inclusions, generally of secondary habit, are the most
abundant fluid inclusions found in anhydrite veins from Frieda. Several
contain opaque crystals. Rare type II inclusions, and rarélinclusions
with phase ratios between those of types I and II were also observed, but
because of their relative rarity, and because anhydrite cleaves easily,.
permitting the escape of fluid, these may be spuriocus. One inclusion,
number 39 in 103512, appeared from its phase properties at temperatures
less than 20°C to contain a fluid other than water. Rare solid inclusions
of hematite were noted.

The inclusions are small, commonly less than 10 u long, and rectang-

ular in shape. Because of small size and metastability, Ty measurements
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could not be made on most. BHomogenisaticon temperatures were also
difficult to measure in the usual way. It was possible to measure Ty
in very small inclusions by using the rapid and easily-visible Brownian
motion of the bubbles in these inclusions when they were cooled at
temperatures just below Tp. (The bubble remains stationary as the
temperature rises.) A sample was heated SOC, cooled 2.5°C, heated SOC,
cooled 2.5°C and so on. Finally, Brownian motion was not observed
during a cooling period, so that homogenisation must have occurred
within the preceding 5°C rise in temperature.

The data, presented as histograms in figs. A-~7 B and C, are dis-
tinguished according to the colour of the anhydrite. They are chiefly
of interest in comparison with the data from type I inclusions from
quartz veins. Tg values define a broad range, -12 to -28°C in purple
anhydrite and -6 to ~22°C in white anhydrite. The lowest salinities
found in typé I inclusions from quartz veins were not noted in anhydrite;
this may be because the inclusions in anhydrite are saturated in calcium
sulphate. Many type I inclusions initially without bubbles nucleated
them during freezing runs. T}, measurements covered the range 60 - 32000
for all veins, and for purple anhydrite aione. White anhydrite gave a
range of 80 - 220°C.(Higher Ty, values, not actually determined, are
thought to be spurious and due to leakage.) These temperatures should be
subject to the same pressure corrections as Ty, measurements from quartz
veins, and therefore the secondary, low to moderate salinity fluids in
both vein sets appear to be similar. The same conclusion can be drawn

from the Ty vs. T plot, fig. A-9.

£
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SULPHUR ISOTOQOPES

Twelve samples of pyrite (not including pyrite~anhydrite veins)
were prepared and analysed in the same way as specimens from Panguna
{(see Chapter 11). They were chosen to represent a broad selection of
the types of pyrite at Frieda, including vein and disseminated pyrite,
specimens from the Ok Flimtem and Koki Creek areas and others from
Ok Binai, the skarns and the Salumei Metamorphics. The results are
listed in Table A-2. The §3%s values fall in the range -1.6 to +2.1%.
(without anhydrite vein data) or -2.6 to +2.1% (all data). They show
no regularities as a function of mineralisation-type or of location.

Eight anhydrite-sulphide pairs were analysed, and the §34g
measurements and temperatures are listed in Table A-2. For anhydrite,
the §3%s range is +10.1 to +17.6%. , and the two samples of chalcopyrite
gave -3.5 and +0.1% . Data for individual pairs were converted to
temperatures with calibration equatidns from Ohmoto & Rye (in press).
The temperature ranges are 356 - 6??00 for all, and for white anhydrite,
and 414 - 524°C for purple anhydrite. Thus the temperatures of formation
do not seem to correlate with colour in these anhydrites. The isotopic
temperatures certainly do not agree with the temperatures given by type I
inclusions in the anhydrite (these inclusions were presumed to be
secondary), but they do correspond with the temperatures from type III
inclusions in quartz. A plot of §3% vs. A {(fig. A-11) was drawn up from
the anhydrite-sulphide data. The construction and uses of this type of
plot have been discussed in Chapter 11. The data do not define a single
pair of straight lines unless there is considerable scatter, but they
appear (with the exception of one data pair} to fit two pairs of lines,
representing two different states of oxidation. One state is identical

(according to the slopes of the lines) with that at Panguna; the other
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is more oxidising. The pair of lines indicating the lower oxidation
state is defined by data from the Koki Creek area, and the other by

data from Ok Flimtem and oﬁe specimen from south of Koki Creek. Thus

the distinction may correspond with different centres and episodes of
mineralisation. As shown in fig. 11-3, the fractionation to be expected
between pyrite and chalcopyrite is not great enough at these temperatures
to account for much isotopic difference between the two, so that both
minerals would be expected to plot on nearly~similar lines.

Both pairs of lines converge to +1% at A = 0, implying that the
salt-rich liquid had §3%s = +1s. throughout mineralisation, independent
of the oxidation state. The isotopic composition of magmatic sulphur
cannot be determined at Frieda with any certainty because of the
difficulties discussed in the context of Panguna in Chapter 11. No
explicit evidence for early fluids at relatively low oxidation states
has been uncovered in this study, but the evolution of such fluids is
implicit in the high oxidation state during copper mineralisation
(according to the presence of hematite, and the comparison of S—isotopes
with Panguna). The salt-rich liquids in both deposits had 83%g = +1%.;
this suggests that the processes leading to the expulsion of salt-rich
ligquid from the magmas had much in common an both deposits. An explana-
tion of the regulation of the isotopic composition of the salt-rich
ligquids will be an important factor in an improved understanding of the

magmatic-hydrothermal processes in porphyry copper deposits,

CONCLUSIONS

salt-rich ligquid, apparently boiling, was present at temperatures
from a possible minimum of 240°C to greater than 580°C. Salinities of
55 - 66% total salts have been measured. Observations of fluid inclusion

homogenisation behaviour in three specimens indicate the presence of
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high~temperature (>580°C) unsaturated liquids, supersaturated liquids

and near-saturated liquids (at 400 =~ 430°C). Secondary fluids in
inclusions from quartz and anhydrite contained 0 - ~25% eq. NaCl, and
most were present at 200 ~ 350°C {assuming only a small pressure
correction). Although lacking in detail, the fluid inclusion work at
Frieda indicates that fluid phenomena similar to those inferred at

Panguna took place at Frieda, and that the evolution of fluid compositions
may have been more complicated at Frieda.

Temperature determinations based on sulphur isotope fractionation
between anhydrite and sulphides gave a range of 356 ~ 67700, which agrees
with the range of temperatures from type III inclusions. The isotope
data may indicate two different states of oxidation during copper
mineralisation, one similar to that at Panguna, the other higher. Both

data trends indicate that the salt-rich liquids had &§3%s = 1%..

REFERENCES

BAUMER, A. & FRASER, R.B., 1975. Panguna porphyry copper deposit,
Bougainviiie. In Economic Geology of Australia and Papua
New Guinea. 1. Metals. 855-66. Australas. Inst. Min.
Metall., Melbourne. 1126 p.

GUSTAFSON, L.B., 1978. .Some major factors of porphyry copper genesis.
Econ. Geol. 73, 600-607.

HALL, R.J. & SIMPSON, P.G., 1975. The Frieda porphyry copper prospect,
Papua New Guinea. In Economic Geology of Australia and Papua
New Guinea. 1 Metals. 836-45. BAustralas. Inst. Min.
Metall., Melbourne. 1126 p.

OHMOTO, H. & RYE, R.0., (in press). Isotopes of sulphur and carbon. In
Barnes, H.L. (ed.), Geochemistry of hydrothermal ore deposits.

2nd ed. WwWiley.




255

PAGE, R.W. & McDOUGALL, I., 1972. Ages of mineralisation of gold and
porphyry copper deposits in the New Guinea Highlands.
Econ. Geol. 67, 1034-1048.

RAVICH, M.I. & BOROVAYA, F.E., 1949. Fazovyye ravnovyesiya v troynykh
vodno-solyevykh sistemakh pri vysokikh tyempyeraturakh.
(Phase equilibria in ternary water—salt systems at elevated
temperatures.) Akad. Nauk. S.S.S.R., Izvestiya Syektora
Fig.- Khim, Analiza, 19, 69-81.

SOURIRAJAN, S. & KENNEDY, G.C., 1962. The system NaCl-H,0 at elevated

temperatures and pressures. dmer. J. Sei. 260, 115-141.



Tabl(-‘; A-1

FLUID INCLUSION DATA, FRIEDA

1. Quartz veins, Typa I inclusions - 2, Quartz veins, typs IIX inclusions.

Humbey T, LN Number T, T Nusber T KCL T Nac1 h Number T X1 Tgtiacl Ty,
103482 103486
1 ~33.6 1 0.0 130t10 103482 cont- 498 >580
2 ~38 227 2 -1.0%1.0 1 118 403 38124 7 50125 <h
3 254 3 -3.5 2 115 428 40110 8 504 >SB0
4 250 4 ~0.1 3 44942 74 9 172 48745
5 222 5 0.0 5515 4 448 <h 10 164 343
6 24653 6 -1.2 s >g  t T 352:10 1 50023 <h
? 24482 7 >580 & 40412 >h 12 494 >580
8 =14.7 287 8 ~-16.3 >380 7 0 -, 13 434+5 >580
5 -16.6 no buhble 9 6422 8 416 407 12 - »580
10 -14.8 165 10 10212 9 39645 15 51428
1 51522 1 139 10 3965 16 ass <h
12 51582 12 10242 .1 394 17 116 493
13 >506 13 ~0.8 12 399 409 18 53242
14 225 . .14 E 102¢2 13 415 439 19 526 >554
15 246 ) 15 ° -7.9 187 . . 20 430 <250
16 225 L 16 . 31024 103483 : 21 < 506 . 49314
Y “ ' 1 » 276 : i 275 2 396 463
103483 . o ;g ;’;g“ 3 528 236 24 T 4094 <n
1 -26.8 259 AT A fost ) 4 126 <h 25 519 4696
2 222¢F N ) 5 as2 <h . 26 . 518 <h
3 0.0 ‘ o 306 s 330 < - 27 545 <
23 W 7 524 28025 26 372110 47629
103484 :g ;:3413 8 520t5 <h 25 462 <300
1 - 286 9 50823 <h 3o 453
: 2 e 10 . 50923 <t E3 487
2 32 u . 509t3 <h 32 507
12 ;01 - <h 13 - 508 <370
13 34613 240 34 >580
103485 . 14 34643 <h 35 47315
- ' 36 >580 <280
103484 : ’ 37 573
. a8 5033 >580
1 276 85 3, 56343 >580
40 . 517
103485 Ca 487
1 261 42 52084
2 207%10 43 : >580
3 20710 4 4845 sh.
4 m a5 25584 >h
46 48735
103486 o >580
1 5015 >580 :Z ' ::g:g »
2 4735 >580 byt 40524
3 507 >s80 51 36543
4 514 420
: 52 36745
5 49218 <




Table A~1 cont.

3. Anhydrite veins, type I inclusions.

Rumber Ty T ! umber Te Th
103502 white cont.
1 6.4 no bubbls 0 -ls.s 274
> Ry 1L -16.6 320
: e 12 ~21.4 251
4 -7.3 17 13 -15.1
5 -19%1 9213 1® 194
6 1142 15 -15.5
7 1162 e -12.7
. s 17 -16.0
16 -15.5
103503 purple s -1l.8
20 -15.8
1 15425 21 -17.9 276
2 16023 22 ~14.8 109
3 209¢3 23 313
4 20215 24 27013
25 . 27452
103504 purple 26 ~-15.3
) 108 27" 141
2 m 28 -17.4
3 95 29 218
; b 36 -11.8
5. 100¢5 31 ‘ 206
: o113 2 151
7 m 13 212
34 221
103505 white 3 223
36 237
1 110 37 308
3 106 38 : s
39 . 10.6
103511 white o
* opague phase fuged -7°C,
1 115¢5 bubble changed shape +3°C.
103512 purple 103513 white
1 ~-13.0 1 -12,3 no bubble
2 -20.8 2 i >311
3 -26.6 3 >311
" ~12.5 : >350
5 -18.6 5 176
s ~19.6 s 148
7 ~13.4 7 13213
a ~-12.4 a »350
9 -18.4

Table A~2

SULPHUR ISOTOPE. DATA, FRIEDA

Sulphate-Sulphide

Number Te Ty

103514 purpls
1 113
2 113
3 129
4 138
S 147 -
6 12843
7 113
8 135
9 135
10 138
11 154
12 287+2
13 27742
14 27212
15 N 277£3
16" 270
17 2772
18 27742
19 27742
20 29222
21 277%2 -
22 klen)
23 28742
24 27172
25 282£2
26 306
27 27212
28 277%2
29 27712
30 2772
i 28782
32 304
33 287£2
34 296
35 -« 28025
36 308 .

Anhydrite Sulphide .
Hunber Aran colour %3 a, 6% « A £ % »
103499 Flimtem white +12.2 0.0 py 12:2 519 £ 32
103500 Flimtem white +10.1 +0.1 cop 10.0 631 £ 46
103501 Kokl purple  +11.3  =2.0 py 13,3 485 % 28
103502 sth Xoki white +17.6 -0.6 py 18.2 374 % 18
103503 Xoki purple +11.4 ~2.6 py 14.0 466 1 27
103504 Xoki purple #17.0 +1.9 py 15.1 438 £ 24
103505 Koki white +14.8 ~3,5 cep 18.3 393 19
103506 Flimtem purple +12,7 ~-0.3 py 13.0 494 & 30
K data from Ohmoto and Rye (in pnsa).’
Pyrite
Number Araa ‘ Type ﬁa“sm, L.
103487 Xoki " pyrite vein +0.4
103488 ¢k Binal pyzite vein from porphyry +1.2
103489 ¥oki quartz-pyrite vein +2.1
103490 Flimtem quartz-pyrite vein ~-1.2
103491 Storm Ck quartz-pyrite (from Salumti .-—lfG
" Metamorphies)
103492 S. Kokl Quartz-pyrite vein -0.7
103492 Storm Ck quartz-pyrite {molybdenite) ~0.4
103494 Flintem quartz-pyrite vein «~0.9
103495 Koki pyrite with quartz selvage -1,2
103496 Stoxs Ck guartz~pyrite vein ~0.9
103457 Koki pyrite disseminated in chalky +1.3
&lterva rock
103458 Storm Ck sharn -0.1



47600

47601

47602

47603

47604

47605

47606

47607

47608

47609

Table A-3

LIST OF SPECIMENS FROM FRIEDA

"Thermally Altered Hornblende Diorite" - porphyry altered to a
biotite-quartz-anhydrite-pyrite assemblage. ©0k Flimtem area,
exact coordinates not known.

Leucocratic Quartz Andesite ~ a fresh porphyry with plagioclase &
hornblende phenocrysts in a groundmass of plagioclase, hornblende
quartz and opaques. Kumul Ck, Koki Ck area, exact coordinates
not known.

Koki Quartz Andesite Porphyry. Heavily altered porphyry with
plagioclase, hornblende and minor apatite phenocrysts in a quartz-
biotite~chlorite-opaques groundmass. KXoki Ck, Koki Ck area.

Exact coordinates not known. '

Flimtem Trachyandesite. A porphyry with plagioclase and hornblende
phenocrysts and xenoliths in an (?) altered feldspathic groundmass.
Ok Flimtem, Ok Flimtem area. Exact coordinates not known.

Wogamush Beds. Veined, hornfelsed shale. Koki Ck, Koki Ck area.
Exact coordinates not known.

Ok Binai Porphyry. Plagioclase and biotite phenocrysts in a quartz-
Plagioclase~biotite~chlorite-opaques (accessory apatite, zircon}
groundmass. From a small tributary of Ok Binai SE of Ok Binai

Camp. Exact coordinates not known.

Kumul Quartz Andesite Porphyry. Very altered porphyry with
plagioclase and ferromagnesian phenocrysts altered to biotite,

in a groundmass largely of secondary biotite, quartz and opagques.
Koki Ck, Koki Ck area. Exact coordinates not known.

Porphyritic Hornblende Quartz Andesite. Fresh porphyry with
plagioclase, hornblende, apatite, quartz and opaque phenocrysts in
a quartz-plagioclase groundmass with secondary chlorite, calcite,
anhydrite and biotite. Plentiful xenoliths. From Ok Flimtem area,
DDH 48, 287.8 m. Coords. 10100E, 9145N.

Storm Creek Diorite. An altered porphyry with phenocrysts of
plagioclase, gquartz and hornblende (altered, except the quartz,
to biotite, chlorite and sericite) in a fine-grained, extremely
altered quartz-biotite-chlorite~? sericite groundmass. From
Koki Ck area. Exact coordinates not known.

West Koki Quartz Andesite. BAn altered porphyry of plagioclase and
quartz phenocrysts set in a very altered groundmassof quartz,
biotite, chlorite, sericite and opaques. From Storm Ck, S. Koki Ck
area. Exact coordinates not known.




47610 Feldspar Diorite Porphyry. An altered porphyry of plagioclase
phenocrysts (altered to epidote) and micro-phenocrysts of hornblende
and apatite in a quartz-sericite-opaques groundmass. Ok Emtem.
Coords. 11570E, 9Q60N.

103482 Quartz vein with chalcopyrite, from DDH 8, 80 m. Coords. 9645E,
11080N.

103483 Quartz vein with chalcopyrite, from surface. Coords. 9845E, 9060N.

103484 Quartz vein with minor ? pyrite, from DDH 50, 293 m. Coords.
95508, 10890N.

103485 oQuartz wvein with chalcopyrite {(oxidised to covellite), from float
in Ok Flimtem. Collected at coords. 10460E, 9040N.

103486 Quartz vein, from float in Kumul Ck, collected at coords. 94?SE)
11205N. ‘ '

103487 Pyrite vein, from DDH 11, 233 m. Coords. 9700E, 11225N.

103488 Pyrite vein from Ok Binai porphyry, exact coordinates not known.
The porphyry is SE of the Ok Binai camp, fig. A-2.

103489 Pyrite vein from DDH 62, 60 m. Coords. 9080E, 11065N.

103490 Quartz-pyrite vein from DDH 30, 451 m. Coords. 9650E, 9025N.
103491 Quartz-pyrite vein from DDH 53, 120.m. Coords. 11120E, 10260N.
103492 oQuartz-pyrite vein from DDH 25, 7 m. Coords. 9680CE, 10505N.

103493 oQuartz-pyrite vein with minor molybdenite, from DDH 32, 168 m.
Coords. 9780k, 10105N.

103494 Quartz-pyrite vein, from DDH 18, 229 m. Coords. 9840E, 9170N.
103495 Pyrite vein from DDH 28, 127 m. Coords. 9555E, 11555N.

103496 Quartz-pyrite vein, from DDH 37, 104 m. Coords. 10475E, 10100N.
103497 _Pyrite vein from DDH 65, 45 m. Coords. 9700E, 11225N.

103498 Pyrite-bearing skarn from DDH 53, 90 m. Coords. 11120E, 10260N.

103499 White anhydrite vein with pyrite from DDH 40, 314 m. Coords.
10045E, 8965N.

103500 white anhydrite vein with chalcopyrite from DDH 41, 345 m.
Coords. 10045E, 8965N.

103501 Purple anhydrite vein with pyrite from DDH 51, 372 m. Coords.
9415E, 10880N.



103502

103503

103504

103505

103506

103507

103508

103508

103510

103511

103512

103513

103514

Breccia with matrix of white anhydrite, hematite and pyrite from
DDH 35, 556 m. Coords. 91600E, 9995N.

Purple anhydrite vein with pyrite from DDH 50, 287 m. Coords.
9505E, 10885N.

Purple anhydrite vein with pyrite from DDH 61, 341 m.
Coords. 9120E, 11485N.

' “+

White anhydrite vein with chalcopyrite from DDH 50, 311 m.
Coords. 9490E, 10885N.

Purple anhydrite vein with pyrite from DDH 41, 335 m.
Coords. 10045E, 8965N.

Magnetite-garnet skarn from Ck Emtem. Coords. 11520E, 9075N.
Magnetite skarn from Ok Emtem. Coords. 11520E, 9075N.
Pyrite~magnetite skarn from DDH 53. Coords. 11120E, 10260N.

Breccia with white anhydrite and calcite matrix from DDH 26,
249 m. Coords. 9375E, 11565N.

White anhydrite vein with chalcopyrite from DDH 51, 413 m.
Coords. 9485E, 10840N.

Purple anhydrite vein with pyrite from DDH 30, 597 m.
Coords. 9650E, 9025N.

White anhydrite vein with pyrite from DDH 46, 253 m.
Coords. 10130E, 8735N.

Purple anhydrite vein from DDH 35, 519 m. Coords. 38600E, 9995N.





