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ABSTRACT

The gold—éilver telluride deposits 6f thé Eﬁperor minel
(Vatukoula, Fiji) are fairly typical‘of éhe epithermal deposits found
" in association Qith Tertiary volcanic éctivity'in the circum-Pacific
belt.. The mine produces abéut 60,000 troy ounces'ofiéold per annum,
toggfher with silver and tellurium. It ligs on the western margin-of
a Plioceﬁe caldera (the Tavua caldera or Tavua basin) and the host
rocks fér the mineralization are olivine ba#alt flows apd andesi#e
dykes. The olivine basalt sequence is about 2000 m thiquénd is
probably underlain by mid-Tertiary célcareous sedimentary rocks
approximafely 1500 m thick. The sedimentary rqcks are probably under-
lain by early‘Tértiary andesitic rocks.

Five phasés of‘volcanic (and associated intrusive) activity
ha?é been:?ecognised‘in tﬁe.Tavua cauldron. The K-A; dating indicates
twb mgjor periods of igneous activity, which commenced at about iOAm,y;.
with widespreadberuptions of olivine basalt (phase I) and continued to .
about 7.5 m.y. A period of auiescence followed. The later phases of
volcanic activityx(ph;ses II to Vf aate between 5 and:4}3 m;y,>'
APhasevII volcanism is represented by minor eruptions.of'trachybasait;
phase III by augite trachyandesite, phase IV by,biqtiﬁe trachyandesite.‘
‘and phase V by moﬁéoﬁite and trachyte.l The léter phéSes (bhaseﬁ III'to
V) are essentialiy intrusive in nature éhd a#e represented by cone
sheetg, ques and small plugs, and geperéllyuogcur withib,thé limits of
the calderaf_ Te13°-xé13° dating on a tellﬁride samplebgave an aée of -
7.2 m.y. indicatipg that the buik of the mineralization was probably

associated with the first period of igneous activity (10 to 7.5 m.y.).



Initial hydfothermal activity resulted in Widespread
propylitization and carbonatization of basalt, and this was followed by
limited K-silicate alteration énd mineralization. The lodes are
essentially fracture fillings with well-developed crustification
textures and»vugs. Ore-mineral, sulphide and carbonate precipitation
appears to have been intérmittent, whereas quartz precipitation was-
"essentially uninterrupted, and continued after the>cessation of ore-
mine:ai_pregipitation. The ore-minerals are native géid, native
- tellurium and goldFSilver tellurides. 'Paragenetic studies suggest
ten stages of ore and gangue mineral.precipitatipn, viz.'stage IA:
widespread propylitic alteration with the development of carbonate,
chlorite, acfinolite, epidotevetc.; stage IB: fringe K;gilicate alter-
ation which includes K-feldspar, sericite, dolomite and sulphidéé;

- stage IIA: barrén vein quartz deposition; stage IIB: vein qua;tz,
dolomite, K-fgldspar, sericite, roscoelite, native telluriuﬁ and gbld;
rich tellufides; stage IIIA: barren vein-quartg depdsition; stage IIIB:
vein quartz, dol§mite, K-feidspar, sericite, roscéélite, native gold
and silver-rich tellurides; étage IVA: white barren vein quartz;
'stage-IVB: amber barren vein quartz; stage IVC: white barren qﬁartz;
and stage V: calcite deposition. The Bulk of mineraliiation‘(;tage IIB
tellurides) is restricted to 12 level and above while stage IIIB
tellurides aﬁd native gold are distributed throughout.

Fluid-inclusion studies on Quartz indicate a temperature range
from 205 to 317°C during stage IIA and from 170 to 230°C during
vstaée iIIA. Temperatures during stage IVA,41V3 and IVC ranged from
160 to 240° and peaked around 180°c. Fluid.inclusions in stage V
cglcite are rérevénd very small, and genefally lack a yisiblé vapour
phase; no temperatu;e determinations were possible. Temperatures during

stage IIA show an apparent increase with depth but no such changes are



xiii

apparent during other stages. A number of inclusions from near-the
-top of the mine show evidence that the fluids were boiling and it is
possible to réconstruct dramatic variations in the water table during
the vein formation which apparently overlapped caldera formation.

Ereezing'teﬁperatures of fluid inclusions indibate about
5.5 wt.$% eq. NaCi.and fhere is né apparent variatibn in salinity with
time.. Leaching.studies of fluid inclusions indicaté thét the fluid
avgraggd 0.1 mola} K, 0.35 molal Na, 0.26 molal Ca and 0.005 mdlal Mg.

 The 8D values of fluid-inclusion water from vein quartz “
-(stages IIA to IVC) range from -26 to -58 per mil and £here is no
apparent variation in these vaiues with time. The 6180 values dewater
(stages IIA to IVC) calculated from the oxygen isotopic compositiqh_of ,
quartz range.from +3 to +9 per mil and it‘aﬁpears tha; the.solutions |
were progressiQely deplgted in the lightgr'isotope with time. ‘The 5180
valqes of fresh rocks range from +5.5 to%ﬁ pe:imil. ' Thé ieo values v'
of propylitized'rocks\range from +9 to +12.5 ﬁef mil gnd K-silicate
rocké range from +15.5 to +17 per mil. The 6180 values of vein quartz
'(stages IIA to IVC) range from +16 to +21 per mil.v'It,is suggested
ﬁhét the hydfothérmal fluids were largely meteoric waters whichvunderQ
| went extensive oxygen-isotope exchange with the country rocks. The 6D
values of inclusion water in stage V calcite‘range:from -60 ﬁo';eo éer“
mil suggesting a ,magmatic source at this stage.

The 613c values of carbonates inAthe propylifié rocks ;ange
from 4l.l.to‘-1.4 éer mil. The 613C values of earlyiﬁéin carbonates
(stages IIB and. IIIB) range from +0.3 to -1 per ﬁil; fhe §13c values
of calcite_ih tﬁe supposedly underlyihg sedimentéry rocks raﬂge from
-0.8 to -4 per mil. It is suggested that the hydrothermal carbon
(stagés IA to IIIB) was derived from the underlying sedimentary rocks.

The 613C_valdes'of stage V calcite range from -4 to -8.6 per mil



xiv

suggesting a maématic'parenﬁage. It is suggested that intrusion of
‘minor plugs and dykes during the sécond périod<ﬁfigneous activity
(5 to 4.3 m.y.) probably resulted in the formation of shal;ew
 convectiQn cells and the stage V carbon was-eifher directl& derived
from theée intrusions or was leached from the surrounding volcanic
rocké.

The &§3%S values of pyrite (stages IA to IIIB) range from
-5.5 to_-15.3 per mil. Wwhen considered in_conjunction with foz-Tpr
cdndi.tiovns these values are compatible with a mégmatic source.

Chemical analyses of fresh and altered rocks indicate that
. S$i0; was depleted from the propylitic rocks but was added to the
K-silicate rocks. MgO, CaO, Al;03, Nay0 and TiO; show progressive
depietion with the intensity of aiteration.

Physicochemical conditions 6f ore deposition have been approx-
imated from mineral stability and other data. They ére: T = 200 to

1; I =1; m. = 10"3; m._ = 10" %;

250°C;. pH cs vo

]
wu
.
wn
H+
O
L]
3
]

It

m = 1 and f02 = 10735 to 10740, Metal solubility calculations

zs,/™rs, , |
suggest that under these conditions the solutions may carry lolto 1 ppm
Zn; 100 to 10 ppm Fe, 0.05 to 0.02 ppm Au and 0.1 to 0.61 ppm Pb, Ag
and Cu each. |
Stability fields of several tellurides have been constructed

and the existing thermodynamic data indicate that the tellurium concen-
- trations as low as 1()-11 molal will result in stabilising a number of
tellurides. Apparently the thermodynamic data on the aqueous tellurium
species need revision.

| A fluid convection model is proposed in wﬁich'meteoric water
circulated for most of the history of the system through basalt and.the

underlying sediments. The probable cauldron geometry requires only one

major discharge zone for the convective system. Though this limits the



potenﬁial for further deposits related to the Tavua caldera it
emphasiseé the ore potential of other similar structures in Fiji. It
isvestimated from the settling properties.of pyrite grains thaﬁ the
fluid velocity in the vein was about 4 cm/sec. This wi;h other
_assumptions_regarding metal solubility and the length and width of the
:feederVChahnel suggest that deposits of the size of Emperor-could form
in about 103 years.

A model is envisaged in which the circulating meieoric waters
reacted with the underlying calcareous sediments'and Qolcanics and
picked up sédimeﬁtary carbon and heavy oxygen. The ore and gangue
mineral constituents were also probably leached from these rocks.
These solutions were channéled upwards through existing'fractﬁres and
'boiled at tﬁe site of deposition. A decrease in teméerature together

and increase in pH due to'boiling were probably'the

with a drpp in mZS

main causes of ore and gangue mineral precipitation.



Chapter 1

INTRODUCTION

1.1 GENERAL

The lodes at the Emperor gold mine are typical of gold-silver
telluride deposits found in the Tertiary volcanic belt surrounding
the Pacific Ocean. The mine is located about 8 km inland from the
northern coast of Viti Levu, the largest island of Fiji (Fig. 1.1).
The mining township (population 6,425) is known as Vatukoula, the
Fijian equivaleﬁt of "gold rock", and the nearest shopping town,
Tavua, is about 8 km north of the mine. The nearest international
airport, Nandi (or Nadi), on the Sydney to San Francisco route, is
about 7b km southwest of the mine.

Viti Levu covers an area of about 10,345 sq km and extends from
longitude 177°15'E to 178°45'E and latitude 17°15's to 18°15's. A
circum-insular road connects all the major towns, from which secondary
roads strike off towards the centre of the island. No road has yet
been made acrosé the rugged interior.

The Vatukoula area is gedmorphologically young and differential
erosion of predominantly pyroclastic rocks exposed within the boundary
of a Mio—Plioceﬂe caldera (also known as Tavua caldera) has produced a
circular topographic depression, about 6 km in aiameter. This is scme-
time referred to as the Tavua or Vatukoula basin. The basin is ringed to
the south, east and west by hills that rise to betwé;n 600 and 1100 m,
but the nofthefn.side is open to the sea and is the drainage outlet of
the basin (Plate 1.1). Nasivi River, fhe main drainage channei, flows

in a northerly direction.
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Plate 1.1 A view of the Tavua caldera looking north-east
from the Emperor mine guest house.
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The Vatukoula area receives about 200 cm of rain from November to

April and about 50 cm during the rest of the year.

1.2 SCOPE OF THE STUDY

This thesis deals with mineralogical, fluid-inclusion, stable-
isotope and thermochemical studies designed to reconstrpct the
physico-chemical conditions of lode formation in the Emperor deposit.

The project was suggested by Dr. M. Solomon, who Qisited the mine
in 1970 and 1975 and collected nine samples from the mineralized lodes
for preliminary studies. All of these samples showed useful fluid-
inclusions in vein quartz.

The follow-up field work was completed in two field trips of three
weeks each in August, 1975 and September, 1977. On each occasion
Dr. Solomon guided the field work for a period about one week.

At the time of our field work the mining activity concentrated
mainly on the 166, 1010 and Prince of Wales (P.0.W.) lodes. The lower
levels of the mine.we;e inaccessible, and samples from these levels were
obtained fraom Férsythe% (1967) collection at the University of
Melbourne. These samples have provided a great deal of valuable
information.

The stable-isotope analyses were done at the Instituté of Nuclear
Sciences, Wellington, New Zealand, under the supervision of Dr. P.

" Blattner and Dr. B.W. Robinson. A total of seven weeks were spenﬁ by
the writer at this Institute in November-December, 1976. Most of the
analyses were completed during this period except for three carbon-
isotope and three sulphur-isotope determinations which were carried out

by Dr. Blattner in October, 1978.
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1.4 HISTORY AND PRODUCTION

Gold was discovered near Vatukoula in 1932 by W. Borthwick. This

discovery led to inten;ive prospecting in the follqwing years. A
number of prospects were located in virtually the Qhole of Viti Levu,
but only those near Vatukoula proved to be economical. ~'I‘hrée companies
'(The Emperor Gold Mining Company Ltd., Loloma (Fiji) Gold Mines Ltd.
and Dolphin Mines Ltd.) started production in 1934 from the lodes
exéosed near Vatukoula. The latter two companies reiinquished their
holdings in 1956,Aleaving the Emporer Gold Mining Company Ltd. as the
sole operator. |

Until 1942, the mining activity concentrated on the near-surfaceA
ore bodies by open cutting. ' This was followed by underground development.
The present mine workings extend to a depth of about 700 m and three
shafts, namely Wallace Smith Shaft, Borthwick Shaft and Cayzer éhaft are
presently in operation (Fig. 5.1).

Since production started in 1934, the Vatukoula area has produced
about 3.6 milliqn troy ounces of gold and about 1.3 million troy ounces
of silver (computed from the yearly production of gold and silver from
Fiji given in Mineral Year Book, 1950-1978 and from data given in
Blatchford, 1953). The present production from the lodes in this area

is about 60,000 troy ounces of gold per annum and about about 30,000 troy



ounces of silver per annum. Since 1975 approximately 8000 lbs of
tellurium have been extracted each year. The average grade of lodes
is about 5 dwt Au per ton, though in the past some lodes gave average

grades as high as 33 dwt Au per ton.

1.5 MINING TERMINOLOGY

Lédes are described as steep loae or flatmake depending on
whether the average dip exceeds or is less than 4s° respectively. Sheeted
zones of flatmakes are locally termed "shaﬁter ore-bodies".

Drives generally follow the strike direction of the lodes. Workings
parallel to the dip of the lodes are called rises.

Lodes are generally given names such as Crown, Prince of Wales or
are referred to by mine co-ordinates, i.e. 2000 North flatmake, 166
flatmake. |

The Emperor mine co-ordinate system has its point of origin at the -
Karoere triangulation station’(Fig. 5.1) and has a trﬁe north base line.
Reduced levels are measured upward from an arbitrary daﬁum. Mine levels
are measured downward from the surface. The level interval is
approximately 30 m down to No. 6 level, and approximately 40 m to

No. 18, the lowermost level.



Chapter 2

A REVIEW OF THE WORLD'S GOLD DEPOSITS

2.1 GENERAL

Production of gold in the non-communist countries in 1977
totalled about 966 tons (Glynn,1978). The principal producing coﬁntries
were South Africa (70.9%), canada (5.2%), U.S.A. (3.2%) and New Guinea (2%).
The world gold production for 1§77 is given in Fig. 2.1.

Gold occurs in many and varied geological environments. SeQeral
attempts have been made to classify gold deposits (e.g. Emmons, 1937;
Lindgren, 1933; Bateman, 1959; Simons & Printz, 1973; Casadevall, 1976).
The classification adopted here i§ given below:

l.. Sedimentary deposits

2. Porphyry-copper deposits

3. Epithermal vein-type deposits, subdivided into
(a) Au—Ag—Pb—Zn-Cﬁ association
(b) Au-aAg-Te association

4. Au-quartz deposits.

2.2 SEDIMENTARY DEPOSITS

About 75% of the world gold production comes from seaimentary
deposits (Fig. 2.2; Casadevall, 1976). These deposits include placers,
palaeoplacers and chemiéally or biochemically'precipitated ores. The
largest known deposits are in South Africa. The geology of these
deposits has been described by Pretorious (1974, 1976), Saager & Easler
(1969)‘and Koppal & Saager (1973). Other ore deposits of similar type

but of less econamic importance are the Jacobina mine, Brazil (Bateman,
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1958; Cox, 1967; Gross, 1968) énd the Tipuani mine, Bolivia (Stoll,
19615. Considerable tonnage has been recovered from placef deposits in
the area sgrrounding the mother lode system of California an& the
Antioquic area, Colombia (Emmoﬁs, 1937).

In.the South African deposits gold occurs predominantly in native
form in Proterozoic rocks which include conglomerate, quartzite, shale,
,silﬁy dolomite;>dolomitic argillite and algal mats. .Gold was probably
derived from the mafic and ﬁltramafic vOlcanics of greenstone belté,
transported by rivers and deposited along with the éediments in fluvial

fans (Pretorious, 1974, 1976).

2.3 PORPHYRY-COPPER DEPOSITS

The gold associated with porphyry-copper deposits occurs
with primary copper sulphides disseminated in granodiorite to
monzonite intrusions. In most cases the recovery of gold alone

would be uneconomical. The mineralogy of gold in these deposits is not

well décuménted. At Panguna,; native gold or glectrum'is known but mdstA
of the gold.ié probably in solid solutions with copper sulphides
(Eastoe, 1979). Since gold is intimately associated With'copper ores,
it can be assumed that fluids responsible for copper sulphide ores were
also responsible for the deposition of gold. |

The température and salinity of the solutions associated wiﬁh
porphyry-copper aeposits have been described in a number of studies.
.The fluids were generally of high temperatures (300 to 700°C) and had
salinify.up to 75 wt. % eq. NaCl (Logsdon, 1969; Roedder, 1971; Nash &
Theodore, 1971; Nash, 1976; Eastoe, 1978, 1979). The pH of the ore
fluids, in most cases, was buffered by the K-feldspar-sericite-quartz
assemblage (Meyer & Hemley, 1967; Lowell & Guilbert, 1970). The oxidation
state of the fluids can be as high as thé hematite-magnetite buffer

(Eastoe, 1979).



In the majority of cases the soluticns which deposited copper
sulphides were predaminantly of magmatic origin (Taylor, 1974; Sheppard
& Taylor, 1974; Batchelor; 1976; Ford, 1976; Eastoe, 1979). Ore
constituents were p:obably transported mostly aé chloride complexes and
decrease in temperature was probably the major cause of ore-mineral

precipitation (Eastoe, 1979).

2.4 EPITHERMAL VEIN-TYPE DEPOSITS

The term "epithermal" was used by Lindgfen (1933) for hydrothermal
deposits formed at relatively shallow depth and low temperature.
White (1955, 1967, 1974) summarised the geochemistry of a number of these
deposits and concluded that they were formed by solutions similar to
those in presentfday geothermai systems. They are generally assoéiated
with mafic to'intermgdiate volcanic rocks and occur in the immediate
vicinity of the volcanic centres. .Very little gold is produced at present
from these deposits and it appears unlikely that they will be a significant
factor in future gold prcduction.

The space-time distriﬁution of these deposits is very sharply
defined and three major categories can be recognised.

(i) Circum-Pacific Belt: The largest group of deposits occurs

ih the Tertiary volcanics surrounding the Pacific Ocean. Some of the
notable examples are the Emperor, Fiji (this study); Hauraki, New Zealand
(Williams, 1974); Tui, New Zealand (Robihson, 1974); Acupan, Philippines
(Callow & Worley, 1965; Bryner, 1969); Redjang-Lebong, Indonesia (Emmons.
1937); Teine, Japan (Watanabe, 1952); Yatani, Japan- (Hattori, 1975);
several deposits in the southwestern U.S.A. (Kelly & Goddard, 1968; Nash,
1972; O'Neil et al., 1973; Casadevall, 197%; Casadevall & Ohmoto, 1977;

Barton et al., 1977); Finlandia, Peru (Kamilli & Ohmoto, 1977).



(ii) Carpathian and Transylvanian Alps: These deposits are

similar to those in group (i) and inélude some of the classic occurrences
described in a number of text books. Almost all of these deposits have
now been exhausted. Sdme important occuirences are Mazarron, Spain |
(Emﬁons, 1937); Schmnitz and Kremnitz, Hungary (Beysch;ég et al., 1916);"
Nagyag, Rumania (Emmons, 1937); Hanes, Fata Bali, Muncaceasca,

Bradisor, Stanjia, Baia Sprie and Donrogea in Rumania (Borcoé, 1966;

Borcos & Manilici, 1965).

(iii) Precambrian Greenstone Belts: Considerable tonnage is

being produced from deﬁosits of this gréup. Many of these deposits have
undergone metamorphism since deposition. Some important examples are
Kalgoorlie, Australia (Markham, 1960; Woodall, 1965; Finucane, 1965; Hall
& Baker, 1965; Ward, 1965; Bartram & McCall, 1971; Nickel, 1977; Golding,
1978); Vubachikwe, Rhodesia (Fripp, 1976); Moro-Velho, Brazil_(Emmops}
1937; Gair, 1962)7 Mahd Adh Dhab, Saudi Arabia.(Worl; 1978a, 1978b);
.Ashanti, Ghéna.(Emmons, 1937); Kolar, India (Narayanaswami et aZ.,_1960);
deposits in the Yellowknife area, Canada (Boyle, 1955, 1960) ,. and the
Kirkland Lake area, Canada (Thompson, 1949; Goodwin, 1965).

The host rocks associated with these deposits are mainly basalt and.
ahdesite, more felsic tyﬁes being less ffequent. In most cases the rocks
show regional pfopyiitic alteration. In many cases proéylitization
appears to have been the earliest phase of alteration followed by .
sericitization and silicifiéation (Burbank, 1960).

In most cases the ores are open-space fillings, though there is
commonly some replacement of the vein wall by ofe minerals. Notable
exceptions éfe the disseminated and replacement deposits of Nevada and

Idaho in western U.S.A. (Roberts et al., 1971).
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Gold occurs either in native form or as gold-silver tellurides.
Amongst the Precambrian deposits, those situated in high grade metamorphic
terrains contain native gold and traces of tellurides while deposits in
low grade metamorphic terrains carry significant'proportions of Au-
tellurides. At Kalgoorlie, for example, the metamorphiq grade ranges f;om
low to middle greenschiét facies (Binns et aZ.; 1976). The deposits in
this area contain abundant tellurides. On the othér hand the Kolar gold
field of India, situated in volcanic rocks Which have been metamorphosed
to amphibolite facies (Nagvi, 1976), contains no tellurides.

Experimental data of Markham (1960), Cabri (1965) and Kracek et
al. (1966) show that an assemblage containing sylvanite, betzite and
hessite (the most common of the gold-silver tgllurides) will melt at
températureslbetween 300 and 400°C at atmospheric pressure. - Presence of
other constituents such as sulphur, selenium, water and CO2 would probably
‘nbt change these temperatures significantly (Markham, 1960; Cabri, 1965).
Increase in pressure wouldlprobablf raise the melting femperatures.by
15 to 20°C per 1000 atmospheres (Cabri, 1965).

The temperéture and pressﬁre limits of greenséhist facies meta-
morphism are 250 to 450°C, and 2 to 9 kb (Turner, 1968). It is suggested ‘
he;e that gold-silver tellurides are probably stable within the limits of
the greenschist facies but at higher grades (e.g. amphibolite facies)
breakdown of tellurides occurs and tellurium is lost from the system.

Many éf the preVioué workers have placed the Precambrian deposits
in the "hypothermal" class (Lindgren, 1933;'Emmons,'l937; Park &
McDiarmid, 1964). It is suggested that a great number of these occurrencés
are "epithefmal" type whose character has been modified by metamorphism and

,complex tectonic history.
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(a) Au-Ag-Pb-Zn-Cu association

These deposits are mined for one or more.of the base metals, but
‘boéhigold and silver occur in significant proportions. Notable examplesv
of this association, on which a certain amount of geochemiéal data is
available, are Sunnyéide (Casadevall, 1976} Casadevall & Ohmoto, 1977),
. OH vein (Barton et al., 1977; Roedder, 1960), Tui (Robiﬁson, 1974),
Yatani (Hattori, 1975), Mayflower»(Nash, 1973), Copper Canyon (Nash &
' Theodore, 1971), and Finlandia (Kamilli & Ohmoto, 1977) .
The majority of these deposits formed at temperatures between
170 and 400°C (Table 2.1) and the salinity of the ore-fluids ranged from
0 to 15 wt. % eq. NaCl. Fluid inclusions evidence indicates that at
Vthe Sunnyside mine, the OH vein, and at Finlan&ia , the ore fluids were
close to the boiling curve. The pH of the ore-fluids is generally
slightly acid (Fig. 2.3; Table 2.1), apparently rather more acid than the
base-metal deficient Au—Ag—Té deposits. |
The minerals present include native gold, gold-silver tellurides,
pyriﬁe, sphalerite, galena, chalcopyrite, tetrahedrite;tennantite, rare
bornite. The common gangue minerals are quartz, calcite, dolomite, |
sericite, rare adularia, rhodochrosite, rhodonite, hematite, barite,
Aanhydrite and rare magnetite and pyrrhotite.
Stable isbtope studies indicate that in most cases the ore-fluids
were predo?inantly heated meteoric waters. The sulphur and metals in
. these deposits were probably derived from the surrounding rocks.
| Experimental data of Henley (1973) and Seward (1973) shows that a
‘significant amount of gold can be transported as gold-chloride énd gold-
sulphﬁr complexes. Casadevall (1976) and Casadevall & Ohmoto (1977)
suggested that-in Sunnyside ore~fluid, gold chloride'complexes were

dominant. At Yatani, on the other hand, gold was transported mainly as



Table 2.1

Temperature, salinity, pressure and pH of gold ore forming fluids.

Temperature

Deposit range °C 3i%ini;¥ ;Zgge Pres:ziz range pH rangev Reference
(a) Au-Ag—Pb—Cu-Zn.associatidn .
Sunnyside, U.S.A. 170-320 -0.0—3.6 110-220 4.3-5.9 Casadevall & Ohmoto, 1977;
' ' Casadevall, 1976.
OH vein, U.S.A. 190-268 6-15 50 5.4 Barton et al., 1977;
Roedder, 1960a

Mayflower, U.S.A. 220-300 0.3-11 20 - Nash, 1973.
Idardo, U.S.A. .

(a) Veins 249-315 0.1-7.9 - - Nash, 1975.

(b) Replacements 204-319 0.2-11.2 - - " "

(c) Pipes 216-318 0.2-1.6 - - " "
Tui, New Zealand 280-400 - - 3.5 Robinson, 1974.
Yatani, Japan 200-250 0.2-0.5 - 5-6 Hattori, 1975.
Finlandia vein, Peau- 140~-270 2-7 74 4.7-5.5 - Kamilli & Ohmoto, 1977.
(B) Au-~-Ag-Te association
Gold Acres, U.S.A. 160-265 5.4-7.3 - 6-6.5% Nash, 1972.
Round Mt., U.S.A. 250-260 0.2-1.4 - 6* " "
Aurora, U.S.A. 220-255 0.2-1.7 - 6-6.3% " v
Manhattan, U.S.A. 210-235 0.2-1.9 - 6.2% " "
Tenmile Dt., U.S.A. 245-330 0.4-7.3 - 6* " "
Baia Sprie, Rumania 205~290 - - 6* Borcos & Manilici, 1965
Hanes, Rumania '253—346 - - 6* " " . Borcos, 1966
Dobrogea,.Rﬁmania - - 6-6.2% . Borcos & Manilici, 1965

112-292



Table 2.1 cont.

Temperature Salinity range Pressure range

- Deposit " range °C wt.% eq. NaCl bars PH range - vReference
Fata Baii, Rumania 268-318 - - 6* ‘Borcos, . 1966.
Muncacesca, Rumania 250-346 | - ‘ - &% " "
Bradisor, Rumania 224-347 ' - - 6* , " "
Stanija, Rumania . 240-342 - ' - 6* "
Emperor, Fiji 200-317 4.6-7.1 6-32 5-6 this study
Kanizawa, Japan 200-250 0.2-0.5 - 6-7  Hattori, 1975.

(C) Gold-quartz veins
Al mine, Australia 295-385 1-9 - 200-1260 5-6 Jahnke, 1976.
Irokinda, U.S.S.R.  200-400 5-50  820-1100 - Lyakhov & Popivnyak,
| 1978.
Lebedinoye, U.S.S.R. 110-270? - - - Koltun, 1965.
Kochkar, U.S.S.R. 110-230 - - ' - " "
? , U.S.S.R. 195-450 - 75-1250 - Andrusenko-et al.,
: 1978.
Berezovskoye, U.S.S.R. 80-410 31.49 600 - Koltun, 1965.

* Calculated assuming K-feldspar (adularia) and sericite occur in equilibrium and potassium concentration
is 0.0l moles/kg H50. Adularia and sericite occur in all of these deposits and low salinity probably -
corresponds to low potassium concentrations. No salinity data is available for the Rumanian deposits
and it is assumed that they are similar to the deposits in the U.S.A. :
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gold-sulphur complexes (Hattori, 1975). No data, experimental or
thermodynamic, are available for gold-carbonate and gold-tellurium
complexes, which may contribute significantly toward gold solubility.

(b) Au-Ag-Te association

In these deposits, the base-metal sulphides are ?are and the ore
minerals are essentially native gold and gold-silver tellurides. Notable
examples of this association for which geochemical data is available, are
‘the Emperor Mine (this study), Gold Acres, Jaferson, Round Mountains,
Auroha, Manhattan (Nash, 1972), several deposits in the Jamestown
district (Kelly & Goddard, 1968), Bala Sprie, Hanes, Dobrogea;

Fata Baii, quesceascia, Bradisor and Stanija (Borcbs,
1966; Borcos & Manilici, 1965).

The majority of these deposits are formed at temperatﬁres between
200 and-ﬁOOOC (Table 2.1) and salinity.of the ore—fxuids ranggd from 0 to
8 wt. % eq. NaCl (Table 2.1). Fluid-inclusioﬁs,at the Emperor mine
indicate the fluid was boiling, which suggests a pressure between 6 and
>32 bars (this study). The pH of the ore-fluids at thé Emperor mine was
ﬁear neutral (Fiqg. 2.3). The pH of the ore-fluids at the other dépésits
is not known, but occurrences of adularia and sericite in the mineral
assemblages of thésé deposits together with the low salinity (and hence
low K concéntrations in tﬁe ore-fluids), suggestvnear—neutral to slightly
alkaline pH‘values (Table 2.1).

Thebmost common minerals iﬁ this association are haiive gold, gold-
silver tellurides, and native tellurium. Amongst the sulphides, pyrite, -
arsenopyrite, marcasite, spﬁalerite, galena, chalcopyrite,'and tetra-
hedrite—tennaﬁtite are common. The common ganéue minerals are quartz,
sericite, adularia, calcite, dolomite, ankerite, magnetite, hematite and

roscoelite.
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Stabie-isotope studieé on a number.of Tertiary deposits indicate
that the ore-fluids were predominantly heated meteoric waters and that
the ore constituents were probably derived from the surrounding rocks
O'Neil & Silberman, 1974; this study).

The remarks made above concerning the solubility of gold are valid
fqr the debosigs.of this associétion also. However the mineral
assemblagés iﬂdiéate pH'values slightly greater than those of the base-
metal-rich deposits. This suggests that the gold-sulphur complexes
may have played a significant role in gold transportation.

‘Mineralogical and fluid-inclusion evidence indicates that a
decrease in temperature and/or an increase in pH and fO, may be the

causes of precipitation of the ore minerals.

2.5 GOLD-QUARTZ VEINS

In these deposits gold generally occufs in native form and is
closely associated with quartz and iron sulphides. VTheSe deposits are
found in virtually every continent and are related to granite and
granodiorite intrusives. Ore generally occurs as narrow streaks within
the intrusions and alteration effects are not pronounced.

Amongst the examples of which some information is available about
the geochemistry of the ore-fluids are the Al mine, Victoria, Australia
(Jahnke,’l976), Irokinda, Russia (Lyakhov et al., 1978), Darasun, Russia
(sakkarova, 1969), Kara, Russia (Kolosova é Onischuk; 1971), Lébedinoye‘
Russié (Koltun, 1965), and'Kochkan Russia (Anufriyevbet al., 1974).

Andrusenk§ et al. (1978) described a.deposit (possibly from the
Urals) in which both temperafure and pressure decreased with time
resulting in distinct chemical changes. The composition changed from
gold-tungsteh (290 to 350°C) to gold-molybdenum (200 to 450°C) to gold-

sulphide (200 to 340°C) to gold-antimony (195 to 350°C) to antimony—
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carbonate (105 to_270°C). The pressuré'changed from_l?lS to 175 atmos-
pheres.

Homogenisation températures of the fluid—inclusidné in the
productive veins ranged between 110 to 4so°c; preésures ranged from 75
to'1260 bars,’and salinity'ranged from 1 to 50 wt. % eq. NaCl (Table 2.1).
Many depqsits contain a separate Cbz phase in the flﬁid-inclusions and
in a ﬁumber of occurrences solid phases (halite and sylvite) are observed.
The pH of the ore-fluids at Al mine was between 5 and 6 (Jahnke, 19765.

The common minerals present in these deposits aie native gold,
pyrite, arsenopyrite, pyrrhotite, magnetite, chalcopyrite, graphite,
éuartz, sericite, chlorite, and various carbonates. A_few deposits contain
tourmaline, scheelite and molybdenite. In a deposit in Ust-Kara area,
Russia, native gold is associated with magnetite which is the most
dominant gangue mineral (Kolosova & Ynischuk, 1971). Gold-silver
tel;urides have been noted in.some occurrences (Sakkarova, 1969) .

The remarks conéerning solubility of gold made in the preceding
section apply also for this class of deposit. The possible role of gold-
carbonatg compié#es is, however, worth emphasising because CO; occurs
in the_fluid inclusions in significant concentrations.

Stable-isotépe data is not available for this class of deposit ané

the origin of ore solutions and ore constituents is uncertain.
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Chapter 3

GOLD, SILVER AND TELLURIUM ABUNDANCES IN IGNEOUS ROCKS,

MINERALS AND NATURAL WATERS

3.1 GENERAL

The common associafion éf gold-silver telluride deposits with
mafic and intermediate volcanics has been deséribed in Chapter 2.
Stable;isotope evidence shows that a number of these deéosits were formed
from hydrothermal solutions of meteoric origin (e.g. O'Neil et al., 1973;
O'Neil & Silberman, 1974; Casadevall, 1976; Casadevall & Ohmoto, 1977; _
Taylor, 1974; White, 1974; Kamilli & Ohmoto, 1977; this study); It is
possible that the ore constituents were leached from the country rocks.
The purpose of this chapter is to suﬁmarise available aata>on gold,

silver and tellurium abundances,

3.2 GOLD ABUNDANCES

A number'of‘studies of gold abundances have been made in recent
years (e.qg. Shcherbakov & Perezhogin, 1964; Voskresenskayé & Zveréva,1968;
Dalvetov & Dzhakshibayev, 19%o,cottfriéd et al., 1972; Tilling et al., 1973).

Amdngst the plutonic rocks, granite and quartz monzonité héve an
éverage gold.cdntent of about 0.75 ppb, and gabbro an average 6f about
6.5 ppﬁ. There is a general tendency for the gold content to decrease
. from mafic to feisic rocks. This tendency is also reflected in the
volcanic rocks but significant differences are observed in the gold
contents of basaitic associations from different tectonic settings. On
an average the circum-Pacific basalts (average 5.5 ppb Au) have more |
gold than the continental tholeiites (average 3.25 ppb Au). The alkéli

basalts and oceanic tholeiites average about 0.5 ppb Au.
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The calc-alkalic andesites average about 4.5 ppb Au and alkalic
andesites about 3 ppb Au._ Rhyolite, rhyodacite and dacites average about
1 ppb Au. -

Published data on common rock-forming mineral§ indicate that mafic
varieties (magnetite averége 4 ppb, ampﬁibole 2 ppb, biotite 3 ppb and
pyroxene 10 ppb Au) tend to be higher in gold than the'felsic varieties
(feldspar average 0.4 ppb and quartz 1 ppb Au). |

After a comprehensive survey of the available data on gold
abundances, » Tilling et al. (1973) concluded that gqid is not concentrated
in the residual silicate melt during the differentiation of calc-alkaline
magma.

Aﬁongst:natural'waters, sea water averages 0.01 ppb Au (Shutz»&'
Turekian, 1965). Surface water from Colorado Front Range averages
0.022 ppb Au'(Gosling.et al., 1971), but'this value is  from a. gold-rich
area and can not be taken as average for fresh waters. Turekian (1969)
gaQe an'average value of about 0.002 ppb Au for surface waters.
Geothermal watérs from the Taupo volcanic zone, New Zgaland, contaih
about 0.04 ppb Au (Weissberg, 1969) and the geothermal waters at
YellowsSténey, U.S.A., contain between 0.0l and 0.1 ppb’Auv(Gottfried
et al., 1972). Both these geothermal waters are précipitating gold—rich
siliceous sinters. In the Taupo volcanic zone these auriferous sinters
contain from 0.001 to 85 ppm Au (Weissberg, 1969; Ewers & Keays, 1977)

and at YelloW;é%él%they contain from 0.0003 to 6 ppm Aﬁ (Gottfried

et al., 1972).
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3.3 SILVER ABUNDANCES

Vinogradov (1962) gave the following estimates of silver in the

major groups of igneous rocks:

Ultramafic rocks 50 ppb Ag
Mafic rocks - 100 ppb Ag
Intermediate rocks 70 ppb Ag
Felsic rocks ' 50 ppb Ag

Turekian & Wedepohl (1961l) gave similar results. Boyle (1968)
did not find any striking correlation between the silica content and
silver. Flanagan (1969), in compiling analyses of the standard
refererce rocks; showed that silver is.highest in andesite (60 to 110 ppb
Ag), lowest in ultramafic rocks (5 to 53 ppvag) aﬁd intermediate in
basalt (20 to 81 ppb Ag). Amongst the plutonic rocks, granites have.
the lowest silver values (40 to 53 ppb) and granodiorite, the highest
(20 to 100 ppb Ag)i |

Studies of the Skaergaard intrusionv(Vincent & Adams, unpublished
data in Frueh & Vincent, 1974) indicate no systematic variations in the
silver concentration with progressive fractionation.

Greenland & Fones (1971) investigated the distribution of silver
at intervals along a drill core in the Great Lake dolerite sheet of
Taamania. The average silver content is given as 86 ppb. The authors
point to a steady increase in the silver concont;ation in rocks with
fractionation. This is in contrast to that in some of the Siberian
"traps" inveétigated by Nesterenko et al. (1969) where silver was
concentrated.in the most mafic rocks and itsvabundance closely correlated
with the presence of sulphides.

Boyle (1968) compilea the available data on the silver contents of
a number of silicate minerals. It appears that silver is concentrated in

mafic minerals (olivine 1000 ppb, hornblende 850 ppb, chlorite 950 ppb,
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biotite 660 ppb Ag). Quartz,.feldspar and_muscovité have less than
50 ppb Ag. Albite has an average silver conteﬁt of about 290 ppb.
Ag replaces Na, Fe and Ca in silicates'isoyle, 1968; iay1or, 1965) .

The silver content of sea water ranges from 0.13 to .69 ppb
(Shutz & Turekian, 1965) and that of stream water averages about
0.3 ppb (Kharkar et al., 1968). The gepthermal water from Taupo volcanic
zone, New ZeAIand, contain about 0.7 ppp Ag and are precipitating
siliceous crusts containing up to 350 ppm Ag (Weissberg, 1969; Ewers &
Keays, 1977). Concentfated brines from the Saiton Sea geothermallarea
contain between 0.8 and 2 ppm Ag. They are precipitating siliceous

scales containing up to 6% Ag (Skinner et al., 1967) .

3.4 TELLURIUM ABUNDANCES

Vinogrédov 01962) estimated the average crustal‘abundéhce of
tellurium to be about 0.001 ppm. Sindeeva (1964) analysed a large number
of rocks for tellurium but the tellurium contents were always below
the aetection limit (0.01 ppm). Ganapathy et al. (1970) analysed a
pyroxene gabbro from the Adirondack intrusive ana obtéined a value of
10 ppb.

Beaty &.Manuel (1973) analysed a variety of rocks by atomic
absorption methods.and reported the following results:

Ultrabasic rocks

Peridotite 8 ppb
Dunite - .15 ppb"
Mafic rocks
Basalt . 88-154 ppb (2 analyses)
Andesite 16 ppb
Gabbro 58-70 ppb (2 analyses)
Felsic rocks ‘
Syenite ‘ ‘ 74-82 ppb (2 analyses)
Granodiorite 20 ppb

Granite _ 132-210 ppb (2 analyses)
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Sédimentary rocks

Limestone 1009-1726 ppb (2 analyses)

Shale 42-789 ppb (2 analyses)
Sandstone 26-28 ppb (2 analyses)

More recently Golding (1978) analysed the unmineralized volcanic
and sedimentary rocks around the Kalgoorlie gold field, Western

Aust;alia, by neutron-activation methods. She obtained the following

results:
Serpenfinite 15-220 ppb (2 analySes)
Basalt ' | -41-33 ppb (2 analyses)
Dolerite 3-50 ppb (16 énalyses)
Black shale 380~4100 ppb (3 analyses) .
Calcareous sediments 2500 ppb (1 analysis)
Cherty sediments 2200-16000 ppb (2 analyses)

The sedimentapy roéks contain pyrite and other sulphides and the higher
tellurium concentration may be related to sulphides. The sedimentary
rocké are interbedded with volcanics and are probably‘derived.from them.

No analysis is available for the tellurium content of sea water, |
Leutwein (1974) analysed the surface water‘from the Elbe River near

Hémburg, Germany, and found 0.05 ppm Te.

Sinters from the Taupo geothermal.area, New Zeaiand, contain
between 0.06 and 0.18 ppm telluriumv(Ewers & Keays, 1977), but the
tellurium éoncentration in the geothermal.waters precipitating fhese

sinters is not known.
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Chapter 4

GEOLOGY

4.1 GENERAL

Fiji coﬁprises'mbre than three hundred islands situated between
latitudes IGQS{ahd 21°%s and longitudes i77°E and 178°E:A Suva, the capital
city, is locéted on thé southeast coast of Viti Levu, the largest island
of the group.

There are a number of short reports and notes describing the geology
and lithology of the various rock units exposed on the island of Viti
Levu. Wichmann (1882) reported on many of the volcanic and plutonic
rock types and metallic mineralization, and Brock (1924) named different
rock formations. Ladd_(1934) defined formations, and after studying
_fossils systemafically throughout the island, conciuded that most of the
rocks of Viti Levu were Tertiary. shacklet§n (1936) compiled a general
‘reconnaissapce>map'of the island. Phillips (1965) revised the geological
map and arranged the various formations into Groups. Rodda (1967)
elaborated Phillip's nomenclature and compiled a detailed geologica; mép
of the island at the scale of 1:500,000 (Fig. 4.1). Ibbbtson (1967)
mappéd the area around the Tavua caldera and described the petrology of
the various rock types. |

The area a;ound the Emperor gold mine has been the subject of
detailed mappiné_and several petrological studies. Blatchford (19535
described the geology and lode structure at the Tavualgéld field.

M. Cohen (1962) described the petrology of the altered rocks and
E.M. Cohen (1962) revised the geology and described the lode struétute.
Denholm (1967a; 1967b, 1967c) described the lode étructures and the.

.controls of mineralization.
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4.2 OUTLINE OF THE GEOLOGY OF VITI LEVU

The oldest_known rocks exposed on Viti Levu belong to the Wainimalé
Group. Tﬁey are eprsed in the southern part of the island (Fig.‘4.l).
Oﬁ palaeontoiogical evidence, Cole (1960) assigned an upper Eocene to
lower Oligocene age to thése rocks (Table 4.1). They are predominantly
volcanic in origin and consist of andesite, basalt, voléanic conglom~
.erates, tuffs, pillow lavas and pillow breccias. Minor éandstone
_fand iimestone beds are observed towards the top of the succession. The
Wainimala focks~are generally metamorphosed to greenéchist facies.

The lower units of the Wainimala Group are intruded by plutons ofv
-the Tholo Piutonic Suite. The stocks range from olivine gabbro to biotite -
tonalite and troﬁdhjemite. Radiometric dating (Rodda et al., 1967)
suggests that there are at least two distinct periods of emplacement, one
from 50 to 30.m.y. (represented by the stocks southeast of Nandi), and
the other taking_place_about 10 m.y. ago and represented by most of the
other stocks.

In soﬁthwestern Viti Levu, the Wainimala rocks are conformably
éverlain by the Singatoka Sedimentary Group. This group ié predominantly
sedimentary in origin and consists of sandstone, mudstone and limestone.
‘The age ofvthese rocks is uncertain.

In southeastern VitivLevu, the Wainimala rocks are overlain by
the Sauwra Volcanic Grdup. The most common rock types of this group are
andesitic cohglomerate and breccia, but pillow lava and pillow breccia
also occur within the sequence. The age of this Group is uncertain.

In the northeastern part of the iSlaﬁd, the Wainimala and possibly
Singatoka rocks:are unconformably overlain by the ka Sedimentary Group;

. This group is predominantly sedimentary in origin ;nd consists of
conglomerate, sandstone, mudstone and limestone. Some pyritic beds have
been observea} "Palaeontological evidence suggests a late Miocene age for

this group (Rodda, 1967).



Table 4.1

Stratigraphic succession, Viti Levu Island

Compiled after Rodda (1967)

Lithological description

Age Group name
o . R
b 5 Thuvu Sedimentary Group Marl and limestone
£ 0
v S Verata Sedimentary Group Sandstone
ou ' . ' . .
3'3 Mba Volcanic Group Basalt, andesite, tuff and
A : conglomerate, volcanic greywacke
Koroimavua Andesitic Group - Andesite with minor sedimentary
beds
] .
5 Navosa Sedimentary Group Sandstone, mudstone with minor .
S andesite flows
9 . . -
E Nandi Sedimentary Group Conglomerate, marl and limestone
[\ v ‘ with minor andesite flows
= ' . .
y Mendrausuthu Andesitic Group Andesite, volcanic breccia,
9 ’ » ’ conglomerate
g .

Ra Sedimentary Group

Sandstone, mudstone with minor °
limestone B »

Eocene-Miocene

Suvra Volcanic Group

Singatoka Sedimentary Group

Tholo Plutonic Group

Wainimala Group

Andesitic conglomerate and breccia

Sandstone, mudstone with minor
limestone '

Olivine gabbro, tonalite

Spilite, keratophyre, conglom-
erate and minor limestone
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In southwestern Viti Lewvu, the rocks of the Wainimala Group and
the Tholo Plutonic Suite are overlain by the Mendrausuthu Andesitic Group.
‘This group consists of andesitic lavas, volcanic brépcia, conglomerate
,ana tuff. Towards the top of the succession sandstone, mudstone, marl,
and limestone are common. Palaeontological evidence sgggests an upper
Miocene age for‘this group (Ibbotson, 1960).

In northeastern Viti Levu, the rocks of the Singatoka Sedimentary
Group are overlain by thg Nandi Sedimentafy Group. This group consists
of conglomerate, marl and limestone, but andesitic-rocks.occur in many
places. This group has been described under Suva Series by Rickard (1963),
who has shown them to continue beneath the Mba volcanics. ' Their age is
uncertain. |

The Nandi rocks are unconformably overlain by the Koroimavua
Andesitic Group, which in tﬁrnvis overlain by the rocks of the Mba
Volcanic Group. The rocks of the Koroimavua Andesitic Group have been
radiometrically dated as 4.8 to 5.3 m.y. old (McDougail, 1963) .

They are predbminantly andesitic flows grading into sandstones towards _
the southeast..

The Singatoka rocks ére overlain by the rocks of the Navosa
Sedimentary Group. The rocks include polymict conglomerate and sandstone,
with 1imestope and mudstone being more common in the upper part of the
su¢cession. Their age is uncertain.

The northern half of Viti Levu is covered by the rocks of the
Mba Volcanic Group. This group includes widespread basalt and andesite'
as well as sedimentary rocks. The basalt and andesite are the host rgcks
of the gold mineralization at the'Emperor mine. The volcanic aétivity
- during Mba time took place from a number of centies, and four main
volcanic centrés and severél minor vents have been recognised. The rocks
range from oliVine basalt to trachyandesite. The sedimentary rocks

belonging to this group are of two types:-
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(g) minor lensés of volcanic sandstone and grit within the

volcanic sequence;

(b) bfhick sequenéés of volcanoclastic greywacke, mudstone and

saﬁdstone, flanking thevbasaltiC'rocké to the south, east
énd west.

Thé secéﬁd type has been included under the Vatukoro G;eywacke
‘Formation by Rodda (in press). These rocks probably continue beneath
thevvolcanics in the Emperor mine area (Rodda, pers. comm., 1977).
Théy_include réther thinly bedded calcareous greywacke, séndstone,
‘siltstoﬁe,'mudstone, marl and limestone (Plate 4.1). Field and
laboratory investigations of these.rocks indicate ‘that thevmajority have
significant carbonate content (in some cases up to 20%); but the rocks:
exposed.to the east of the Emperor mine are generally less éalcareous.
‘The common minerals obsérved are quartz, chlorifé, carbonates, relicts
of unaltered pyroxene and plagioclase. Carbonate usually occurs in the
form of calcareous fossils, but in some cases calcareous cement is
observed. Ning samples were analysed for major and trace elements by
XRF‘methods during the course of this study (Appendix C.4). The sample
locétions are given in Appendix A-2. The chemical composition of these
rocks is similar;to that of altered basalt (Appendix C.zf.

K-Ar age determinatiqns~indiéate that Mba volcanic activity
§ommepced over 10 m.y. ago and ceased at about 4.3 m.y. ago (Rodda et al.,
1967).

In the_weétérn Viti Levu, the rocks of the Mba Volcanic Group grade
into the:conglomerate and sandstone of the Vefata Sedimentary Group. Their
~age is uncertain.

Along ﬁhe southern coast of Viti Levu there are éxposures of
conglomerate, sandstone and marl of Pliocene age, grouped together as the

Thuvu Sedimentary Group.



Plate 4.1

Photograph showing bedded calcareous greywacke,
sandstone and mudstone of the Vatukoro
formation. Locality: Mba river valley 5 km
south of Mba township.

Plate 4.2

k—— 1mm—y

Photomicrograph of olivine basalt showing zoned
phenocrysts of pyroxene (brown and yellow),
olivine (bright red and green) and plagioclase
(light yellow). Sample 47283, Nasivi River
crossing 1 km south-west of Homeward Bound.
Cross nicols.
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Rodda (1967) has ﬁsed the term "Younger Iﬁtrusives" for éll the
intrusive rocks hqt classified as part of the Tﬁolo Plutonic Suite. They
range in composifion from basalt to andesite and from éabbro to micro-
granite and monzonite. K-Ar dating indicatés that the Younger Intrusives

are about 4.5 to-5 m.y. old (Rodda et al., 1967).

4.3 GEOLOGY OF THE TAVUA CALDERA

The geology of the Tavua ééldera (also known asvthe Tavua Basin)
has been descfibéd by Blatéhford (1953), Cohen (1962), Ibbotson (1967)
and Denholm (1967a, 1967b, 1967c), and the following description relies
heavily on their obserVatidns.

The rocks>exposed in and around thé caldera‘belong to the Mba
Volcanic Group. Ibbotson (1967) sugéegted fhat the Volcanic'rocks near
the céldera are at least 1500 m thick and Rodda (pers. comm., 1977)
indicaﬁed a minimumithickness of about 2000 m. The Emperor mine workings
extend to a depth of about 700 m through rocks which are mainly_olivine
basait flows. The maps and sections (Figs. 4.2, 4.3, 4.4) are based upon’
the data given in Blatchford (1953), Cohen (1962), Rodda (1967), Ibbotson
(1967) and Denholm (1967a, 1967b, 1967¢). It is assumed that‘the volcanic
rocks are.thickeét near the caldera and that thé thickhgss is about 2000 m,‘

| The caldera measures about 7 km by 5 km. The caldera boundary ié
a zone of brecciation:about 10 m in thickness and is marked byla.strong :
lithologic break that separates andesi£ic (and predominantly'pyroclastic)
rocks from basaltic (mostly flow) rocks.

Ibbotson (1967) recbgnised five phases of volcanic activity at the

Tavua caldera, viz.



' Phase V Monzonite and trachyte intrusions.
Phase IV Bictite trachyandesite flows and pyroclastics.
Phase III Augite trachyandesite cone sheets, tuff and breccia.
Phase II Trachybasalt flows and pyroclastics. _
Phase 1 Olivine basalt flows, pyroclastics,vvolcanic greywackes

and conglomerate.

There were two major periéds ofbcéuldron.cdlapse (Ibbétson, 1967).
The first accompanied phase~I volcanism and the second commenced during
phase?III,volcanism and continued throﬁgh cone-sheets emplacement and
the extrusion of éhase—IV lavas. The present caldera boundary was
- probably formed during the second period of cauldron collapse. The cauldron
collapse took place on a series of inward-dippiﬁg faults and slide planes,
many of which can still be recognised. A caldera lake was formed by the
time éf phase-III volcanic activity and the pyroclastics within the

caldera were deposited under lacustrine conditions (Denholm, 1967a).

4.4 ROCK DESCRIPTIONS

The olivine basalt of phase I

In hand specimen, the basalt is dark gfey to black and usually
massive. Individual-flows have an average thickness of about 1.5 m.
- Most of the flows are holocrystalline but they differ in groundmass,
texture and modal composition. The phenocrysts are commonly of olivine
and pyroxene_with rare plagioclase (generally zoned), while the ground-
ﬁass inciudes_plagioclase, pyroxene, olivine and opaque minerals
(Plate 4.2). . In many instances, the olivine is altered to'iddingsite'_’
and iron oxidé (ﬁagﬁetite?) but the pyroxene is nearly alwafs fresh.
Five samples of fresh olivine basalt wére analysed by XRvaethOds
during the present study for major and trace elements (Appendix C.1).
Some féldspat-and pyroxene grains were also analysed by electron microprobe

(Appendix D.4).
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Both.olivine and nepheline appear in the norm‘and-Ibbotson (1967)
classified these rocks as alkali olivine basalts.

The phase-I rocks near the Tavua caldera have an averagé dip of
about 10° nor;h, whicﬁ has been ascribed to regional tilting (Ibbotson,
1967) .

Pyroclastic rocks belonging to phase-I volcanic activity include
aggloﬁerate, volcanic breccia, tuffaceous agglomerate, tuff and ash beds.

The trachybasalt of phase II

The phase;II rocks are predominantly pyfoclastic trachybasalt.
The trachybasalt»is grey to grey—blaék énd usually contains phenocrysts
of fgldsbar and pyroxene. Some flows are fine grainéd-and non-porphyritic.
Some_rocks of phase II ére heavily altered; feldspar and pyroxene
phenocrysts are pseudomorphed by calcite and zeolite (which also occurs in
amygdales) and by chlorite.

The augite trachyandesite of phase II

The phase—III rocks outcrop within theilimits of the present caldera
boundary and include tuff, ash beds, volcanic bieccia and augite andesite
in cone sheets.

Augite andesite is grey to light green and has a subhedral porphyrific
texture. Pyroxene is the most common phenocryst with a modél variétion of
10 to 35%. Po;phyritic feldspar is present in many sheets.

The pyroclastics have an average dip of about 20° towards the centre
of the caldera. At the surface the cone sheets dip towards the centre
6f the caldera at angles of up to 50° whereas in the deeper levels of the
. mine they steepen to.800. |

The biotité.trachyandesite of phase IV

The phase-IV rocks occur in the form of a shallow sadcer—shaped
outcrop in the central part of the Tavua caldera. These rocks can be

divided into an.earlier pyroclastic type and a later effusive type.
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The biotite trachyandesite is white to bﬁff, 'fine_
grained porphyritic rock containing phenocrysts of biotite, feldspar
and rare hornblende.

The pyrocLastics are estimated to be about 166 m thick and their
maximum dip ié about 10° towards the_centfe oflthe caldera.

The intrusive rocks of phase V

The phase-V rocks are representéd by dykes of trachyte and small
plugs of monzonitg and trachyte.

The traéhyte of phase V is distinguished from phase-IV trachyandesite
by its lack of ferromagnesian phenocrysts. It is grey, white or greenish,
cryptocrystalline and feldspathic. Ferromagnesian minerals occur in the'_
groundmass.

The'monzonite is holocrystalline, porphyritic and rich in mafic
" minerals. Pyroxéne apd feldspar are abundant, and olivine and biotite
'rare._ Potash feldspar.is commonly observed as small laﬁhs in the ground-

mass.

4.5 DYKES

Dykes belonging to all the five phases of volcanic activity occur
in and around tﬁe Tavua caldera (Fig;'4.4). They have an average width
of about 2 m and‘generally have very steep dips (usually more than 800).
In the Empefor'mine area, the majority of steep lodes are aésociated :
 with dykes. The dykes can be divided into two categories on the basis

of geographical position and strike direction:-

(a) Concentric dykes - dykes running parallel to the caldera
boundary, e.g. the cone sheets of phase-III augite trachyandesite exposed

within the caldera, and a number of dykes occurring outside the caldera.

(b) Radial dykes - dykes running radially from the caldera centre,

the majority being phase-I olivine basalt.
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No distinction is made in Fig. 4.4 between the dykes associated
with the various phases of volcanic activity. The majority of dykes
Surroundiﬂg the caldera belong to phase-I or phase-Ii’volcanic activity.
The phasé—I olivine basalt dykes are more cémmén towards the south and
southﬁest andAphase-II trachybasalt dykes are more common towards the
east. Tﬁe trachyandesite dykes of phase=III occur bofh within and
outside the caidera. Outside the caldera they are more common towards
the south and soﬁthwest, and within the caldera they generally occur as
cone sheets. A few biotité trachyandésite dykes 6f,phase—IV are
observed within the caldera. Monzonite and trachyte dykes belonging to
.phase-V volcanic activity are rare. Few monzonite dykes have been
bbserved in the Emperor mine workings.

Ibbotson (1967) showed.that the dykes and dyke swarms are more
common between altitudes of 120 and 213 m (up to 73% of the toﬁal) and

are uncommon below or above these altitudes.

4.6 STRUCTURE AND MINERALIZATION

The shears shown in Fig. 4.4 are taken from Denholm (1967a, 1967b,
1967¢). No detaileg information on these structures is available. The
Dolphin shear is exposed in the Emperor mine workinés but its extensions
are unknown.l The Homeward Bound shear is exposed towards the northwestern.
margin of the caldéra,,but again its extensipns are doubtful. The Nasivi
shear is exposgd in the centre of the caldera for about 1000 m. No data
is available coﬁcefning the Wainivoce shear.

As shown in Fig. 4.2 a number of minor gold occurrences have'been
noted, both inside and along the periphery of the caldera. The geology
. énd mineralogy of these prospects is not known but Denholm (1967a, 1967b)

described the mineralization as fracture controlled and occurring at the

intersection of more than one fracture or a fracture and a dyke.
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The samples of core drilled on these prospects were not accessible during
this study. Chief Geologist J.R. Ekstrom (pers. comm., 1977) stated that
pyrite is relatively more abundant in these prospects than at the

Emperor mine. None of the prospects proved to be economic.

4.7 AGE DETERMINATIONS

Age determinations by the K-Ar method were carried out on rocks
from Viti Levu at the Overseas Division, Instituie of Geological Sciences,
London. Potassium was determined by flame photometry and argon by stable-
isotope dilution. The results of these determinations are repdrted by
Rodda et al. (l§67). Eight age determinations are available for the
rocks belonging to the Mba group. Seven of thembare on the rocks exposed
in and around the Tavua caldera and one is on the Vatia andesite exposed
about 16 km northwest of the Tavua caldera.

The ages obtained are

‘listed below.

It must be noted that the trachyandesite dyke (age 10 * 0.5 m.y.) is
included under phase-I. It has been suggested that this dyke represents
an earlier andeéitic phase than that seen at the surface.

(1967) have suggested that the’seduence basalt-trachybasalt-trachyte may have

Material used Rock type Age (m.y.) Phase Location
whole rock basalt 7.5 + 1 I Emperor mine
feldspar andesite 9.2 + 2 I ? Vatia
biotite trachyandesite 10 + 0.5 I Emperor mine
biotite trachyandesite 5+ 0.2 II NE margin of Tavua
caldera
whole rock trachybasalt 4.7 * 0.2 I1 . NE margin of Tavua
_ caldera
whole rock trachyandesite .32 0.2 IIT - Emperor mine
biotite trachyandesite 4.7 + 0.2 v inside Tavua
' ' Caldera
biotite monzonite 4.7 * 0.2 v

Emperor mine

Rodda et al.
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been repeated several times, the latest repetition constituting its most
prominent development. This trachyandesite dyke may therefore belong to
'thé first phase of volcanic activity.

Vatia has.been suggested as one of theimajor.centres of volcanic
.activity during Mba times. The volcanic activity aﬁ this centre may
bé confemporaﬁeous with one of the older periods of-voléanic activity
at Tavua (Rodda et al., 1967).

it see@s that the Tavua area witnessed two major periods of
igneous activity, the first between 10 and 7.5 m.y. and the second

between 5 and 4.3 m.y.
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Chapter 5

GEOLOGY OF THE MINE AREA

5.1 GENERAL:

The geology and lode structures at the Empefo¥lmine have beeh
“described in_détail by Blatﬁhford (1953), Cohen (1962), Denholm (1967a,
1967b, 1967c) and Forsythe(1967).

Fig; 5.1 is the geological map of fhe mine area. This map is based
. on Blatchford's (1953) data but has been updated. The mineralized lodes
are located to the southwest of the Tavua caldera and they all lie within
about 2000 m>of fhe caldera boundary. The host rocks are oli?ine basalt

flows and andesite dykes.

5.2 ROCK DESCRIPTIONS

The fresh olivine basalt is greenish grey, massive and markedly
porphyritic, with phenocrysts of augite, plagioclase and olivine
(Plate 4.2). vThe-groundmass cpnsists of interlocking crystals ofv
plagioclase, pyroxene and olivine. Both pyroxene and plagiéclase afe
zoned. _Augite‘crystals showing perfect hour-glass textures are ffequently
observed. 1In ﬁost samples, olivine is partly alferea to iron oxide and
iddingsite. Magnetite grains are common.

In most éamples examined the oliviﬁé basalt is altered to an
assemblage containing chlorite, ankerite, dolomite, magnetite, serpentine
ana tremolite with rare pyrite (Plate 5.1). This assemblage is termed
propylitic. As the minéralized zone is approached; theAintensity of
alteration increases and the mineral assemblage finally becomes quartz,
serici£e, potassium feldspar, dolomite and pyiite (Plates 5.2, 5.3).

This assemblage has been termed the K-silicate assemblage. The mineralized



Fig. 5.1 Photomicrograph of altered olivine basalt showing
the pseudomorphs of ankerite and minor chlorite
after pyroxene. Sample 47215, DDH MA-56.

Crossed nicols.
q,i

Fig.

5.2

T T PRI I ST TR

TABSERRL Y RS

Photoniicrograph of altered olivine basalt showing
the pseudomorphs of quartz, ankerite, sericite
and minor adularia (rhomb shaped grains in the
bottom left hand corner). Sample 103336, State
flatmake, 2 level, crossed nicols.
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Plate 5.3 Photomicrograph showing pseudomorphs of sericite
and dolomite after plagioclase. Note the cross
cutting, late-stage quartz vein. Sample 103308,
P.O.W. lode, 10 level.

D G R e B -

Plate 5.4 Photograph showing the steeply dipping President
dyke. Iocation: Loloma open cut, looking north.
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lodes céver an area of about 1.5 sq. km and.it appear§ tﬁat'the majority
of rocks in the mine area are propylitized, although the degree of
alteration véries from place to place. |
Individual flows probably average about 1.5 m in thickness
. (Ibbotson, 1967), although Blatchford (1953) described flows up to 30 m
thick from the underg?ound Workings. Individual flows have an average
~ dip of aboat 10° north and a general east-west strike.

'The basalt flows are interbedded with rare ash or tuff beds.
Individual beds fange from 1 to 15 m in thickness kBlatchford, 1953)
and the majority appear to be of limited extent.

The andeéife is greenish grey coloured,‘massive, hblocrystalline
and contains phenocrysts of zoned pyroxene and plagioclase. The_alteratioﬁ
pattern is similar to that of olivine basalt. The contact with the
olivine basalt is sﬁarp and is marked by a zone of brecciatiqn about 5 cm
thick (Plates 5.4, 5.5). The majority of these dykes have a northwest
trend and dip at steep angles to the northeast. Their average thickness

is about 5 m.

5.3 STRUCTURE AND MINERALIZATION

The caldera boundary in the Emperor mine area trends from north-
south to northeast and dips east. The dip near the surféce is about 560
but steepens tb about 80° at depth. It is a zone of-brecciation
about 10 m in thickness. In the mine workings disseminated pyrite is
commoﬂly observed but the zone is only weakly auriferous. It separates
phase-I olivine basalt fram fhe later phaseé of volcanic activity.

Three major shears have been mapped in the mine workings, viz. the
Shatter shear, the Hanging Wall shear and the Brewster shear. No eéoﬁomic

concentrations of gold have been observed in these shears, although

disseminated pyrite is common.



Plate 5.5 Photograph showing the Duchess dyke.
Note that the hanging-wall contact
with basalt is strongly sheared and
has acted as the loci for the ore-
mineralization. The hanging-wall
basalt is also bleached (brown
coloured) while the footwall basalt
(grey coloured) does not show any
change in colour. Location: Loloma
open cut.
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The rocks exposed to the east of the caldera 5oundary belong to
phase_III and are represented by augite-andesite cone sheets and tuffs
“(Fig. 5.1). The:tuffaceous rocks dip at low angles to the east. The
cone‘sheets dip'at an angle of about 50° near the surface but steepen
to abéﬁt 80°_in the underground workings. No productive mineralized
lodes have been located in the rocks east of the caldera boundary.

There are three types of lodes from which most of the gold in
the Emperbr mine'éreaAhas been won. They are:-

(a) ‘Steep northwest shears
(b) Flatmakes

(c) Shatter structures.

5.3.1 Steep northwest shears

As mentioned previously the olivine basalt is intruded by a nuhber
of andesité dykes. 1In the mine area the majqrity'of these dykes have _
a northwest trend and dip.steeply to the northeast. An interesting
feature of these dykes is that on the contact (usually the hanging wall)
they, are stfongly sheared (Plate 5.5). The width of these dykes ranges
from 2 to 4 m while the width of the shear zone ranges from a few centi-
metres to a féw:tens of centimetres.

The sheérs runningvpérallel to the dykes have sefved as loci fpr
gold mineralization. The Crown 1ode; striking,northweét, is.associated
with an andésite dyke and is mineralized over a strike length of about
760 m and a vertical range of about 360 m. The lode haé an average dip.
of about 75° due nértheast. The lode width ranges from 10 cm to about
1 m. This lodé has yielded approximately 500,000 toqs of orevassaying

about 15 dwt/ton Au. The other lodes of similar kind but of less '

economic importance are Cardigan, Duchess, Monarch, Regent, Prince of

Wales and several others (Figs. 5.1, 5.2, 5.3). .
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5.3.2 Flatmakes

Mineralized lodes dipping at angles 1es§ than 45° have been
termed "flatmakes". The average dip is about 25°.  Cohen (1962) has
suggested that they are thrust faults along thch movements of a few
metres have taken place. These flatmakes are influenced in some
degree by the crude layéring of lava flows, ash bedsvand flatly dipping
dykes. Individual lodes usually range in thickness from 1 to 10 cm.

The Prince-Dolphin flatmake strikes east-northeast and dips about

| 25°,southeast (Figs.'S.i, 5.2, 5.3). It is mineralized over a strike
length of aboqt 2300 m and a similar dip length. In contrast with the
steep 1odes; crustification textures and open vughS'afe frequently
observed. This flatmake has yielded about 2 million tons of ore
averaging 9 dwt/ton Au.

The 608 flatmake is similar to the Prince-Dolphin flatmake. It

strikes east-west and dips from 25 ﬁo'30° north. It is mineralized
over a strike length of about 450 m and a dip length of ébout 1200 m.
It haS“yieldéd about 1,300,000 tons of oré averaging between 5 and 10
dwt/ton Au.

Other flatmakes of similar type but less economic: importance are

State, B17A, 2000N, 460E, 166, Princess etc.

5.3.3 Shatter structurés

The'shatter structures are aggregates of numerous discontinuous,
flatly dipping cracks. These are believed to be produéed when basglt
blocks were wedged by a series of shears and left paftly suspgnded.

. The resulting resettling produced a number of tensioﬁ joints of which the
majority dip ‘easterly at low angles (Cohen, 1962;_D§ﬂh01m, 1967a).
| Thevsﬁatter structures contained some of the bonanza ore bodiés on

‘which the earlier mining activity concentrated.
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The Emperor Shatter ore body (Figs. 5.6, 6.3) has yielded 2,500,000

tons of ore and the 1030 Shatter has yielded about 200,000 tons of ore

assaying about 10 dwt/ton Au.

5.4 AGE OF MINERALIZATION

Aée determinatiéns by the K-Ar method (Chapté? 4, Section 4.7)
indicate that igneous activity at Tavua occufred from ébout 10 m.y. to
4.3 m.y. Thése age determinations also suggest two majér periods of -
igneous activity; the first between 10 and 7.5 m.y. and the second between
5 and 4.3 m.y.

PreQious workers (e.g. Cohen, 1962; Denholm, 19675, Ibbotson, 1967)
have suggested that the mineralization at the Emperor.mine took place
after the ignéoﬁs activity subsided. These suggestions are probably
based on the assumption that the mineralized lodes folibw the éndesité
.dykes which belong to phase-III or phase-IV volcanic activity. The age
determinations on andesite dykes, however, in&icaﬁe that they may belong
to phase-I volcanic activity. One andesite:dfke-from.the Emperor mine
workipgs, gave an age of about 10 m.y., whereas the age. on the phase-III
and phase-IV andesite is between 4.7 and 4.3 m.y. (Rodda et al., 1967).
More age determinations on the andesite dykes associated with the
 Emperor mineralization are needed, but the available.da£a indicate that
the mineralization may not be later than phase III or phase IV.

Srinivasan et al. (1972) determined an age of 7.2 + 0.94 m.y. for a_
telluride sample from the Emperor mine by the Te130-xei30 method. Tﬁey
used a composite sample’ weighing about 3.2 kg. The nature and type of
telluride minerals present in this sample are not known. The method relies
- on the double beta décay of Tel30 which produces Xe13d.‘ The half life for
this aecay is estimated on a sample from Kalgoorlie, Western Australia to

be (2.83 % 0.30) x 102!} years. They also determined ages for tellurides
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from Facebaja, Roﬁmania and Moctezuma, Mexico. The ages obtained from
these samples are comparable to the geological age.

‘i‘he only available data Ehus indicates that thev. Bulk of thcf_
mineralization probably occurred towards the end of, or slightly latér
" than, the first period of igneous activity. Minor gold occurrences
within the Tavua caldera are probably relatea to the second period of
igneous activity because they occur as fracture filiings in the phase-III

volcanics which have been dated at 4.3 * 0.2 m.y. (Section 4.7).
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Chapter 6

THE LODES

6.1 GENERAL

Aé deséribed ih Chapter 5, the’majority of the steep lodes follow
the andesite dfkes. The ore in these lodes'generally occurs in or
aléng the wallsféf the dykes as a single»or several near-parallel
strands, commonly branchiﬁé into a netwofk Qithin the limits of the dyke,
'or meandering from wall to wall. 1In geﬁefal, if thé dyke is displaced
by éAfault the lodes aré also displaced (Figs. 6.1B, 6.3) i.e. the
faulting is pqst;mineralization. In some cases thezléde crosses the
.fault an@ traverses through the basalt for a short diStance,>indicating
pre-mineralization faulting (Fig. 6.13).

The majority of steep lodes are tabular in shape and are confined
to narrow ch;npels a few centimetres to a few tens of centimetres wide.
Inﬂplaces several near-parallel strands increase the width of the
mineralized zone to about 1 m or more. The Diadem lode, for.example, with
its numerous short-lived north—south trending fractures (Fig. 6.3), has
been stoped successfullyvover a width of'about 6 m.

The gently—dippingvlodes (flatmakes) generally do not.follow.ény
particular lithological boundary though in a few cases they tend to follow
a less steeply‘diéping dyke for a short distance (Figé.‘G.ZA, 6.3). Some
flatmakes tend to follow ash beds. When é flatmake encoﬁnters a steeply
dipping dyke, it generally breaks up into numerous short-lived strands
F(Fig. 6.2B), thereby increasing the payable stoping width.

The flatmakes are tabular in shape with the ﬁidth of the payable
zone ranging ffom a few centimetres to a few tens of centimeﬁres,'but

again branching or splitting may increase this width to a couple of metres.
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Fig. 6.1 Detailed section and plan chowing the
nature of the lodes, after Blatchford(1953).
(A) Cross section shcwing the continuation
of the Duchess lode through basalt in between
the displaced perts of the andesite dyke.
(3) Plen showing the displacement of the
Duchess lode by a post-mineralization fault,
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The most important lode (or more appropriatély a cluster of lodes5
is the Emperor Shatter ore body. This ore body is é'clusfer of several
gently dipping mineralized strands occupying an inverted cone-cshaped area
between Diadem (Emperor) lode, the Shatter shear and the Hanging Wall
shear. This ore body tails out around No.8 level near the intersection
of thé above-mentioned structures (Fig..6.3).

Bottoming of most of the steep lodes and flatmakeé is mineralogical
rather than structural. In most cases the sfructure continues but
payability of the lode decreases aue to fading out of the ore minerals.
As a general'ruie most of the steep lodes ére not payable below their
intersection with the Prince-Dolphin flatmake. Thé only exception to
this is the Crowﬁ lode which continues to be payable much below its
intersection with the Prince-Dolphin flatmake.

In longitudinal sections (Fig. 6.4), most of the lodes show an
irregular outline, but generally, the horizontal extent is greater than
the verﬁical. These lodes generally do not have a homogeneous grade
throﬁghout, but they have pockets of relatively high grade material which
generally coincide with the intersection of more than one fracture.
Usually the interSections of flatmakes and steeply dipping dykes are
richly mineralized (Denholm, 1967a). |

The strike, dip, vertical extent and other pertinent data on a number
of important l&des (i.e. lodes which have high tonnage) - are given in
Table 6.1. The tonnagé valués given in this téble are only approximate
and are based on the data given in Blatchford (1953) and Denholm (19673)
The exact amount of material actually mined, probably_does not deviate
much from thesé values. Prince of Wales, 166 and Wunawali lodes are
being mined and exact figures for these lodes are not aVailab;e.

Most of the steep lodes trend north-west, they generally follow
andesite dykes. The majority of the steep lodes are exposed at the

surface. The vertical extent of these lodes range from 70 to 730 m



Ay

— 8

—15

MINE LEVEL

SE.

)

i

200 Lqﬂft

ore

50 100m

ORE BODY OUTLINE
AT AN AVERAGE GRADE
OF . 15dwi/ton Au

Figs 6.4

Longftudinal section showing the outline of the Crown lode ,after Forsyti'.e(19g7)

N
.



Table 6.1

Data on some important lodes.

‘ Maximum Maximum Approximate Average
Lode Strike Dip vertical horizontal Location* Host total reserves, grade or
S extent, extent, rock tons range,
o oo . . . dwt/t
Emperor Shatter diverse , 236 182 o) B some 2,588,000 7-8
‘ ' T and A .
Diadem (Emperor) NW-SE 50-70° 196 365 o B some A 46,100 10-12
to N-S to E .
Princes Flatmake  N-S 20-50° 80 300? c B some T 34,500 20-25
) to E : and A
Duchess Flatmake  N-S 25-45° 121 1527 e  Mostly A 34,300 20-40
to E some B
Duchess lode NW-SE 50-60° . 236 762 o A 306, 200 20-30
to N .
'Regent NW-SE 75-80° 236 762 o A 33,400 15-20
' to N o
Monarch , NW-SE 45-55°. 731 60 c A 20,600 9-12
. : to N-S to E : : g
cardigan - NW-SE 70° to E 364 - 840 "o A some B 86,500 " 5-8
Prince-Dolphin . NE-SW 25° to E 523 2310 c B 2,000,000 9
flatmake :
Crown-Crescent NW-SE 70-80° 365 762 c A some B 500,000 15

to E



608 flatmake
166 flatmake

Prince of Wales

Wunawali

E-W 25-30° 521

to N
E-W 25-30° 100?
to S ,
Nw-sE 70° to E 1002
N-S 65° to E- 70

457

3047

3042
200

. 1,300,000

?

)

“)

5-10

~

)

(¢]

H W P Q

outcropped

concealed
andesite
basalt
tuff



Table 6.2

Minerals observed at the Emperor gold mine, Fiji.

(A) OPAQUE MINERALS

(B) ° TRANSPARENT MINERALS

Calaverite AuTe)
Krennerite (AuAg) Tes
" sylvanite AuAgTey
Petzite Ag3AuTe)
Hessite AgTe)
Empressite AgsTes
Coloradoite HgTe
Melonite . NiTe
VAltéite Pbﬁe
Tellurium Te
Gold Au
Magnetite Fe30y
Anatase TiO»
Pyrite FeSy
Marcasite FeSj)
Arsenopyrite FeAsS
Sphalerite Zns
Galena Pbs
Chalcopyrite CuFeS»
Bournonite CuPbSbS; 3
Tetrahedrite (CuAg) )2 (SbAS) 4S:)3
Pyrargyrite Ag3SbS3 V
Proustite Ag3AsS3
Polybasife Ag)16Sb2S))
Stibnite SbsS3
Realgar AsyS3

Chlorite (MgAlFe) 1, [ (SiAl) gOyq] (OH) 16
Quart? 5105

Sericite KAl, (A1Si3)Oqq (OH) »
K-feldspar KA1Si 30g

Roscoelite KVj (A1Si3)0q¢ (OH)

Ankerife (Ca,Mg,Fe)z(CQ3)2

Dolomite CaMg (CO3)

Calcite CaCO3
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and the horizontal extent ranges from 200 to 840 m. .fhé dip of most of
the;e lodes is generally.towards the northeast, and ranges from 45 to
80°.

The dip and strike direction of the flatmakes is variable but the
‘amount of dip generally fanges from 25 to 450. Except the Prince-Dolphin
flatmake, all the other flatmakes have relatively small dip and strike |
vextent. The flatmakes are difficult to.locate on the surface-énd are
only recognised in mine workings or drill cores. Almost all the flatmakes
‘follow shallow fractures in basélt.

Fracture filling is characteristic of these lodés although some
replacemént along the vein wall has occurred. In many instances open
.cavities ranging up to 30 cm in width have been observed with vgin quartz
crystals projecting from both sides. . In general flatmakes have larger
cavities than the steep lodes. Hotlwater having temperatures up to 63°C,
has been observed flowing through these cavities (Deﬂholm, 1967b) .

In hand specimené,'well grown vein quartz crystals form the bulk of
fhe vein with thin bands 6f tellurides, sulphides and carbonates more
common near the edge of the vein (Plates 6.1 to_6.6), Native gold is
generally not observed in hand specimens and where éeen it occurs as
vthreéd—like bodies. Silvery white prismatic crystals of telluridés or
masses of such crystals are generally visible to the unaided eye; Calcite
commonly occurs as scalenohedral.or rhombohedral crystals growing over
‘barren quartz (Plate 6.7).

Microscopically, the lode material contains a fairly large number
§f minerals (Table 6.2). Almost all of these have beén confirmed by
either X—ray.diffractiénvor electron micréprobe methods or by a cambination
of these two techniques. From an economic view point only é small
pumber of these minerals are important. In the order of abundancé they are
Sylvanite, petzite, krennerite, hessite, native gold, native tellurium

and calaverite. - Amongst the gangue minerals, the order of abundance is
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Plate 6.1

Crustification texture in vein quartz. Bands of
white quartz are outlined by interveining bands of
ore minerals. Roman numerals refer to the stages
in the paragenetic sequence. Sample 103297.

166 flatmake, 7 level.
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Plate
BTy,

6.2

Crustification texture in vein quartz.

white quartz are outlined by bands of
Roman numerals refer to stages in the

Bands of
ore minerals.
paragenetic

sequence. Stage IV quartz is nearly all barren.

Sample 103296, 166 flatmake, 7 level.
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Plate 6.3

Crustification texture in vein quartz. Note the

absence of dark bands of ore minerals between the
various layers of quartz (cf. Plate 6.2). Both
samples are from 166 flatmake. It is thought that
one (Plate 6.2) formed against the footwall of the
vein and collected ore minerals which were suspended
in the ore-fluid and settling under gravity, while
the other (Plate 6.3) formed against the hanging-
wall. Sample 103296, 166 flatmake, 7 level.
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Plate 6.4 Crustification texture in vein quartz. Note the
position of stage V calcite. The massive pyrite
bands at the edge of the vein may represent a
stage earlier than IIA (possibly IB). Note also
the silicified pseudomorphs of pyroxene in the
wall rock. Sample 103329, Crown lode, 14 level.
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Plate 6.5 Crustification texture in vein quartz. Note that
the dark band belonging to the stage IIB is
virtually absent in this specimen. Sample 103368,
Wunawali lode, 9 level.



STAGE V(CALCITE)

- —

Plate 6.6 Photomicrograph showing grains of stage IIB pyrite
between barren quartz of stage IIA and calcite of
stage V. Sample 103410, Crown lode, 11 level.
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Plate 6.7 Photograph showing stage V calcite coating stage IVC
quartz. Sample 103292, 166 flatmake, 9 level.
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quartz, dolomite, calcite, sericite, potassium feldspar, chlorite and

roscoelite.

6.2 ALTERATION

The rock surrounding the vein is genérally bleached.

Quartz ranges up to 90% of the gangue material.

Starting

from the centre of the vein to the fresh rock the following zones are

usually observed.

Zone

II.

III.

Iv.

VI.

VII.

Barren carbonates

Barren quartz

Mineralized vein
quartz

Mineralized wall
rock

Carbonatized wall
rock

Chloritized wall
rock

-Fresh rock

s

Width

Description

up to 0.5 cm

up to 6 cm

up to 2 cm

up to 5 cm

variable

variable

White coloured barren
calcite.

White or amber coloured
quartz with minor pyrite
and dolomite.

Pale green coloured consist-
ing mainly of quartz,
dolomite, sericite, adularia,
roscoelite, sulphides and
tellurides.

Light greenish to white
coloured consisting mainly of
quartz, sericite, adularia,
roscoelite, traces of chlorite,
sulphides; tellurides and
carbonates (mainly dolomite)
rare ankerite and magnetite.

Greenish grey with white spots
of phenocryst minerals replaced
by carbonates. Common minerals
are ankerite, dolomite, quartz,
chlorite, K-feldspar (ortho-
clase?), pyrite and rare
magnetite.

Greenish grey with light green
spots. Common minerals are
chlorite, tremolite, rare
epidote, rare ankerite,
magnetite and rare pyrite.

Greenish grey. Common minerals
are pyroxene, plagioclase,
olivine.

With several mineralized strands running parallel, the total width

of zone I to zone V may range up to a few metres. If no other fracture
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is observed, zone VI may extend up to about 30 m but this rarely

happens as ofher fractures (may be weakly mineralized or even unmineral-
ized) generally repeat the zonal sequence. As a result, completely
fresh Qolcanics are seldom observed in the ﬁine area.

Zone II1 and zone III can be grouped together as a zone of silici-
fication, because quartz is the principal mineral (up to 99% by volume).
Zone IV and part of zone III can be grouped together as a potassium -
.silicate assemblage. 2Zone V_is actually a zone of carbonafization, but
in later discuséions thié has been groupéd with zone VI undef a general
term of propylitic alteration (Chapter 8).

The qua;tz and dolomite of zone ITI and zone III contain a number of
'two-phase fluid inclusions, but inclusions in the calcite of zone I are

rare and are usﬁally single phase (water only).

6.3 PARAGENESIS

Stillwell & Edwards (1946) and Stillwell (1949) observed that
sulphides were deposited very early in the paragenetic sequence, sylvanite
being the first telluride fo form and native tellurium the last.

Hessite was in part contemporaneous with sylvanite and in parf later.

Markham (1960) showed that the tellurides genefally replace sﬁlphides
but he considered that all the tellurides were precipitated contemporaneously.

‘Forsythe (1967) , after a comprehensive study of the ore minerals from
the Crown lode, concluded that mineralization occurred in two stages,
differing mainly in the nature of tellurides. The first stage includes
calaQerite; krennerite, sylvanite and native tellurium with possibly
minor petzite. The second stage includes petzite, hessite and nativg
gold. |

Stumpfl (1970) examined a few samples from the Emperor mine and

suggested that telluride mineralization probably occurred in two stages.
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All of the above-mentioned studies are 1imitéd to the examination
of polishea slabs and no details are available on the temporal
felationship amongst the transparent minerals. One hundred and twenty-
three pélished slabs from Forsythe's (1967) collection were re-examined
during the present study and where required polished thin sections were
prepared. In addition, 53 polished thin sections weré prepared.

Polished slabs prepared for fluid—inclﬁsion studies were élso éxamined
for ore and gangue minerals. The generalised paragenetic sequence
constructed from the present study is given in Fig. 6.5. 1In order to
make this sequence more complete, alteration assemblages have been
_included. .Five stages of die and gangue mineral preéipitation have been
recognised. The first four of them have been further.subdivided into
substages on the basis of differences in either éolour or in mineralogy.
The system of numbering of the paragenetic stages is arbitrary, being
basgd on an earlier field classification, I -V (i;e. the stages IA, IB,
IIA, IIB ... are of equivalent rank and copld have been labelled 1, 2, 3,
4 ...). Stages II and III commence with the precipitation of barren quartz
and terminate.with the precipitation of sulphides, tellurides and -
carbonates. Stage IV is essentially barren quartz with minor carbonates
and sulphides. Stage V is essentially calcite and is.devoid of any
silicates, sulphides and tellurides. One feature of the‘paragenetic
sequence is ﬁhe almost contimuous precipitation of Quartz from Stage IB
to Stége»IV while precipitation of sulphides, tellurides and carbonates
appears to be discontinuous.

Not all stages can be recognised everywhere and the proposed para-
genetic sequence (Fig. 6.5) is composed from observations on samples from
a number of lodes. For example, in the deeper parts of Crown lode
(12 level and below) sub—stage IIB is not observed. Stage IV is

inconspicuous in the majority'of lodes, but is well developed in samples

from the 166, Wunawali and 1010 lodes.
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o Fig;é_s Generalised paregenesis diagram for the lodes at the
: Emperor mine, Fiji. :
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The criteria used in the construction of the proposed paragenetic
sequence are crustification and/or replacement textures. The former is
used for deciding the age relationship in the vein and the latter in the

mineralized wall rock.

6.3.1 Crustification Textures

The majority of the samples from the Emperor miné show well

developed‘crustification textures (Plates 6.1 to 6.9; Fig. 6.6).

Starting from the vein wall to the centre, the following sequence is

typically obsérved:-

(aj A layér of white barren quartz up to about 5 mm thick

tb) A layer of sulphides, tellurides, carbonates and silicates up tq
about 1 mm thick. This layer contains sylvanite, calaverite and
kremmenite ‘as the principal tellurides and they are cammonly
associated with native tellurium. The most common sulphide is
pyrite, followed in abundance by séhalerite, chalcopyrite_and
tetrahedrite. Amongst the carbonates, dolomite is most common
but some ankerite also occurs. Amongst the silicates adularia,
sericite and roscoelite are commonly observed. Other minerals
occurring within this layer are galena, tetrahedrite, melonite,
altaite, bournonite and colorédoite.

(c) A layer of white barren quartz up to about 1 ém thick. Rare pyrite
is sometimes observed within this layer. |

(d) A layer of sulphides,vteilurides,_carbonates and silicates up to: about
i mm thick. This layer contains petzite, hessitefandipoésibly rare
sylvanite as the most common tellufides. These tellurides often
occur in close association with native gold. Sulphides, carbonates
and silicates are the same as in layer (b).

“(e) A layer 6f white barren quartz up to about 2 cm thick. Rare pyrite

is sometimes observed within this layer.
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(f). A layer of amber coloured quartz up to about 2 cm thick. A few
isolated grains of pyrite are observed within this layer.
(g) A layer of white barren quartz up to about 2 cm thick.

(h). a layef of white barren calcite up to about 0.5 cm thick.

The crustification structures therefore cleafly indicéte two
well defined periods of telluride precipitation, which also coincide with
major sulphide and carbonate precipitation. Quartz precipitation was
probably continuous from layer (a) to layer (g) as the quartz crystals
have grown in optical continuity and layer (b) and layer (d), usually
fol;ow the growth zones within the qua;tz crystals.

As can be seen from Fig. 6.6, the development of these layers is
incomplete in many of the samplés and there are pronounced "unconformities".
In sample.number 103409, layer (b) is directly followea by layer (h).

.In sample 103312, on the other hand, precipitation waé arrested duriﬁg
the time of layer (b). Layer (h) is absent in a number of samples.

The layers‘described above relate to ﬁhe paragenetic sequence given

in Fig. 6.5 as follows:-

Layer Stage
(a) I1A
(b) IIB
(c) IIIA
(d) IIIB
(e) - IVA
(£) IVB
(9) IVC
(h) \Y%

An interesting feature of layers (b) and (d) ié}their-astmetric
development (Fig. 6.6; samples 103298, 103343 and 103306; Plate 6.8)
i.e. one side of the vein shows strong development of layer (b) and

.layer (c) while the other side is practically devoid of these layers.
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Plate 6.8

S N AT 20T

Photomicrograph showing crustification texture in vein
quartz. Stage IIIB includes dolomite (hatched in the
sketch) and pyrite (small black dots) and appears as a
thick dark layer in the photograph. The heavily stippled
layer in the sketch is the contact between stage V
calcite and stage IV quartz and appears as a thick black
layer in the photograph due to total internal reflection.
The section is about 1.5 mm thick. Sample 103298,

166 flatmake. 7 level.
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Plate 6.9

Photomicrograph showing crustification texture in vein
quartz. Hatched areas represent dolomite which appears
as a white band in the photograph. The dolomite vein in
the wall rock probably belongs to stage IIB. For
mineralogy refer to Fig. 6.6. Note the asymmetric
development of stage IIIB and quartz-carbonate pseudo-
morphs after pyroxene in the wall rock. Sample 103343,
608 flatmake, 7 level.
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Barton et al. (1971) have described similar features in the samples

from the OH vein, Co;orado, due to gravitational settling. Although
oriented samples Qere not collected in the present study, it is suggested
that gravitational settling may be the main cause of the asymmetricall
development of layers (b) and (d). Assuming this to be the case, the top

of the samples is indicated in Fig. 6.6.

6.3.2 Replacement Textures

Replacement textures have been described in great detail.by
Forsythe(l967); These textures are most common in the mineralized rocks
surrounding the veins. They indicate a paragenetic sequence similar to
the one constructed from the crustification textures.

Amongst the opaque minerals, pyrite is the first mineral to form
and much of it is probably formed at the expense of pre-existing magnetite.
An interesting feature of this replacement is seen in sample 103428
(Plaﬁes 6.10, 6.11). 1In this sample magnetite grains are first replaced by
pyrite, which in turﬁ is véined by magnetite, which is then again veined
by a later generation of pyrite. At the immediate base of the mineralised
vein, however, magnetite is.completely replaced by pyrite.

Among sulphidgs, early pyrite, chalcopyrite, sphalerite and tetra-
hedrite are seen to be veined or enclosed by later sulphides which in turn
are veined or enclosed by a still later generation of sulphides. Thus
there appear to be at leagt three generétions of sulphide depoéition;

Tellurides generally occur as vughs filling (Plate 6.13). Among
them, deposition of native tellurium, calaverite, krennerite andvsylvanite
appears toltake_place first. These tellurides are often observed to be
veined by petzite, hessite and native gold. An interesting case is seen in
sample 103404 (Plate 6.14) ‘in which a syivanite crystal, the optical
continuity of which is apparent from the orientation of twin lamellae, is

béing replaced by petzite. This crystal of sylvanite is completely
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Plate 6.10

Photomicrograph showing replacement of magnetite
grains (dark grey) by pyrite (light grey). Note
that after the replacement of magnetite by an
early stage of pyrite (the central core),
magnetite was again precipitated (the rims and
veins). This was then veined and enclosed by an
even later stage of pyrite. Sample 103428,
Crown lode, 14 level.

Plate 6.11

Description same as for Plate 6.8.



Plate 6.12
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Photomicrograph showing rounded grains of
melonite in a crystal of native tellurium.
Sample no.F-311 from Forsythe's (1967)
collection, 608 flatmake, 8 level.

Plate 6.13

Photomicrograph showing wall rock pyrite at
the edge of a vein (white, to left); vein
quartz (dark grey) and krennerite. Note the
habit of the krennerite which fills vugs.
Sample 103345, 1600 flatmake, 10 level.
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,Plate 6.14

Photomicrograph showing replacement of sylvanite
(sy) by petzite (pet) and coloradoite (col). All
three minerals are enclosed by a later generation

of pyrite (py). Note the disruption of the twin
lamellae of the single crystal of sylvanite by later
cetzite and coloradoite. Sample no. F-109 from
Forsythe's (1967) collection, Crown lcde, 12 level.
Black arcas represent holes in the section.
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enclosed by a later generation of pyrite. Native gold appears to be
latest amongst the ore-minerals as it is often observed as veins in
petzité and/or hessite (sample 103433). Mélonite generally occurs as
}rounded grains in native tellurium crystals (Plate 6.12) and much of it
is was probably precipitated during stage IIB.

Amongst the transparent minerals, chlorite appears first, and as
thé mineralised vein is approached, this is first repléced by ankerite
which in turn is replaced by an assemblage containing quartz, sericite,
roscoelite and K;feldspar (ﬁoth adularia and orthociase). In a number of
samples, veins of 1ate—s;age quartz are often observed traversing
seriéitized and/or carbonatized phenocrysts. In sample 103338, for example,
a sericitized feldspar phenocryst is travefsed by a veih of late-stage

guartz (Plate 5.3).

- 6.4 ORE-MINERAL ZONING

From a comprehensive study of ore minerals from the Crown lode
and analysés of Agqg, Au-and Te, Forsythe (1967, 1971) deécribed the.following
-changes in the telluriée assemblage with depth: |

(i) Below a line midway between 12 and 13 level (depth about
400 m) native tellurium, calaverite, sylvanite and krennerite, altéite
and melonite are not observed.

(ii) Ppetzite, hessite and native gold are distributed throughout
the lode, but are mor? common in the deeper section of.the lode. |

He also’analysed a number of samples for Au, Ag‘and Te. These.
analyses showed that:-

(iii) Tﬂe Te/Au + Ag weight ratio is nearly constant (average
about 0.5) up tovl2 level, but increases sharplybabove this level

(average about 1.5).
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Fig, 6.7

WEIGHT %

A plot' of the bulic conposition of samples frow the Crown lode
on an Au-Ag-Te triangle, Open circles: samples fram 13 level
and below; filled circles, samples from 12 level and above,
Alse shown arc the phase relotionships for the 2909C isotherm

.of the synthotic system Au-Ag-Te, after Cabri(1965), All analyses

from Forsyth(1967), lote that the majority of samples from 12

level and above indicate sylvanite. krennerite ond native tellurium

zs the predoainant stable minerais, while the majority of sample
frem tower . lovels indfcate hessite, petzite and notive gold
(clectrum} as the stable mincrals,
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(iv) The Te/Ag weight ratio is nearly constant (average about 0.5)
up to 12 level but increases sharply above this level (average about 3).

(v)> The Ag/Au weight ratio is nearly constant (average about 2.5)
up to about 12 level but decreases sharply above this level (average
abopt 1).

It i; appareht from a plot of the analyses given in Forsythe (1967),
shown in Fig. 6.7, that there is very pronounced change in the abundances
of Au, Ag and Te with depth. The experimental tie lines in: the
system Au-Ag-Te as observed by Cabri (1965) are also shown in Fig. 6;7.
This figure suggests that the upper level assemblagé should be daminated
by calaverite, sylvanite, krennerite and native tellurium while the

assemblage from lower levels should be dominated by petzite, hessite.

and Au-Ag solid solutions. This is precisely what is found.

6.5 THE OPAQUE MINERALS

The opaque minerals from the Emperor mine have been described in.a
number of previous studies (e.g. Stillwell & Edwards, 1946; Stillwell,
1949; Forsythe,1967, 1971; Markham, 1960; Stumpfl, 1970).

Magnetite

Magnetite is fairly widespread in the propylitic rocks. It is grey
coloured with a brownish tint, isotropic and generally occurs as
idicﬁorphic cubes and octahedrons. Electron microprobe spectra show the
presence of considerable amounts of vanadium and titanium.

With the‘advancgment of alteration magnetite is gradually replaced
by pyrite. 'Replacement starts at the margin of the magnetite grain and
in many cases the central core is unreplaced. Alongside mineralized
veins most of the magnetite is replaced by pyrite. In some cases
alternate rings of magnetite and pyrite are observed within a single grain.

In some sections (e.g. sample 103327) all stages of magnetite replacement
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are observed within a distance of about 4 cm. Sample 103428 (Plates 6.10,
6.11) shows magnetite grains replaced by pyrite, which in turn is
replaced by magnetite and a yet later generation‘of pyrite replaces the
magnetite again.
Anatase
Anatase is fairly common in the propylitic rocks but has not been
observed in the vicinity of mineralized rocks. It is pinkish brown in
>colour and occurs as rhamb-shaped idiomorphic grains. In thin sections
it is brown in coiour. In some cases it is found as clusters surrounding
partly replaced magnetite grains.
Pyrite
Pyrite is the most common sulphide in the Emperor mine. Forsythe
(1967) estimated it to be about 2.1 wt. % of the ore.
Two types of pyrite can be recognised:-
(a) Pyrite formed as a result of replacement of magnetite presumably
: !
withoﬁt addition of iron.
(b) Pyrite formed independently of magnetite with addition of both
irop and sulphur from the hydrothermal solutions.
Type (a) pyrite is more common in the propylitic rocks while
type (b) is confined to the base of mineralized veins and between barren
quartz layers.
Marcasite
Marcasite occurs as laths (commonly in clusters) up tolmm in

length and.closely associated with type (b) pyrite.

Arsenopyrite
Arsenopyrite is a fairly common mineral and it occurs as diamond-
shaped anisotropic grains. It is most commonly associated with type (b)

pyrite.
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Chalcopyrite

Chalcopyrite occurs‘as irregular laths. It is a common mineral
but subordinate in amount to sphalerite and tetrahedrite. As with
" pyrite, chalcopyrite precipitation occurred in four distinct stages
but it appears to be more common during the later stages (Fig. 6.5).
Sphalerite

Sphalerite is fairly widespread. It is grey, isotropic
and shows internal reflections in shades of brown and yellow. In thin
 sections it is yellowish brown in colour. Fluid inclusions were noted
in a few grains but they were too small to be of any practicai use.
Sphalerite is commonly associated with chalcopyrite and pyrite and within
a particular stage (crustification layer)'all three minerals appear to
be in equilibrium. They usually occur in contact with éach other.

Electron microprobe analyses of sphalerite carried out during the
present study indicate_the presence of minor amounts of copper, iron,
cadmium and chromium (Appendix D.1l).

Occurrenées of chalcopyrite inclusions have beén observed in a few
grains but.in most cases the sphalerite is free of such inclusions.
Galena

Galena is a rare mineral and is recognised in only a few specimens.
It is generaliy pure PbS but in some grains minute amounts of silver were
noted in the electron microprobe spectrum.

Galena is commonly associated with altaite. Most of the galena is
associated with type (b) pyrite, tetrahedrite, chalcopyrite, and with
bbth generations 6f tellurides (i.e. substages IIB and IIIB).

Tetrahedrite-Tennantite

With the help of electron-microprobe analysis and X-ray diffraqtion
studies, Forsythe(1967) calculated the following formula for the mineral

present at the Emperor mine:-

(Cujg.125A91.875) (Sbo, 2As), gg)Sy3
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He suggested that the mineral is argentiah tetrahedfite (friebergite) .
It is observedvin most of the specimens and occurs generally in
association with typé (b) pyrite. Commonly earlier pyrite is enclosed
by later tetrahedrite. Other minerals commonly associated with tetra-
~ hedrite are chalcopyrite, sphalerite, bournonite, prous_tite, pyrargyrite,
~polybasite, petzite, hessite, native gold and altaite.
Bou?nonite
Bournonite.is rare. It is grey or bluish tinted greenish grey,
vanisotropic and characteristically exhibits polysynthétic twinning.
It is commonly associated with tetrahedrite, pyrite, altaite,
chalcopyrite, petzite, hessite and native gold.
Stibnite
Previogs workers have reported the presence of rare stibnite from
near-surface workings (Garetty, 1936; Stillwell, 1949; Forcsythe,1967).
Groups of radiating needles and felted masses of stibnite were
observed in a specimen collected from the Cardigan open cut (sample
103452).

Pyrargyrite, proustite, polybasite and pearsite

‘These minerals have been described by Forsythe (1967) but they have
not been confirmed@ in this study. According to Forsythe they are very
rare and are probably ﬁore common in the.deeper part of the Crown léde.
They are aésociated with silver~-rich telluride and native gold..
Realgar |

Realgar was reported by Forsythe (1967) in a near-surface'sample.
It is probably of supergene origin.

Calaverite |

Calaverite is a‘rare mineral in the Emperor mine and it is only
found in 12 level and above (Forsy;he,1967). It is cream coloﬁred,
anisotropic and.shows distinct reflection pleochroism. Anisotropy is

considerably weaker than that of sylvanite and slightly. greater than
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krennerite. Sylvanite generally shows lamellar twinning and can be
easily distinguished from calaverite.

| Calaverite is seen in contact with krennerite, coloradoite and
native téllurium. Coloradoite and petzite occur as veinlets and
marginal areas in calaverite and are therefore younger in paragenesis.
Forsythe (1967) observed native gold in association with calaverite
and considered it to be a possible oxidation product;' The sulphide
associates of calaverite are pyrite, chalcopyrite, sphalerite and tetra-
hedrite. |

Krenneritg

| Krennerite is observed in a number of specimens from the upper
1evels._ It is cream coloured, anisotropic and shows weak reflection
pleochroism.

It is found in association withvsylvanite, calaverite, native
'tel;urium gnd rarely with petzite. Vein-like and marginal areas of
petzite, héssite and coloradoité are commonly observed (e.g. sample
103386). Krennerite grains are generally completely ehclosed by later
pyrite.

Electron microprobe analyses of several krennerite grains are
given in Appendix D.2.

Sylvanite

Sylvanite is the most coﬁmon and easily identifiable telluride.
It.is common in the samples from the upper 1e§els (12 level aﬁd above);
It is cream coloured, strongly anisotropic and commonly shows lamellar
twinning. -Réflection pPleochroism is fairly strong.

It is commonly associated with krennerite, petzite and native.
tellurium. In the majority of the specimens studied hessite, petzite,
empressite and coloradoite are observed to be replacing sylvanite and are
therefore younger. Altaite and melonite were locally intergrown with the

replacing minerals.
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Electron microprobe analyses of several grains of sylvanite were
carried out during the present study (Appendix D.2). In comparison
with other deposits, sylvanite from the Emperor mine is low in silver
(Markham, 1960; Cabri, 1965; Stumpfl,‘197l). Cabri (1965) suggested the
use of the silvér content of sylvanite to indicate the temperature of
ore deposition when sylvanite occurs in equilibrium wiﬁh a more silvef—
rich phase e.g.lpetzite or hessite. The temperatures estimated from
Cabrifs (1965) calibration curve for the Emperor mine sylvanite are
much higher (>350°C) than those obtained from fluid-inclusions in the i
associated quartz. .This probably indicatgs that the sylvanite is not in
equilibrium with_petzite or hessite and this is consistant with the
textural data, which ﬁsually indicateé veining relationships.
Empréssite

Empressite.is a rare mineral in the Emperor mine. It is grey in
colour, highly anisotfopic and shows distinct refléction pleochroism.

| It is closély associated with petzite, hessite and native gold

and is observed replacing the early gold-rich tellurides.
Petzite |

Petzite is fairly common mineral. It is pale grey in coloﬁr, very
soft and weakly anisotropic. It resembles hessite in colour but hessite
is highly anisotropic. It occurs in close association with hessite and
native gold. Amongst the sulphideé, tetrahedrite, chalcopyrite and
sphalerite are common associates. Late pyrite is ‘often observed»to be
enclosing pefzite. In some cases sylvanite grains having veins of petzite'
are completely enclosed by pyrite (Plate 6.13). Some of the native gold
is probably iater than petzite'as it veins the petzite grains.

Unlike'calaverite, krennerite, sylvanite and ﬁative tellurium
petzite is observed throughout ﬁhe veftical extent of the mine workings.

Analyses of several grains of petzite are given in Appendix D.2
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Hessite

Two polymorphs of hessite are known. At room temperature, hessite
is possibly_ortho;hombic (Rowland & Barry, 1951), probabiy monoclinic
(Fruech, 1959), but certainly anisotropic (Cabri, 1965). At temperatures
above 145°C, hessite is cubic but inverts to orthorhombic or monoclinic
upon cooling. In this process it may retain cubic crystal form but not
structure. Due to inversion from high to low temperéture the mineral -
shows either mottled, irregqular or lamellar textures. The presence of
such textures puts a minimum limit on the temperatufe of deposition of
145%. |

Hessite it subordinate in amount to petzite. It is observed through-
out the vertical extent of the mine working. It is brownish grey in
colour, very soft, takes rather poor polish and is strongly anisotropic.

Hessite is commonly associated with petzite, native gold and
coloradoite. Iﬁ many samples it is observed replacing calaverité,
krennérite, sylvanite an& native tellurium. Amongst the sulphides,
tetrahedrite, chalcopyrite and sphalerité are the mqst camﬁon associates.
Coloradoite

Coloradoite is rare. It is greyish white; isotropic and takes very
good polish. It is commonly associated with petzite, hessite and nétive
gold. The electron microprobe spectrum shows mercury and tellurium to be
the only elements present.
Melonite

Melonite is a veiy rare mineral. It is light grey to cream coloured
with a pinkish tint and is distinctly anisotropic. It is commonly
associated with native tellurium (sample 103459; Plate 6.12), calaverité
‘and krennerite. Amonést the sulphides, chalcopyrite is the most ccmmén'
associaté.‘ |

The electron microprobe spectrum of this mineral shows tellurium

.and nickel to be the only elements present.
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Altaite
Altaite is also rare. It is creamy white in colour, isotropic énd
resembles native tellurium, but the non-basal sections of native
tellurium are distinctly énisotropic.
Forsythe(1967) described three associations of altaite fram the
Emperor mine:?
(a) Bournonite-altaite-chalcopyrite-tetrahedrite
(b) Altaite—galena
(c) Altaité?native tellurium.
The latter two associations are used in Chapter 10 to constrain the
depositional environment. ‘Altaite is observed in éssociation with both
the,gold—rich.and silver-rich tellurides and was probably precipitated
throughout the paragenetic sequence.
Electron microprobe spectrum of this mineral shows lead and
-tellu;ium to be the only elements present.
Gold
| Gold in native state is not very common in the Emperor mine. In
polished sections the colour, teflectivity and isotrbpic nature makes it
the mos; easily identifiable mineral.
'.Three types of gold occurrences have been observed:-

(a) Submicroscopic gold

Stillwell & Edward (1946) examined the pyritic concentrate from
the Dolphin lode and concluded that gold was included in pyrite
and arsenopyrite either as minute submicroscopic inclusions or in
solid sclution. Electron microprobe studies failed to reveal any
gold-rich phase in either pyrite or arsenopyrite and it is
suggestéd thét gdld is probably included within the structure of
these sulphides.



55

(b) Visible gold

Large microscopic grains of gold are observed in a number of
specimens. This gold is generally associated with petzite,

hessite, chalcopyrite and tetrahedrite.

(c) Dendritic gold

Dendritic and thread-like forms of brownish yellow gold are
observed on joint planes. This gold is probably of supergene

origin.
Tellurium

Native tellurium is faifly commoniin the spééiﬁégé examined. It
has a creamy white colour and high reflectivity. It is strongly éniso—
tropic in non-basal sections. Reflection pleochroism is distinct, with
the tint varying from light grey to black.

Native tellurium is commonly associated with sylVénite and
krennerite. In a few specimens sylvanite is observed to be méulded-éround
ﬁati&e tellurium crystals and it appears that native tellufium pre—dates_
'thg precipitation of sylvanite. Hessite, petzite and native gold are
obse;ved veining native tellurium. Mélonite and altaite are associated
with native tellurium in a few specimens (Plate 6.12).

Native tellurium is more cammon in the specimens from the upper

levels (12 level and above).

6.6 TRANSPARENT MINERALS

Chlorite

Chlorite is a very common mineral in the pfopylitic rocks. It is
green coloured, slightly pleochroic and has low birefringence. It
generally occurs as fibrous aggregates.

Electron microprobe analysis of chlorite carried out during the
present study on a number of specimens is given in Appendix D.4 and is

plotted on Hey's (1954) diagram (Fig. 6.8). It can be seen that there
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are considerable variations in composition. The chlorite in the
relatively unaltered rocks is high in magnesium and low in iron, while
in the completely altered rocks in the vicinity of mineralized rocks, it
is relatively lower in magnesium and higher in iron.

Chlorite is generally formed at the expense of pyroxene and
plagioclase. Complete pseudamorphs after these two minerais are
~frequently observed.

In the mineralized veins chlorite is very rare. The green
micaceous mineral described by the previoué workers (e.g. Cbhen, 1962;
Forsythe,1968; Ibbotson, 1967) from the mineralized veins is actually
roscoelite and not chlorite.

Chlorite is generally associated with magnetite, ankerite, dolomite
and pyrite. Quartz and sericite are not generally observed in association
with chlorite.

artz

Quartz is the most abundant gangue mineral.‘ In size it varies from
very small microscopic grains in the wall rock to crystals as long as
6 cm in the mineralized vein. In colour it varies from white to amber.
Some samples from thé P.O.W. lode show colloidal bandiqg.

There appears to be at least five periods of barren vein‘quartz
precipitation (i.e. sub-stages IIA, IIIA, IVA, IVB and IVC). These
periods can be worked out by simply counting the individual layers in
the hand specimens (Plates 6.1 to 6.9; Fig. 6.6) and are seéarated by
precipitation of carbonates, sulphides and tellurides. All of fhese
periods are 5ot observed everywhere and it appears that some frac£ures were
sealed up earlier than the others. Most of thé spécimens show at least
the‘first two periods. Samples from 166 flatmake generally exhibit all

five periods (Plates 6.1 to 6.3).
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Apparently there was no break in the quartz ptecipitation but there
were times when the solutions precipitated carbonates_and ore minerals
along'with quartz.

Sericite

Sericite occurs as small flakes duéting the wall rocks adjacent
to the mineralized veins. Complete pseudomorphs after plagioclase are .
common but in a number of cases the margins of plagioclase are left
intact and only the central part is replaced. |

Sericite is associated with vein quartz, adularia, sulphides,
telluride and carbonates. The width of the sericitized rocks varies from
a few millimetres to a few centimetres and is related to the width of
the mineralized vein and the nature of the host rock. The dyke rocks
(andesite) show comparatively more sericitization than the basalt.

Although adularia is the common vein feldspar, the wall rock feldspar
in many samples is orthoclase. This orthoclase in many samples is dusted
with sericite. Analyses of sericite from a number of samples are given
in Appendix D.4.

Adularia |

The K-feldspar occurring as rhombs at the edge of mineralized veins
(Plate 5.2) and befween barren quartz layers is tentatively identified as
adularia. Sufficient material was not available to-confirm the suggested
identification by X-ray diffraction methods. Electron microprobe
analyses (Appendix D.4) suggest a potassium feldspar.'

Orthoclase

The lath-shaped K-feldspar in tﬁe altered wall rocks is tentafively
identified as orthoclase but positive confirmation by X-ray diffréction
»methods-was not possible. Electron microprobe analysesm(Appendix D.4)

suggest a potassium feldspar.



Roscoelite

Roscoelite is a common mineral in the mineralizéd veins. It is
green, strongly pleochroic and highly birefringent. It has been
confirmed by electron microprobe analyses (Appendix D.4) and X-ray
powder diffraction patterns.

It is generally associated with tellurides and in many samples,
tellurides are observed to be preferentially replacing roscoelite.
Epidote

_Epidote waé described by Cohen (1962) from a few samples of
relatively unaltered rocks, but it is very rare. It is observed to be
replacing piagioclase and pyroxene phenocrysts. No epidote was observed
in the mineralized rocks (K-silicate assemblage).

Ankerite and dolomite

Ankerite and dolomite are hard to distinguish under the microscope.
Electron microprobe analyses carried out during the présent stﬁdy, on
several grains from a number of samples (Appendix D.3) show that both
ankerite and dolomite are present in the samples studied. As -suggested
by Dear et al. (1971), the term "ankerite" is used for those carbonates
in which the magnesium to iron ratio is less than 4.

Ankerite is probably the very first carbonate to form in the slightly
altered rocks at the expense of pyroxene andvplagiociase. The'replacement
stafts along the cleavage planes and cracks and‘as the vein is approached
complete pseudomorphs after pyroxene and plagioclase are ébserved (sample -
47215§‘Plate 5;1). In many plaéioclase grains, the gentrai core is
completely replaced but the margins are intact, indicating that the
- replacement waé dependent on the "on site" availability of calciuﬁ.

The core being more caléic was replaced first.

‘'The analyses. of carbonates are plotted on a Ca-Mg-Fe triangle

(Fig. 6.9) along with the analyses of augite. It is obvious that during
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the replacement of augite by ahkerite no real transfer of Ca, Mg and Fe
was involved.

Dolomite is observed at the edge of mineralized veins and between
barren quarti layers. There appears to be a decrease in the iron contents
of these earbonates with time (Fig. 6. 9). Early éarbdnatesoccurring at
the base of mineralized veins have an average iron content of about
9.8 wt. %, while those occurring between barren quartz layers have an
" average iron content' of about 3.8 wt. %. |
Calcite

Caléite is a very late mineral. It is fairly widespread and occurs
as rhombohedral 6r scalenohedral crystals gowing over post-mineralization
quartz.

The electron microprobe analyses (Appendix D.3) show it to be almost
pure CaCO3 with up to 3 wt. % iron.

Except for rare grains of marcasite, no other sulphides or

tellurides were seen to be associated with calcite.
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Chapter 7

FLUID-INCLUSION STUDIES.

7.1 GENERAL

Fluid-inclusions were found in vein and wall rock quartz, dolomite,
calcite, sphalerite and K-feldspar (adularia ?). Those in wall rock
quartz, sphalerite and K-feldspar were too small for homogenisation
studies and the calcite of stage—chontains small inclusions without a
visible vapour phase (i.e. water and no bubble). Thirty—six samples of
vein quartz and one of dolomite contained inclusions large enough for
homogenisation temperatures to be determined with reasonable care. The
location of these samples is shown in Fig. 7.5A. The samples are from a
number of veins and cover a total vertical extent of about 500 m and a
lateral extent of about 1800 m. In a number of samples more than one
paragenetic étageAis present.
Roedder (1967) discussed several criteria»for distinguishing primary,
secondary and pseudosecondary inclusions. 1In this study the inclusions
belonging to the following categories have been considered as primary or
pseudosecondary: - |
(i) Isolated inclusions not related to any fraéture plane
(Piates 7.1 and 7.2).

(ii) 1Inclusions related to growth zones of thé crystal
(Plate 7.3)

(iii) Inclusions related to small fractures not obviously extending
to the crystal surface (Plates 7.5 and 7.6).

Most quarté samples consist of large crystals projecting intoloéen
vughs, so that growth zones and/or crystal margins axe-fairly well
defined. The homogenisation temperatures in a single plate generally

fall within a range of 30°C and in the few cases tested this range is not
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Plate 7.1 1Isolated type A fluid inclusion in the form
of negative crystal. Sample 103346,
1010 lode, 9 level.

——9.1 mm ———}

Plate 7.2 Irregular, isolated type A inclusions.
Sample 103346, 1010 lode, 9 level.
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Plate 7.3 Tubular type A fluid inclusions aléng growth

zones in quartz. Sample 103346, 1010 lode,
9 level.

b 0.1 mm M

Plate 7.4 Irregular amoeboid type A fluid inclusions

in vein quartz. Sample 103346, 1010 lode,
9 level.
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Type A inclusions in the form of negative
crystal along a healed fracture plane. These
inclusions are probably pseudosecondary.
Sample 103298, 166 flatmake, 7 level.

Plate 7.5
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Plate 7.6 Description same as for Plate 7.7.
Sample 103298, 166 flatmake, 7 level.



6l

increased by measu;ing all visible inclusions whether deemed primary,
pseudosecondary or secondary. Wherever possible, inclusions showing
evidence of néckiné—dOWn have been discaréed.

The fluid-inclusions were heated and frozen on a Chaixmeca apparatus,
and also on aiheating stage built at the University of Tasmania. The
éomparison in‘temperatures obtained on these two stages is excelleﬂt
(x 2°C). These stages were calibrated relative to tﬁe melting points of

pure substances and Merk standards. The readings are accurate to * 0.2%

for freezing temperatures and + 3°C for homogenisation temperatures. i;~/

7.2 SHAPE AND SIZE OF THE INCLUSIONS

On the basis of shape, three main types of incluéions can be
recognised. They are:-

(1) ', Irregular amoeboid (Plate 7.4)

(ii) Negative crystals (Plates 7.1, 7.5 and 7.6)

(iii) Tubular (Plate 7.3).

Though all three types do occur together in some sampléé it is possible
to make the following generalisation.

The majority of inclusions related to cracks and certain growth
zones are irregular and fairly large in size, ranging from a few microns‘
to 0.5 mm in diameter. .

Iso;ated inclusions and those related to minor cracks generally
have a négative'crystal shape. They are relatively smaller in sizé,
rénging from a few microns to a few tens of microns in diameter.

Tubular inclusions are generally associated with growth zones and
:are usually cylindrical in shape. The width of these inclusions generally
ranges fram 1 to 5 microns and the length from a few tens of micgons to as

large as 0.05 mm (Plate 7.3).
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7.3 PHASES OBSERVED IN INCLUSIONS

dn the Basis of phase ratio and the number of phases present, the
inclusions studied can be classified into four fypes;-

Type A Two-phase inclusions (water and vapour) with an almost
constant phase ratio (Plates 7.1 to 7.6).

Type B Siﬁgle- (vapour only) and two-phase inclusions of water
~and vapour with a variable phase rafio (Plates 7.9 and
7.10).

Type C Three-phase inclusions of water, vapour and solid
(Plates 7.7 and 7.8). |

Type D Single-phase inclusions filled with water only.

Type-A inclusions

All inclusions used for temperature and salinity determinations are
of this type. These inclusions trapped a homogeneous liquid and

separation into two phases occurred as a result of cooling.

Type-B inclusions

These inclusions are either filled with vapour (Plates 7.9, .7.10)
or with various proportions of vapour and liquid. They commoniy occur
in groups. Isolated inclusions of this type are hard to differentiate
from type-A inclusions and can give spurious temperatures. These
inclusions were not homogeneous when trapped and they therefore indicate
the solutions were boiling. Two inclusions of this type homogenised in
éhe vapour phase at temperatures comparable to those of the type-A°

inclusions in the same sample (sample 103340).

Type-C inclusions

In addition to water and vapour, this type of inclusion also

contains radiating clusters of a highly birefringent mineral (Plates 7;7,
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Plate 7.7 Type C inclusion showing aggregates and
clusters of a solid phase which may be
roscoelite. Sample 103296, 166 flatmake,
7 level.

Plate 7.8 Same as in Plate 7.5 at a higher magnification.




F—— 0.1 mm———f

Plate 7.9 Type B inclusion in vein quartz filled with
vapour only. Sample 103340, Cardigan lode,
3 level.

—— 0.1 mm —m——}

Plate 7.10 A large type B inclusion filled with vapour
only. Sample 103300, 04S lode, 3 level.




63

7.8). Rye & Sawkins (1974) described similar material from the

Casapalca deposit as dawsonite. This solid commonly occupies almost

one third of the inplusion cavity. Abnormal concentrétions of Na and Al
wouid be réquired if these crystals had grown inside tﬁe inclusions after’
trapping. The optical properties of these crystals resembles very much
those of roséoelite and it is suggested that this minexél was accidently

trapped along with the liquid.

Type-D inclusions

These inclusions are single phase and contain only water. They
are commonly observed in stage-V calcite but they also occur in quartz
and here they are related to very large cracks and are obviously
secondary in origin. As no visible vapour phase has sepafated, it can be
assumed that they were formed at very low temperatufes. The inclusions

in calcite are very small in size (usually less than a micron across).

7.4 HOMOGENISATION TEMPERATURES

The homogenisation temperatures are summarised in Table 7.1 and
are plotted in Figs. 7.1, 7.2 and 7.3. As shown in the following sections
the salinity of these solutions was about 5.5 wt. % eqg. NaCl and the
pressure was éenerally less than 32 bars. The temperature corrections
required for non-boiling liquids at such low pressure and salinity are
almost ﬁegligible and are within the limits of unpeftainty. No corrections
are ;herefore applied to the temperatures given in Table 7.1.
Stage IIA

As sthn in Table 7.1 and in Fig. 7.1 the temperétures during this

stage range from 205 to 3l7oc, a fairly wide range compared to other

stages. This may be for two reasons:-
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Table 7.1

FLUID-INCLUSION DATA

Fiiling temperatures-oc Salinity wt.% eg. NaCl
SEES;ZEH Mineral Location Stage No. Temp. Av. .No. . saln. Mean gzgiuzion
incls. range temp. incls. range saln.
103296 Quarté 7 level, 166 IIA/ | 4 216-262 2@?/ : present
IIIA ’
103310 Quartz 10 level, P.O.W. iIa/ 19 217-255 - 231 12 5.08-5.82 5.75 ?
IIIA _

103313 Quartz 11 level, P.O.W. IIA 12 205-248 235 12 4.92-6.54 5.68 present
103329 Quartz 14 level, Crown IIA 8 238-281 249 absent
103334 "Quartz 9 level, 608 IIA 6 230-278 243 present
103433 Quartz 14 level, Crown IIA 15 235-308 255 16 4.90-7.10 5.83 absent
103434 Quattz 16 level, Crown IIA 6 220-317 265 . abseént
103446. Quartz 15 level, 2000N IIA 5 V 257-300 278 - absent
103291 Quartz 9 level, 608 IIIA 2 - 220~230 225 o ?
103292 Quartz 9 level, 166 . IIIA 5 210-230 219 : . o present
103303  Dolomite 8 level, Monarch IIIA? 13 . 170-214 196 : 2
103303 - Quartz 8 level, Monarch IIiA 17 172-222 184 c?
103306  Quartz 8 level, 1010 IIIA 3 220-235 226 6 = 4.78-5.52 5.39  present
103312 Quartz 8 level, 1010 - IIIAa 5 205-220 212 present
103318  Quartz 9 level, Crown  ITIA 11 210-234 218 | ?
103325 . Quartz 12 level, Crown IIIA 4 211-225 206 ?
;03329 Quartz 14 level, Crown S IIIA 9 210-234 215 . _ ‘ present

- 103340 Quartz 3 level, Cardigan IIIA ° 13 - 205-211 211 present



Table 7.1 cont.

_ Filling temperatures °c Salinity wt.% eqg. NaCl
Sﬁi:é:in Mineral Location Stage -No. Temp. Av. .No. Saln. Mean Iﬁgiuzion
incls. range . temp. incls. range saln.

103346 " Quartz 9 level, 1010 ITIA 18 200-224 218 7 4.62-7.10 5.72 present
103392 Quartz 8 level, Crown IIIA 8 207-225 214 ?
103420 Quartz 15 level, Crown IIIA 4 225-230 228 ?
103430 Quartz 14 level, Crown IIIA 3 210-230 216 absent
103446 Quartz 15 level, 2000N IIIA 6 216—232 221 absent
103292 Quartz 9 level, 166 Iva 8 159-179 166 present
103296 Quartz 7 level, 166 Iva 40 168-198 180 10 6.25-6.82 6.30 present
103297 Quartz 7 level, 166 _Iva 4 “w}zgzg?}“ _ 198 ~ B 3 _ present
103462 . oQuartz 10 level, P.O.W.  IVA 9 165-204 178 absent
103316 Quartz 10 level, Crown IVA 18 170-205 177 ‘present
103339 Quartz 3 level, Cardigan Iva 11 184-202 193 ?
103341 Quartz 4 level, Shatter Iva 14 170-208 194 present
103342  Quartz 5 level, Cardigan IVA 8 163-212 186 present
103343 Quartz "7 level, 608 Iva 2 185—262 193 present
103433 Quar‘tz 14 level, Crown IVA 9 167-240 192

103292 Quartz .9 level, 166 IVB 12 184-210 189 present
103293 Quartz ‘9 level, 166 IVB 11 172-210 184 11 5.22-5.97 5.56 Present



Table 7.1 cont.

_ . Filling temperatures °c Salinity wt.% eg. NaCl
sgiggzin Mineral Location No. Temp. Av. - No. Saln. Mean i:ziis?on
Stage incls. range temp. incls. range saln.

103296 | Quarﬁz 7 level, 166 IVB 44 174-198 184 : , presenﬁ
103297 Quartz 7 level, 166 IVB 21 174-200 190 11 5.37-6.25 5.61  -present
103305  Quartz 8 level, 166 IVB 5 183 183 ' ' present
103364  Quartz 9 level, Wunawali  IVB 10 148-180 176 present
103365 Quartz 9 level, 166 IVB 22 183-196 190 : ' present
103367 Quartz 9 level. 166 IVB 16 172-210 184 : present
103368 Quartz 9 level, 166 IVB 6 188-205 196 2 5.67 5.67 present
103370 Quartz 10 level, 166 IVB 11 ' 178-232 184 present
103371 Quartz - 10 level, 166 IVB 20 180-232 192 6 5.67 5.67 present
103296 Quartz 7 level, 166 Ive 64 165-210 179 16 5.07 5.07 present
© 103297 Quartz 7 level, 166 Ive 24 165-210 175 9 4.4-6.24 present
103366 Quartz 9 level, 166 Ive S 12 196 196 , : , present

103369 Quértz 10 level, Wunawali IvC 15 - 160-235 207 ' rresent




64

(i) The stage-IIA quartz c¢rystals are relatively small and useful
inclusions are generally rare. The criteria for differentiating
primary and secondary inclusions can not be very rigourously
applied. It is possibie that some:of the inclusions actually 4
formed during later stages and are therefore secondary with respect
to stage IIA.

(ii) In Fig. 7.2 fluid inciusion temperatures afe plotted against dépth.
It can be seen that the temperatures on stage-IIA quartz from
7 to 11 levels (depth 180 to 360 m) range from 205 to 278?C, while
between 14 and 16 levels (depth 480 to 550 m) they range from 220
to 317°c. This suggests that the températures during this stage
increase with depth. This increase in temperatures is also |
contribufing towards increasing the range shown in Fig. 7.1.

Stage IIIA

Temperatures from this stage show less scatter ranging from 170 to
232%¢ (Table 7.1; Figs. 7.1, 7.2). There is a slight indication of an
increase in temperature with depth (Fig. 7.2).

The sﬁage-IIIA quartz occurs as large crystals up to 1 cm in length.
The criteria for distinguishing between primary and secondary inclusions
can be ﬁore rigourously applied to this quartz and hence, possibly there‘
is less scatter in the'homogenisation temperatures.

Some of.the inclusions are very close to the tellurides of stage IIIB
and there is no differende between the temperatures obtaiped from these
inclusions .and those from the barren quartz i.e. stage IIIA proper.‘
Stage IV

The homagenisation temperatures of stages IVA, IVB and IVC lie in
a narrow range of 159 to 235°% (Tablé 7.1; Figs. 7.1, 7.2) and there is
again a slight indication of an increase of temperature with depth

(Fig. 7.2).
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The stage-IV quartz occurs as large crystals ;p to 6 cm long. The
‘sub-stages can be identified by colour differences and rare carbonate-
sulphide layering (Plafes 6.1 to 6.5). Stage-IVB quartz is generally
of an amber colour while that of stage IVB and IVC is commonly white.
The quartz crystals coﬁtinue to.grow in optical continuity but they enclose
carbonate-sulphide layers as discontinuous bands.

. Temperature’déterminations aéross one of the crystals (sample
103296) are shown in Fig. 7.3. It appears that minor fluctuations in
temperature (between 165 and 200°C) did occur during the growth of this
crystal. According to the modal temperature estimates, the témperatﬁre
was about 195 * 5°C during stages IVA and IVB, dropped to abouf 165°C at
the beginning of stage IVC (marked as 'b' in Fig. 7.3) but rose again to

»

about 1900C towards the end of stage IVC (marked}as '‘a' in Fig. 7.3).

7.5 FREEZING TEMPERATURES

Only large and cléarly visible inclusions were frozen, and this
considerably reduced the number of suitable inclusions.. In most cases
heating runs were made immediately after freezing.

Most of the inclusions did not freeze until about -30%. No
separa;e CO, phase appeared upon cooling. Inclusions filled with vapour
only were frozen to temperatures as low as —90°C, and except for a few
crystals of ice which formed at about —30°C no other phase developed.
Thfee phase inclusions (type C) froze at about -10%.

The temperatures of melting of the last crystals of ice have been
converted to wt. % eq. NaCl using the equation given in Potter et al.
(1978) . The salinities so'obtained are given in Table 7.1 and are plotted
in Fig. 7.4. It can be seen that the salinities range between 4.6 and 7.1
wt. % eq. NaCl, averaging about 5.5 wt. % eq. NaCl. There is no apparent

variation in the salinity with time or depth.
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Freezing studies on inclusions in stage-V calcite were not

successful because of the very small size of the inclusions.

7.6 BOILING

The presence-of type-B inclusions in most of the samples indicates
that the fluids boiled intermittently. The open spaces in the vein
suggest that the fluids probably qirculated'freely and the pressure was
mainly hydrostatic. These twd observations indicaté that the fluid may
haVe remained close to the boiling point-depth curve. The temperature-
pressure relationships of a 5% NaCl solution on the boiling curve (given
in Haas, 1971) can therefore be used to approximate the depth of the
water table at the time of quartz growth. As shown in Table»?.l,Athe
temperature range for the majority of samplesAof stage IIA is about
+ 30°C or less, and that of stages IIIA, IVA, IVB and IVC is * 10°C'or
less. Such a spread (at about 250°C) may produce an uncertainty of
+ 250 m for stage IIA and of * 75 m for other stages in the calculated
height of the water table. It is possible that the lower temperatures
(in single samples) are of solutions which may not be bﬁiling and the
higher temperatures (iﬁ single samples) may be the result of trappiné of
minor amounts of vapcur along with the fluids. 1In the following presenta-
tion, which may be tréated as preliminary, average temperatures giveﬂ in
Table 7.1 are used.

A éummary of the depth, pressure (hydrostatic) and density of the
solutions calculated f;om the average temperatures fo; samples containing
type-B inclusions (Table 7.1) is given below. Ball calculations are with

. respect to 5% NaCl solutions (from Haas, 1971).
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Stage IIA Stage IIIA Stage IV
Temperature range, °C 222-243 206-225 166-218
Pressure range, bars 22-32 20-25 6.5-22
Depth range, m 237-354 214-264 62-237
Density range, gm/¢m3 0.88-0.86

0.89-0.88 0.94-0.88

A plot of the fluid-inclusion temperatures versus depth>(Fig.A7.2)
suggests that the data for stage IIA are more or less compatible with the
boiling point-depth (BPD) curve based on the water table about 50 m
below the pfesent surface. However the stage IIIA and stage IV data.can
not be explained in the same way as substantial departﬁres from the BPD
curve are present.

In Figs. 7.5, 7.6 and 7.7 the sample positioﬁs are shown in plan

"and sections for the various stages of quartz formation aﬁd the sections
also show the water table heights calculated for-average temperatures of
each sample.

-Stage IIA Samples from 14 level and below in the Crown lode and
2000N flatmake do not contain type-B inclusions (Table 7.1). Samples from
11 level and above in the P.0O.W. lodé, 608 flatmake and 166 flatmake
indicate that fluids were boiling. These observations suggest that
boiling probably commenced between 14 and 11 levels. The height of the
water table is therefzre minimum above the Crown lode (Fig. 7.5B) and may
be approxiﬁately-equal to the present surface above the other lodes
(Fig. 7.5B). It would abpear that the water table was convex ﬁpward
(above the Crown lode) and probably followed the topodraphy of the-
volcano. This.suggests that the Tavua qaldera probably'formed after stage
ITA.

Stage IIiA The occurrence of type-B fluid-inclusions in samples .
from the Crown lode indicates that boiling was common down to level 14

(Table 7.1) but the available samples from 15 level do not contain type-B
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inclusions. Apparently boiling commenced between 15 ané 14 leQels near
the Crown lode (Fig. 7.6A). This lowering may reflect cauldron collapse
during or just prior to stage ITIA. If this has happened the boiiing
horizon (level of commencement of boiling) may still be at relatively
higher elevations in areas away from the caldera. The calculated height
of the water table (Fig. 7.6.A) indicates a sudden dfop aﬁove the Crown
lode which may ‘also be aue to cauldron collapse. |

Stage IVA All samples (except 103310) contain type-B inclusions
indicating boiling at least down to 14 level. The'water table (Fig 7.6B)
indicates a gentle slope towards the caldera suggesting relatively settled
conditions after an abrupt period of caldera subsidence.

Stage IVB All samples contained type-B inclusions. As samples
from lower levels are not available the lower limit of boiling is not
known. The water table shows a slope away from the caldera which could
be due to opening of the Brewster shear (Fig. 7.7A).

Stage IVC All samples contain type-B inclusions. As with stage
IVB, the lower 1imit of boiling could not be established. The slope of
the water table is ﬁtill away from the caldera (Fig. 7.&B) but it is
apparently not as steep ﬁs during stage IVB, -suggesting a return to

normal conditions after a period of activation of the Brewster shear.

7.7 LEACHATE ANALYSIS

For leaching analyses 10 samples of vein éuartz'were selected that
were relatively free of impurities like carbonates, silipates, sulphides
and teliurides. Samples weighing betwen 23 to 43 g were placed in cold HF
for two hours to remove any alkali feldspar. These samples were then:-

(1) Boiled in concentrated HNOj; for two hours

(2) Boiled in deionised water for two hours
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(3) Placed in the cleaning U-tube (Fig. 7.8) until current readings

comparable to the deionised water were obtained. This procesé

took up to 8 hours.

The sampies were then placed in stainiess steél tubes which had been:

(a) Cleaned in an ultrasonic cleaner for half an hour with
soapy water,

(b) Cleaned with dilute HNO3 for two hours,

(c)’-Placed in deionised water for two hours,

(d) filled with deionised water. The purity of this water was
checked using the cleaning U-tubes; the process was repeated
until current readings comparable to deionised water were
obtained.

The samples were crushed inside the tube by a heavy-duty press.

" The crushed samples were then leached with 15 to 30 ml of deionised water.
The leachate was collected in plastic bottles cleaned by processes (a)
to (d) described above, and the filter papers used were washed with:
(i)  dilute HNO3,
and (ii) deionised water (the purity of the filtered water being checked
using the cleaning U-tube) .

Blank samples were prepared by leaching uncrushed.quartz. The
leachates were analysed for Na, K, Ca, Mg and Li by atomic absorption
methods. Lithium concentrations were found to be below the detection limit
(0.001 bpm). Chlorine.analysis of the leachates was'attempfed by ion
selective electrode and by ah absorptiometric method described by Swain
(1956) . The ion éelective method did not prove to be successful because
of the small volume of the leachate (less than 10 ml). ‘Dgtérmination by
the absorptiometric method suffered because of suspended fine particles
of quartz of colioidal dimensions and small volumes. Four analyses of

relatively clear solutions are given in Table 7.2.
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Table 7.2

Analxie- of Leachatesn.

~

specizen Sample Volume Concentrations in ppo Equivalent concentrations Weight proportions Weight proportions adjusted Cations Molality
mudber Scage weight Water —0f chlorides, ppm of chlorides. to $.5% total salts. (s) i

(gn.) (nl.) Na 3 Ca Mg c1e NaCl KCl CaCl; MgCl, NaCl XCl CaCl  MgCl KaCls KXCls CaCl & MgCl & Na 3 Ca Mg Na X Ca Mg
1832¢€6 1IA as 15 3.2% 1.50 3.35 .085 14 8.19 2.64 9.69 .33 3.10 1 3 48 .13 2.21 .72 2.48 .09 .88 .37 .89 .02) .38 .09 .22 .00¢
L0530 IIIA 30 15 0.90 1.00 3.35 .012 13 2.26 1.89 9.15 .05 1.20 1 4.85 .03 .93 .78 3.77 .02 .37 .41 1.35 .005 .16 .10 .34 .cCO02
103423 I11IA 24 15. 4.50 1.45 3.30 .0M - 11.35 2.74 9.08 .28 4.14 1 3.30 .10 2.67 .64 2.12 .06 1.06 .34 .76 .015 .46 .09 .19 .038
132297 iVAa 24 1? 1.45 1.00 1.70 .036 1210 3.65 1.84 4.66 .14 1.93 1 2.47 .08 1.9¢ 11.00 2.47 .08 .77 .52 .89 .020 +33 .13 .22 .o008
183296 iVB 28 22 1.7 1.10 3.70 .03?7 9 4.41 2.07 10.1% 14 2,13 1 4.90 .07 1.45 .68 3.3 .08 .58 .36 1.20 .013 ..25 .09 .30 ,095
103297 Ivse 40 20 2.00 1.50 4.00 .027 - 5.05 2.84 10.98 .xob 1.77 1 3.86 .04 1.46 .02 3.18 :.03 .58 .43 1.15 .Opﬁ {35 <11 .29 oc3
103377 va 23 . 15 2.5% 1.30 4.20 .061 - 6.43 2.45 11,53 .24 2,62 1 4.71 .10 1,7 .65 3.07 .07 .68 .34 1.11 .618 .30 .09 .28 .0%¢7
123377 Ve 28 15 6.60 1.20 4.38% ;097 .- 16.65 2.27 11.9% .38 7.33 1 5.26 .17 2.92 .40 2.10 .07 1.16 .21 .76 .018 .50 .05 .19 .cC?
183298 Ive 43 30 2.10 -X.ll 4.3% .073 - 5.20 2.07 11.%94 .2Q 2.56 1 5.77 .14 1.49 .58 3.35 .08 .59 .30 1.21 .020 .26 .08 .30 .dOB
133297 ive &0 30 2.65 1.1%5 2.90 .012 6.68 2.18 7.95% .05 3.06 1 3.65 .02 2.17 +T1 2.60 .01-. ;.96 .37 .94_ .003 .37 .09 .23 .cO1

* 4inaiysis doubtful
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The analysés of leachates are given in Table 7.2 and are plotted
on a K-Na-Ca triangle in Fig. 7.9.

The K-Na-Ca concentrations can be used to approximate the
temperatures of the ore fluids. Using the methods oﬁtlined in Fournier &
Truesdell (1973), a temperature range from 171 to 242°C is obtained.

These temperatures differ slightly from fluid-inclusion temperatures, but
the variétions appeaf tq be within the limits of uncertainty.

If‘it is assumed that the Na-K-Ca-Mg proportions of the leachates
are the same as those of the hydrothermal solutions and these are re-
édjusted to thé average sélinity (5.5 wt. % eq. NaCl) the molalities of
these elements in the ore fluids can be approximated. The molalities
calculated in this manner are.given in Table 7.2. The average values so
obtained are 0.35 molal Na, 0.1 molal K, 0.26 molal Ca and 0.005 molal Mg.
These calculations assume that cations are totally balanced by chloride |
ion. Mineral stability data (Chapter 11) indicates sulphur and carbon
concentrations of 10”3 and 1072 molal respectively, suggesting insignificant
p;oportions of sulphates and carbonates in comparisbn to chloride.

It can be-seen from Fig. 7.9 and Table 7.2 that the Emperor ore
fluids have a fairly constant Ca/K ratio which averaées about 2.5.

The following reaction can be written for the assémblage present

at the Emperor mine:-

. +
LKAl 35130, (OH) 5 + CaMg(CO3), + 35i0p + K' + 3H' =

‘ + 2 :
3/2 KAl1SijOg + ca®t + Mg T 2Hp0 + 2CO; (q)

log K = 13.76 (Appendix E.2)
250°%¢ |

Assuming the following

mMg = 0.005 (average from Table 7.2)
fc02‘= 2.5 (see Chapter 10)

PH = 5.5 (see Chapter 10)
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and using the activity coefficients given in Appendix E.3, an m a/m

C K

ratio of 2.6 is obtained. This is close to that obtained from leachate
analyses. This approximation assumes constant values for PH, f002 and
temperature, which is unlikely. In natural hydrothermal systems, like
_Emperor, where intermittent boiling occurred, both pH and total carbon
in solution tend to fluctua£e but they have opposite effects on the above
equilibrium. Boiling of CO; will reduce fC02 but it will also increase

pH. This assists in keeping the mca/mK ratio more or less constant.
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Chapter 8

WALL-ROCK ALTERATION

8.1. GENERAL

M. Cohen (1962) studied the altered rocks from the Emperor mine
and concluded that thé condition of augite provides the simplest and
most sétisfactéry basis for describing the progressive alteration of the
host—rock basalt. She identified six stages of augite alteration,las
follows:

Stage 1 Fresh, though cracked.

Stage 2 Altering along edges and along irregular cracks, to calcite

and some serpentinite/chlorite.

Stage 3 Advanced but not complete alteration to cloudy calcite.
Thefe'may be small quantities of chlorite, serpentine,

guartz and perhaps sericite.

Stage 4 Completely altered, calcite being the principal replacement
mineral with small amounts of serpentine, chlorite,

magnetite, kaolin and actinolite.

Stage 5 Quartz is present in the replaced augite phenocrysts.
Minute amounts may have been seen before, but now it is
becoming prominent. Calcite is still predominant, and there

may be some chlorite and serpentine.
Stage 6 » Augite pseudomo;phs are completely replaced by quartz.

 The sequence given above is generally correct except that kaolin
was not observed in the present study and the calcite referred to is
ankerité and/or dolomite. |

In the presgnt study the wall-rock alteration assemblages ére
divided into two groups, i.e. the propylitic assemblage and fhe potassium~
silicate assemblage (or K-silicate assemblage), moré 6; less following the

usage of Meyer & Hemley (1967).
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8.2 PROPYLITIC ALTERATION

The propylitic assemblage at the Emperor mine includes chlorite,
ankeﬁite, dolomite, actinolite, serpentine and magnetite. Pyrite is‘
found locally in the vicinity of mineralized veins. Epidote is very
rare in the specimens studied. ThiS’assemblage may include stages 1 to
4 described above. The width of fairly intense alteration is a few
Imetres, beyond which there is a fairly Qidespread but weak alteration

with epidote, actinolite and serpentine.

8.3 POTASSIUM-SILICATE ALTERATION

The potassium-silicate assemblage at the Emperor mine includes
sericite, potassium feldspar, quartz, carbonates, pyrite and rare
chlorite and magnetite. Magnetite is largely replaced by pyrite.
Roscoelife (vanadium mica) iﬁvariably occurs with telluride-rich ores.

Orthoclase (?) commonly occurs as prismatic crystals in the wall.
rock and adularia (?) as rhombic grains near the vein base and between
barren quartz layers. Both of these minerals are ideqtified on the basis
of crystal habit and electron microprobe analysis (Appendix D.4) but
sufficient material could not be separated to cbnfirm.the suggested.
identification by X~ray diffraction method.

Sericite generally occurs as small flakes dusting both plagioclaée
énd potassium feldspar. Conmonly the central part of the plagiociase
grain is sericitized and the rims are relatively unaltered.

Chlorite of this asseﬁblage is relatively riéher-in iron and'lower_
in magnesium (fig.‘6.8) than the chlorite 6f'the propylitic facies;

The low iron content of carbonates frém this aésemblage has already
been described (Chapter 6); most of the carbonate is dolomite rather than-

ankerite.
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The width of the K-silicate assemblage-ranges from a few milli-
metres to a few centiﬁetres and 1is relatgd to the width of the mineralized
vein and tpe nature of the host rock, being wider in andesite than in
basalt.

In many samples, stringers of vein quartz are observed cutting
across the pseudomorphs of sericite and ankerite (Plate '5.3), suggesting
that wall-rock alteration may be earlier than the silicification and

mineralization.

8.4 CHEMICAL EXCEANGE BETWEEN HYDROTHERMAL SOLUTIONS AND WALL-ROCKS

Major and trace element analyses of altered and fresh rocks are
given in Appendices C!l to C.3. All.analyses were done by X-ray fluor-
escence. techniques except that CO, analyses given in Appendix C.5 were
made by the method described in Shapiro (1975). Specific gravity
determinations on fresh and altered rocks are given in Appendix C.6.

From the analyses, changes in the (chemical) composition of the
samples due to alteration have been calculated. Theylare expressed in
mg/cc (assuming that no volume change hés resulted due to alteraticn).
The average specific gravity; for fresh and altered rock, used in these
calculations are obtained from the measurements given in Appendix C.6.
The chemical gaiﬁs.and losses are plotted in Figs. 8.1, 8.2. and 8.3,
and some salient features are discussed below.

Iron

The analyses plotted in Figs. 8.1 and 8.2 arevactually total iron
converted to Fe203. It is evident that iron is depleted in the altered
rocks, with the propylitic rocks less depleted than the K-silicate rocks.
Minor depletions in the propylitic rocks are probably the result of

~ the replacement of pyroxene and olivine by chlorite and ankerite.
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Extensive depletions in the K-silicate rocks reflect the replacement of
chlorite and ankerite by quartz, sericite, K-fgldspar and dolomité.
Silica

Silica is depleted in the propylitié rocks (ﬁp to a maximum of
240 mg/cc) but tﬁe K-silicate rocks show extensive enrichment in silica.
The depletion of silica in the propylitic rocks demand some explanation.
The solubility of silica appears to be essentially independent of foé, PH
and ionic strength of the aqueous solution in most geological situations,
and certainly those at the Emperor mine. It is a function of temperature
(Kennedy, 1950; Kitahara, 1960; Morey & Hesselgessar, 1951; Morey et al.,
1962; Weill & Fyfe, 1964; Anderson & Burnham, 1965) and increases with
increasing teméerature except near the critical point.' ‘ O If
silica-saturated solﬁtions moving through the veins were hotter than the
enclosing rocks, then as they diffusé into the rocks cooling must have
occurfed and silica been deposited in most situations. Beéause silica is
depleted from the propylitic rocks it appears that early solutions were
undersaturated with silica. The later solutions (which were responsible
.for the K-silicate alteration) must have been saturated with silica.
Aluminium

Al,03 is only slightly depleted in the propylitic rocks (up to a
maximum of 60 mg/cc) but major depletion (up to a maximum of 300 mg/cc)
occurs in the K-silicate rocksf As plagioc;ase is the main aluminium?
bearing phase in the fresh rocks, slight depletion in the propylitic rocks
may be attributed to the replacement of this minerai by ankerite. In the
K-silicate rocks, replacement of chiorite, residual plagioclase and even
potassium feldspar by quartz probably releasés aluminium to the solutions.
Textural evidence for such replacements is frequently observed in thin

section.
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Calcium and magnesium

Both calcium and magnesium are progressively depleted in the
altered rocks with the K-silicate rocks more depleted than the
propylitic rocks.

Minof depletions in the propylitic rocks are possibly due to the
'desctruction of olivine and pyroxene. Some>ca1ciﬁm will also go into
solution as a result of replacement of plagioclase by chlorite. Most
magnesium and calcium will, héwever, be retained in ankerite and dolomite.

In the K—silicate'rocks, replacement of dolomite and ankerite by
quartz is a péssible reason for the loss of substantial calcium and
magnesium.

Potassium and sodium

Potash is added to both assemblages up‘to a maximum of 180 mg/cc,
largely because it is retained in potassium-feldspa;, sericite and
roscoelite. Naj0 shows depletions up to a maximum of about 40 mg/cc
(i.e. nearly all the NayO in these rocks has been leached away). This
reflects the lack ofINa-bearing phases in bo;h alteration assemblages.

Carbon dioxide

Carbon dioxide has been added to both the assemblages up to a.
maximum of about 460 mg/cc. This is expected because of extensive
Carbonatizatioh of both pyroxene and plagioclase.

Mangahese

Some samples show slight depletion in MnO,, while others a §light
enrichment, so mangahese concentrations probably remained more or less
constaﬁt.

Copper, lead and zinc

‘ In the propylitic rocks, some samples show minor depletions while
others minor addition (Fig. 8.3). The concentrations of these three

elements probably remained more or less constant in the propylitic rocks.
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In the K-Silicate rocks all three elements show considerable
enrichment as a result of precipitation of base-metal sulphides.
Nickel

The majority of the propylitic rocks show a depletion in nickel,
while all the samples from the K-silicate rocks show enrichment. A large
part of the nickel in volcanic rocks resides in the’pyroxene and olivine
(Wagner & Mitchell, 1951; Mason, 1958) and it is suggested that during the
hydrothermal alteration of these minerals most of thé nickei is released
to the solutions. 1In the K-silicate rocks, however, most of it is
probably deposited in melonite.

Vanadium

in the propylitic rocks some samples show depletion in vaﬁadium
concentrafion while others show slight enrichment. it.appears that
vanadium concentration did not appreciably change duging propylitic
alteration. The K-silicate rocks on the other hand show considerable
enrichment in Vanadium, present mainly>in roscoelite.

The high vanadium contentsof magnetite at the Emperor mine have
already been mentioned in Chapter 5. Vanadium was probably present in
magnetite and during its replacement by pyrite it was probably released
to the solutions.

Titanium

The majority of the samples from the prppylitic rocks show minor
depletions, though a few show slight enrichment. Virtually all the'titanium.
has been leached out of the K-silicate rocks.

In the basaltic rocks most of the titanium resides in the pyroxene.
This titanium. is ' released to the solutions during the replacement of
pyroxené by ankerite or dolomite. A large parf of ﬁhe titanium will,
however, be retained in magnetite and anatase. In the K-silicate rqcks
extensive replacement of magnetite and anatase by pyrite has released

almost all the titanium to the solutions.
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Chapter 9

STABLE-ISOTOPE STUDIES

9.1 GENERAL

The purpose of the stable isotope measurements Qas to establish
the source ofvthe hydrothermal solutions and dissolved cohstituents and
to blace constraints.on the foz—pH-T conditibns of the depositing
environment. This work involved measurements of $3"s on sulphides; 618O
on bulk rock, quartz and carbonates; 613C on carbonates; 6D on fluid-
inclusion water, and combined 6D and 5180 on local waters. These analyses

were carried out at the Institute of Nuclear Sciences, Wellington, New

Zealand.

9.2 SAMPLE PREPARATION

Coarse-grained pyrite was hand picked and checked for impurities
under the microscope. It was found to be free of any other sulphides.
Pyrite from thin veins in the wall-rock was ektracted using a dentist's
drill and was powdered in the process. Minor carbonate and silicate
impurities were present in these samples.

Vein qﬁartz, dolomite and calcite occur as large'cryétals of about
99% purity and they did not require any special treatment.

No physical separation was possible for wall-rock carbonates
(ankerife and/or aolomite). Whole-rock samples were reacted with 100%
‘H3PO;, and the CO; evolved was used for §13¢c and 6180 measurements on these
carbonates. It was however checked that no veinlets of stage V caicite
occurred in these samples. Similar procedures were used for the determin-
ation of 6!3c and 6180 of the carbonates in the sedimentary rocks.

Clear quartz and calcite chips were used for the extraction of

fluid-inclusion water.
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The local waters were collected by the staff of Emperor Gold Mines

Ltd., and were sent to the laboratory in sealed plastic bottles.

9.3 ANALYSIS
The sulphur for isotopic measurements from pyrite was extracted as
SO, by reaction with Cuy0 at 1000°¢ by techniques described in Robinson &
'Kusakabe (1975). Galena was converted to AgpS which was treated as for
pyrite (Rafter, 1957a, 1957b). The SO, was analysea on the G.P. mass
spectrometer built at the Institute of Nuclear Sciences, Wellington, New
Zealand, using techniques described in Hulston & Shilton (1958).

The coxygen for isotopic measurements from quartz and bulk-rock
samples was extracted by reaction with bromine pentaflubride and converted
quantitatively to CO» by a modification of the techniéue given in Clayton
& Mayeda (1963).v Five samples could be treated simultaneously, but in
practice, four samples and one laboratory standard (R-4150) were used with
each batch. |

CO, gas was extracted from. carbonates by reaction with 100% H3PO,
at 25°C by methods described in McCrea (1950). Reaction time was about

24 hours for calcite and about two weeks for dolomite and ankerite. The
CO, samples were analysed in a NAA 6-60 RMS, 15 cm radia, 60°-séctor mass
speétrometér.

Fluid-inclusion water for 6D measurements was_collgcted by first.
outgassing 20 to 64 g .of sample in stainless steel tubes. Sealed tubes
were then removed from the vacuum line. and crushed in a heavy-duty press
to open the fluid-inclusions. These tubes were then conhected to the
vacuum line and the inclusion fluid was collected in a liquid nitrogen
trap £o check the presence of non-condensable gases (e.g. CHy). No such
gases were detected. The water was thén separated from condensable gases
(e.g. COj) with an acetohe-dry ice trap. The proportions of CO» p£eéent

were negligible and not enough to measure or analyse for §!3c or s180.
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Fluid-inclusion and local waters were reduced to hydrogen by passing
over zinc held above its melting point, in a matrix of sand (Lyon & Cox,
1975).

The 6D measurements were made on a Micromass 602C mass spectrometer.

The §!80 determinations of local waters were made on CO; gas which
had been equilibrated with the water samples at 25°C by techniques
described in Epstein & Mayeda (1953).

The 680 ang 8D values are reported with respect to Vienna SMow;
the 613c values are reported with respect to PDB, and 634s values are
reported with respect to CDT.

The 6D and 6§!80 measurements on. local waters are correct to * 0.3%
and 0.14% respectively. The 6D measurements on fluid-inclusion waters
are probably less precise because of minute amoﬁnts of water available
for.analysis. The 6180 measurements on silicates and carbonates are
correct to * 0.4% as is indicated by the variations in ;he 6180 values
pf laboratory standard R-4150. The 613c and 63%s values are probably
correct to + .0,3% and-* 0.2% respectively, as is indicated from the.

analyses of duplicate samples,

9.4 RESULTS .

9.4.1 éilicates

The 6180 measurements on quartz and whole rock are given in Table
9.1. The 6180 values of relatively unaltered volcanic rocks range from
+5.6 to +7.1% . The 6180 values of propylitic rocks range from +9.1 to
' +12,4%o and the 6180 values of the K-silicate rocks range from +14.2 to
+i7.l%o. The §180 values éf vein quartz range from +15;8 to +20.9%. .

The 6180 values of whole-rock and vein qﬁartz are plotted in Fig. 9.1.
It can be seen that there is a gradual increase in 6180 values from fresh

rocks to K-silicate rocks. The 6180 values of vein quartz are more or less
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Table 9.1

Oxygen isotope data on quartz and whole rock samples.'

Specimen . 18 8189 % of H,0 'Avgrage .
Number Location Stage §1°0 % (calculated) fluid~inclusion
‘temperatures C

(A) Quartz _

103329 14 level, Crown IIA +18.8 +7.9 249
103296 7 level, 166 F.M. - I1A +16.9 +4.6 222
103297 7 level, 166 F.M.  1IA +17.9 +5.6 222
103313 11 1level, P.O.W. IIA +17.2 +5.6 235
103446 15 level, Crown IIA +18.2 +8.7 278
103433 14 level, Crown IIA +17.5 +7.0 _ 255
103329 14 level, Crown IIIA ~+18.8 +6.1 215
103296 7 level, 166 F.M. IIIA +18.0 +5.7 ' 222
103297 7 level, 166 F.M. ITIA +18.1 +5.6 222
103313 11 level, P.O.W. IIIA +17.9 +6.2 235%*
103433 14 level, Crown ITIA +15.8 +5.3 255%*
103392 13 level, Crown ' IIIA? +18.3 +5.6 214
103340 3 level, Cardigan ) o IIIA S +17.20 0 +4.1 . 211
103329 14 level, Crown’ : wa +16.3 +5.4 249%x
103296 7 level, 166 F.M. IVA +18.2 +3.0 180
103297 7 level, 166 F.M. - IVA +17.9 +4.1 ' 198
103433 14 level, Crown Iva +17.4 +3.6 198
103339 3 level, Cardigan Iva +18.9 +4.7 193

103343 7 level, 608 F.M. Iva +18.2 +4.0 193



Table 9.1 cont.

Specime : 6180 %. of H,0 Average
P n Location Stage 6180 %o (calculated) fluid-inclusion
Number o
temperatures C
103296 7 level, 166 F.M. IVB +19.0 +4.¢ 184
103297 7 level, 166 F.M. IVB +18.3 +3.7 190
103340 3 level, Cardigan IVC +20.9 +6.7 211 ***
103296 7 level, 166 F.M. Ve +20.6 +5.3 179
103297 7 level, 166 F.M. Ive +19.5 +3.8 175
(B) Fresh volcanic rocks
47288 Augite andesite from +6.0
Nasivi River crossing
1 mile east of Cayzer shaft.
47286 As above, 1 mile N.E. of +5.6
Cayzer shaft.
47261 Olivine basalt from +7.1
DDH MA-56 at 1034 feet.
(C) Propylitic rocks o o
at 350 C* at 250 Cx*
103333 Basalt, 9 level +9.1 +5.7 +2.9
47255 Basalt, DDH MA-56 at 1025 feet. +9.4 +6.0 +3.2
47237 - .  Basalt, DDH MA-56 at 1005 feet. +12.6 +9.2 +6.3
(D) Rocks with potassium silicate assemblages at 250°C*
103398 Basalt, 9 level, Crown +15.5 +9.2
103461 Basalt, 13 level, Crown +14.3 +7.8
103436 Basalt, 16 level, Crown +16.1 +9.8
103336 'Basalt, 2 level, Cardigan +17.1 +10.8



Table 9.1 cont.

Specimen : 18

N r Location ‘ Stage §*°0 %,
(E) Miscellaneous

47289 Tuff, Nasivi River crossing ~+10.9

1 mile east of Cayzer shaft.

47290 " Altered biotite andesite, +15.5
1l mile S.E. of Cayzer shaft.

* Temperatures are assumed (see text).
* % Temperatures are assumed to be equal to IIA.

*kk Temperature is assumed to be equal to IIIA.
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constant (averaging about +18%.) up to stage IVB but the stage I§C quartz
is about 2%. enriched in 180.

The 6180 valuesAon single samples, representing various vein-quartz
stages( are portrayed in Fig. 9.2. It can be seen that except for a
‘single analysis (Sample 103433, stage IIIA), the 6180 values of vein dquartz
from stages IIA to IVB are close to +17.7 * 1.2% but the 6180 valués on>
stage IVC quartz are about 2%. heavier (average +20%.).

The 6180 values of waters in equilibrium with the vein quartz can
be calculated at the fluid-inclusion homogenisation temperatures by
using the quartz-H,0 fractionation factor. Though there afe some
disagreements concerning this factor (Bottinga & Javoy, 1973; Clayton
et al., 1972; Blattner, 1975), they are only of minor importance and do
not significantly change the conclusions. 1In this study,_the quartz-Hy0
fractionation factor given in Blattner k1975) has beeﬁvused. The célculated

values of 6180 are given in Table 9.1. It can be seen that the

H,0

calculated 8180

H,0 range from +3.5 to +7.9%.

Temperatures of waters in equilibrium with the’K-si;icate rocks may
be similar to thé fluid-inclusion temperatures on stage IIA quartz (205-
.317°C). For an average temperature of 250°C, the 6180 values of these
‘waters can be calculated on the assumption that the basalt-H,O fraction-
ation factor is nearly ﬁhe same as the plagioclase (Anj3g)-HpO fractionation
factor (Taylor, 1974). Usihg this factor (0'Neil & Taylor, 1967), the—
6180H20 values have been calculéted and are given ianaple 9.1. They
range from +7.7 to +10.8% . A similar approach can be applied to calculate
the 6180 of waters in equilibrium with the propylitic rocks, but the
temperatures Qf these waters are not known. A temperature of 250°C

gives 5180 values between +3.1 and +6.3% which are distinctly lower

H,0

than those obtained for waters in equilibrium with the K-silicate rocks.

A temperature of 350°¢C gives GISOHZO values between +5.6 and +9.1%. which
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are more or less similar to those obtained from the K-silicate rocks and
so the latter set of values is preferred.

The calculated GISOH ~values are plotted in Fig. 9.3. There

20

appears a gradual decrease in §180 with time although a slight

H,0 '
reversal in this trend has océurred during étage IVC. The caiculated
GIBOHZO values er single samples repre;enting various Stages of vein
quartz (Fig. 9.2) also indicate a similar trend.
The 6180 values of vein quartz from various staggs are plotted

against depth in Fig. 9.4A. It appears the 6180 valueé‘of stage IIA
increase with depth, the largest increase occﬁrring between 11 and 15 levels.
The existing data do not indicate any significant changes during other
stages, although stage IITA quartz show a trend similar to stage IIA
between 11 and 14 levels and stage IVA quartz a possible reversal.

<18
The 6§ OHZO

(calculated) values during various stages of vein quartz
deposition are plotted against depth in Fig. 9.4B. It appears that |
SISOHZO increased with depth during stage IiA with a well defined trend,
but during the other stages it was probably moie or iess constant through-
out.

Assuming that the volcanic rocks were altered at temperatures between
170 and 317OC (from fluid-inclusion homogenisation temperatures ' on.
stage IIA and stage III quartz) and the fractionation factqr between basalt
and water is equivalent to that between piagioclasev(An30) and water
(O'Neil & Taylor, 1967), the water/rock ratios can be calcuiated using the
equétion given in Taylér (1974) for various initial 6180 values of water.
These calculations are plottéd in Fig. 9.5. It can be éeen that ﬁeither-
the local meteoric waters (6180 = ~6%., section 9.4.4),:nor sea water
(6180 = O%o) can produce the observed §1!80 range of altered récks at the

assumed temperatures. However water having a §!80 value of +8%. can

produce the observed §!80 range at a minimum water-to-rock ratio of about 3.



ed)

cula

18
8 0 H20 Y00 (cal

PROPYLITIC | K-

SILCATE | ITa jngy A VB [¥c Y

-+10

+2

+04

Fig. 9.3

&

Calculated 8180 valujés of water dur.ing.various stages’

of mineralization. For details refer to Table 9.1,




s ring e ro A i M Pt o

ous stages of mineralization. Note that

verj

the

O values of stage IIA quartz show an apparent

0 -
(A)
_ E X L) Lo L3
[} b
]
1 L
\ S
\ -
— b 09‘0
wn 200 S ox X A a A L
) \
- '
- i o
) \
£ \ L
~ \
iy 0 - 10
— \
A o e X .
i [51] \
~ QO 00 \
\ 3
\\ X
; X e 00 N oX © STAGE lia
) So X STAGE |j1A
© © STAGE |va |Fis
a STAGE IWWBL
6500 a STAGE IVC
i5 16 17 18 19 20 21 22
Q180 %o (quartz) .
0_
(B)
X a a . 3
-5
wn '\
0 PR Y L
o 2004 Q L0090 o oXx
+ N <
o \ =
£ | | =z
T ] I 10—
— S -
Q. o'y X M
wl ’ ’ \\ [
2 400 _ . . »
\\‘ B
e , © X o X o . ° 3
il L
o
600~ ; ; = : = +
. 2 3 4 ’ 5 6 7 8 .9
oo 3189"/H20(calculated)
Fig. 9.LA Variations in 8180 of qdértz versus depth during

increase with depth but changes during otner stages

are probably insignificant,
Fig. 9.48 Voriations in §'00 of M
duriqg arious gCOOQS of
the § 180 of 4 0 inc

bt N

minaraiization,

[IA bhut no chbnqnﬁ arc apparent during. the othe

stages. For details refer to Tabls 9,14

O(calculated) versus depth
Hote that:
eases with depth during staoc

ST3A37 3ININW



T L

|
i
.
1
i
i
1
i
3
'

§78 07 ALTSRED ROCKS

$'%07 ALTERED ROCKS'

P

. ' -, ’
3'%0xALTERED ROCKS

PPN

B e LA

15,
XBO lnitial water = ¢ 8%

5186 tnitial  rock =+ 5%

0.2 . 03 05 - 07 15

WATER / ROCK RATIOS {arce % oxveen)

] i L )

398 0 Initial water = Qe

S‘e() Inital rock. = +6%e

4 e 300
350 T |
\
-1 T T g T T T =
o 03 ¢S 07 10 30 50 0 1
WATER/ ROCK RATIOS (ATOM % 0XYGEN)
: - : i i L
$18o Init[al water = ~ 5%,
+i1 §180 Initial rock =+ 6%

100 °C

150
~~——
\ \\ 4’00
3 S~ \r
.)50 ™~ .’50
. P 50, .
’ % \\\\ !
+ Y T T T Chtans § s —— T
0J 5] 0.3 0.5 a7 1.0 ’ 30 50 2.0 16.0
. WATER ROCK RATi0S {ATOM% 0xYGLn)
Pig. 9.5.A rlot of &' %0 (altorod rocks) vereue water/rock ratios

(wt.1 oxyqgon).

of the altered rocvku at

tha

stipplod area indfcates tha 4190 values
iEmperor mina.



83

9.4.2 Carbonates
The 613c and 6180 values of carbonates (Table 9.2; Fig. 9.6)vcan be .
grouped as follows:-

(a) The §!3c values of vein and wall—fock dolomife range fromv+0.3§o to
-1.4% (average, -0.7%-) and the 8180 values range from +17.2 to
+20.8% (average, +18.4%.).

(b) The 613C'values of stage V calcite range from —471 to -8.6%
(average, -6.8% ) and the 6180 values range froﬁ +17.9 to +20.8%.
kaverage, +19.3% ).

(c) The §13¢ values of carbonaﬁes in the sedimentary rocks surroﬁnding
the Mba volcanics range from +0.8 to -4.0%. (average, -1.9% ) -and

the 6180 values range from +18.2 to +28.3%- (average, +22.6%c).

The 613C.and 6180 values of hydrothefmal carbonates (i.e. vein and
wall-rock dolomité and stage V calcite) are plotted against depth in
Fig. 9.7. The 613c and 6180 values of stage V calcite show an apparent
decrease with depth but those on vein and wall-rock dolomite.are nearly
constant. The decrease in the §180 and §!3c values of stage V calcite
probably reflects an increase in temperature with depth.

As is mentioned ih éhapter 7; only one sample of vein dolomite
(sample 103303) had inclusions large and clear enough.for temberature
determinations. However, temperatures can be calculated by using the
6180HZO valueé estimated from vein quartz (Table 9.15. Since major
dolomite precipitation stopped towards the end of staée I11, the GIBCHZO
values estimated from stage ITA and stage IIIA quartz can oﬁly be used for
this purpoée. It can be seen from Table 9.1 that the calculated GIBOHZO
ﬁalues during stages IIA and IIIA range from +5.2 to +8.7% and average
about‘+6.7%a. Using this average and the dolomite-H,O0 fractionation factor

given by Northrop & Clayton (1966), the temperatures of the fluid which

precipitated dolomite can be approximated (Téble 9.2). They range from
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Carbon and oxygen

Table 9.2

isotope data on carbonates.

Specimen _ ] s§l13c %, ¢ Depth
‘ Location Stage 185 g, 13¢ % H,COj3 (ap) | calculated (m)
Number :
- (calculated)

(A) VEIN DOLOMITE

103343 7 level, 608 F.M. IIB +19.1 -0.1 -0.3 196 196
103342 - 5 level, Cardigan . IIB +17.6 -1.0. -0.7 223 125
103334 9 level, 608 F.M. IIB? +20.8 +0.3 -0.6 170 277
103303 8 level, Monarch IIIA? +18.1 - =0.7 -0.6 214 236
(B) WALL ROCK DOLOMITE

103336 2 level, 1399 F.M. IB? +18.1 -1.2 -1.1 214 61
47237 DDH MA-56 at 1005' iB? +17.9 -1.4 -1.3 217 306
103394 8 level, Crown IB? +17.2 -1.1 -0.7 230 277
(C) VEIN CALCITE
103292 9 level, 166 F.M. \% +20.1 -6.2 -9.4 104 277
103329 14 level, Crown v +18.0 -7.2 -9.1" 127 482
103442 13 level, Crown \Y +17.9 -8.6 -10.6 - 128 483
103307 10 level, Dolphin \Y +20.1 -6.4 -9.5 105 317
103309 10 level, Dolphin v +19.2 -4.8 -7.4 113 317
103328 14 level, Prince v +18.3 -7.0 =-9.1 124 483 .
103326 8 level, President \'4 +19.0 -6.6 -9.0 116 440
103327 13 level, Prince v +19.6 -7.5 -10.3 110 440
103409 12 level, Crown v +19.4 -8.1 -10.8 112 400
103387 10 level, Crown v +20.9 -4.1 -7.7 97 317
103398 9 level, Crown \% +20.7 -7.1 -10.5 99 277
103457 Recent calcite growing over a  +22.3 +1.3 - - -

copper wire, 9 level, Dolphin.



Table 9.2 cont.

. §13¢ %o
Location Stage 180 5, 13¢ %0 HoCO3 (ap)
(calculated)

°C Depth
calculated - (m)

Specimen
Number

(D) CALCITE IN THE SURROUNDING SEDIMENTARY ROCKS

47297 Mudstone, Mba River Basin +28.3  -4.0 - - -
47270 Siltstone, DDH MD4 at +18.2  -0.8 - - -
: 29 metres. Damsite area.
47273 Siltstone, DDH MB/1B at +20.7 -3.8 - - -
90 metres. Damsite area.
47304 Limestone, Ra Sedimentary +23.2 -0.8 - - -
' Group. :

The fractionation factors used are:-

Calcite-water (O'Neil et al., 1969); Dolomite-water (Northrop & Clayton, 1966); Calcite-H,COj3(ap)
(Botinga, 1968); Dolomite-calcite (Sheppard & Schwarcz, 1970).
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170 to 230°C. The average fluid-inclusion temperature of sample 103303

is 196°C whereas the temperature calculated from the oxygen-isotope data

is 214°C, well within the limits of uncertainty and assumptions.
Fluid-inclusions in stage V calciﬁe are rare, very §mall and lack

~a visible vapour phase. No temperaturé determinatiohs on these inclusions

were possible. If it is assumed the 6180H o did not change appreciably

2
during stage IV and stage V, the temperatures of stage V fluids can be
approximated. The 6180H20 values calculated for the stage IV fluids range
from +2.9 to +7.7%n and average +4.2%.. Using this average and the
galcite—Hzo fractionation factor given in O'Neil et al. (1969), temperatures

of the fluids which deposited stage V calcite can be approximated

(Table 9.2). They range from 97 to 127OC.

At the foz—pH—T conditions of the ore fluids which prgcipitated
early carbonates (dolomite and ankerite), H,COj(ap) is the dominant
solution species of carbon (Chapter 10) an it can be assumed that

mZC = m HyCO3(ap)

so

13 L 413
st3cy. 8 Cht,c03 (ap) *

Following Ohmoto (1972) it can further be assumed that

513 = sl3¢ .
CH2C03(ap) 8 CO2(9g)

The dolomite-calcite fractionation factor for &§13c given in Sﬁeppard
& Schwarcz (1970) and the calcite-CO; fractionation factor given in
Bottinga (1968)'can be édded to obtain-the dolomite-CO, fractionation
factor. Using this dolomite-C02 fractionation factor ahd the temperature
calculated from the oxygen isotope data, it is possible to estimate the
§13 ‘

CH2C03(ap)(xC02 % LC) Values of the fluids which precipitated dolomite.
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These values are given in Table 9.2. They range from -0.3 to -1.3% .
The §13c values of dolomite are plotted against temperature in Fig. 9.8A

along with the contours of 613¢ It can be seen that the 6!3c

HyCO3(ap) ’
values of dolomite are adequately defined by the 61?CH2C03(ap) values of
about -0.5 to -1.0% . This range for HyCO3(ap) suggests that carbon in
the Emperor mine ore-fluids was derivgd from marine carbonate, and the
most likely source is that in the sediments beneath the basalts of the
mine.

The qquﬁ conditions of the stage V fluids are not precisely known.
Negative valueé and smaller fluctuations in the §13¢C of stage V calcite
indicate that these fluids were outside the reduced carbon field (Ohmoto,
1972).v The dominant oxidiied carbon species in the likely field of

interest are H;COj3(ap) and HCO3_ (Chapter 10). It can be seen from the

data given by Ohmoto (1972) that at temperatures between 100 and 130°%C

13 . §l3 ST sl
8 Co,(g) * ° Chycos(ap) ¥ & Cucos™ ® ¢ Crc

It is therefore possible to estimate the §13c from the caldite-COz

IC
[= calcite-H,COj3(ap) ] fractionation factor given in Bottinga (1968). The
calculated values for 613CH2CO3(ap) are also given in Table 9.2. They
range from -7.4 to -10.8% . The 813c values of calcite are plotted against

temperature in Fig. 9.8B along with the contours of §l3¢c It can

HyCO3(ap) *

be seen that the majority of samples (83%) indicate a §13¢ value
- H,CO3(ap)
of =10 £ 1%..

The 613C values of deep-seated carbon range from -5 to -8%. as is
indicated from the analyses of carbonatites (Hoefs, 1973). Data from the
Providencia deposit, which is considered to be of magmatic origin, indicate
a 813c value for IC of about -5%. (Robinson, 1974) and the main stage

carbonates from Casapalca deposit, also probably of magmatic origin,

have 613c values that average -6 * 0.5% (Rye & Sawkins, 1974). It can
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probaLly be concluded that 6!3C values for ﬁagmatic carbon range from
-5 to -8% . The calculated values for 613CZC‘for the stage V fluids at
the Emperor mine, therefore suggest that carbon was either derived
directly from a magmatic reservoir or leached from the volcanic rocks.

It thus appears that the source of carbon in the Emperor mine ore~
fluids changed markedly with time. The early carbonates (stages I to III)
suggest a sedimentary source and the late carbonates (stage V) a magmatic
‘source.

The §13c (+1.3%.) and §180 (+22.3%.) values of recent (supergene)
calcite occurring as encrustations over a copper wire in the mine workings,
are also given in Table 9.2. Assuming a temperature of about_30°C, the §13¢c
value of this calcite suggests a value of -10% for 613C indicating

: HyCO3(ap)

that carbon is probably leached from the surrounding ﬁolcanics or by

dissolution of stage V calcite.
9.4.3 Sulphides

The 63usbvalues of sulphides are given in Table 9.3 and are plotted
in Fig. 9.6. It can be seen that these values range from -4.2 to -15.3%
and the existing data does not indicate any temporal or spatial changes.

One sample of galena was analysed for 63“8, and géve a value of
-5.8% . Unfortunately it was not possible to separate and analyse the

associated sphalerite and pyrite.

9.4.4 Waters

The 6D and §!80 values of local meteoric waters are given in
‘Table 9.4. The 6D values of creek and mine waters range from -27 to -38%,
rain water gaVe a value of -4% , and sea water from Vatia Wharf a value of
+3% . The 6180 values of creek and mine wéter range from -5.3 to -6.5% ,
rain water gave a‘value of -2% , and sea Qater a value of +0.2% . The 6D

and 6180 values of rain water are significantly different from the creek

and mine waters and are probably due to non-equilibrium precipitation.



Table 9.3

Sulphur isotope data.

. 3
Speclmen Location Description Stage S CPT
No. %o
47243 DDH MA-56 at Massive pyrite vein IA? -6.6
1012 feet. in propylitic rock.
103349 2 level, Cardigan Pyrite associated IIB -5.5
with quartz vein.
103460 Cardigan area? " IIB 44,2
103329 14 level, Crown Pyrite at the bhase IB? -13.4
of stage IIA quartz.
103455 Cardigan area? Euhedral marcasite IIIB -14.9
crystal on fracture '
plane. -
103456 ? Massive pyrite vein ITIB? -9.7
in sericitised rock.
103404 12 level, Crown Massive pyrite below IIIB -12.1
stage V calcite.
103409 12 level, Crown " IIB -15.3
103442 13 level, Crown " IIIB -14.2
103443 .10 level, Scepter Galena. IIB?

-5.8




Table 9.4

6D and 6180 values of waters from the Emperor mine area.

180*
R.No.* No Description §180%0 8D%o

5314/1 RF1 Vatukoula rainwater -2.03%0.13 -4.1
18.3.76

5314/2 RF2° Lololevu Creek 18.3.76 -5.29%0.15 -27.3

5314/3 RF3 Seepage no.l0 level, -6.26%0.12 -35.9
flowing through
166 flatmake

5314/4 RF4 No.3 level, flowing -5.56%0.10 -33.9
through 608 flatmake

5315/5 RF5 No.7 level, flowing -6.61+0.11 -39.4
through 166 flatmake

5314/6 RF6 No.14 level, flowing -6.43+0.11 -38.4
through Prince flatmake -6.42+0.14

5314/7 RF7 No.9 level Dolphin Flat -6.51%0.14 -36.8

5314/8 RF8 No.7 level, flowing -6.51%0.14 -38.4
through 608 flatmake

5314/9 RF9 Vundraviloa Creek - -5.88%C.11 ~-35.2
river water near mine -6.07%0.14

5314/10 RF10 Sea water, Vatia Wharf  +0.19+0.10 +3.0

* Numbers referred to are from the Institute of Nuclear 501ences,
Wellington, New Zealand.



Table 9.5

8D and 8180 values of hot springs and river water
from Vanua Levu, Fiji.

1804 , , 18 :
R.No.* No Description §* 0% D%
5257/1 GF1 Waigele Springs . -5.73%0.05 -36.5
o
98°C
5257/2 GF2 Wa%gele Springs -5.09%£0.08 -34.1
90 C -5.15+0.08 -33.1
5257/3 _ GF3 Waigéle Springs -5.55+0.09 -31.6
. (o]
» 93°C
5257/4 GF4 Waigele Springs -5.5610.08 -33.7
(o]
93°C
5257/5 GF5 Waiogele Springs . -5.54+0.08 -31.0
96 C -5.62+0.08 -35.0
5257/6 GF6 Waégele Springs . -5.52%0.08 -33.3
93°C
5258/1 GF7 Waigele River -5.45%0.08 -33.6
5258/2 GF8 Batinikama River -4.93%0.15 -29.0
5258/3 GF9 Sabeto River -5.13%+0.08 -32.5
5258/4 GF10 Sabeto No.2 (Spring?) -5.67+0.11 -35.8

Std. deviation for D/H = 1.0%

* Numbers referred to are from Institute of Nuclear Sciences,
Wellington, New Zealand.



8D and 8180 values of fluid-inclusion water.

Table 9.6

Specimen . . Sample Water 61BQHZO,Zo %veragg'fluid-
Number Mineral Stage Location wt. (g) extracted (calculated) 8D lncluglon temp.
(mg) Yoo ("o
103297 quartz IIASIIIA 7 level 166 F.M. 64 5.7 +5.6 48 222
103433 quartz "IIA&IIIA 14 level Crown 25 3.8 +7.0 =26 255
103339 quartz IVA 3 level Cardigan 60 4.4 +4.7 -53 193
103296 quartz Iva 7 level 166 F.M. 39 7.0 +3.0 -47 180
103297 quartz IVA >7 level 166 F.M. 30 2.8 +4.1 -10 198
103433 quartz IVA 14.  level Crown 50 11.6 +3.6 -41. 198
103296 quartz IVB 7 level 166 F.M. 64 6.0 +4.6 -58 184
103297 quartz IVB 7 level 166 F.M. 55 4.6 +3.7 -20 190
103296 quartz IvC 7 level 166 F.M. 54 3.5 +5.3 -42 . 179
103297 quartz Ivec i7 level 166 F.M. 58 3.0 +3.8 -37 175
103442 calcite \Y 14 level Crown 30 | 1.4 ? -79 ?
103329 calcite v 14 level Crown 30 5.1 ? -60 ?
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These values are therefore not considered in the following discussions.

Hot spring and river waters from the Vanua Levu island, Fiji, were
analysed by Cox & Hulston (J.R. Hulston, pers. comm., 1976) at the
Institute of Nuclear Sciences, Wellington, New Zealand. Their results
are given in Table 9.5. The 8D values of hot spring waters (temperature
about 90°C) range from -31 to -36.5% and those of the river waters from
the surrounding area range from -29 to -35.8% . The 6180 values of hot
spring waters range from -5.1 to -5.7% and those of the river waters
range from -4.9 to -5.6% .

The 6D values of fluid-inﬁlusion waters are given in Table 9.6.
-The 6D values for inclusion water in quartz of stages II to IV range
from -10 to -58% . Only two samples of fluid-inclusion waters from
stage V calcite were analysed and they gave valﬁes of -60 and -79% . The
small amounts 6f water extracted did not allow measurement of 6180 but
these values can be calculated at the fluid-inclusion homogenisation
tempefatures by using the quartz-H,O fractionation factor. A similar

approach to calculate the 5180 for stage V fluids is not feasible

H20
because the temperatures of these fluids are not precisely known. It can

probably be assumed that 8180 of the stage V fluids was approximately

Hy0
similar to stage IV fluids (i.e. between +3%.and +7% - see section 9.4.2
above and Table 9.2). The 6180 values calculated using the quartz-H;O
fractionation féctor given in Blattner (1975) for the stage II to stage IV
fiuids are also given in Table 9.6. They r.-;nge from +3 to +7% . |

The 8D and 6180 values for the Emperor mine ore-fluids, local
meteoric waters and hot spring waters (from Vanua Levu) are plqtted in
Fig. 9.9 along with the data on several other epithermal deposits and the
range for primary magmatic waters. It can be seen that the fluid-inclusion

waters from the Emperor mine fall very close to the magmatic water range

but are all slightly richer in 1860, The stage II to stage IV fluids have
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8D values higher than that of magmatic waters and the stage V fluids have

8D values similar to the magmatic waters.

9.5 DISCUSSION

9.5.1 Sburce of carbon

As shown in section 9.4.2, the source of carbon in the Emperor mine
ore-fluids has changed markedly with time. The §13¢ values qf early
carbonates (stage I to III) suggest a sedimentary source while those of
late (stage V) calcite, a magmatic source.

It is suggested that the volcanic rocks at the Emperor mine are
underlain by Mio-Pliocene carbonate—bearihg sediments which afe flanking
the volcanics to the south, east and west, and that these are the source
of ore-fluid carbon.

The K-Ar age determinations (Chapter 4) indicate two major periods

of igneous activity in the Emperor mine area and Te130_xe130

age determin-
ation (Chapter 5) indicates that the ore-mineralization at the Emperor
mine probably coincided with the first period of igneous activity.

It can be postulated that during the early stages (I to IV)
emplacement of a heat source (pluton) during the first_period of igneous
activity resulted in the formation of a hydrothermal convection system
involving the sub-basaltic sedimentary rocks. Carbon from these sediments
was leached and p;ecipitated as early (stage I to III) carbonates. During
the second period of igneous activity (represented mainly as ring dykes
and small shallow intrusives)it is suggested that the heat source was at
a higher 1level, resulting in a shallower hydrothermal system that did not

include the sediments. These late (stage V) fluids either leached

carbon from the volcanic rocks or inherited it from magmatic solutions.
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9.5.2 Source of sulphur

Using the fractionation factors compiled by Ohmoto (1972) between
aqueous sulphur species and pyrite, the §3%s values of pyrite are
contoured on foz—pH and fOZ-T diagrams (Figs. 10.5B and 10.8B, Chapter 10).
It can be seen that the observed variations in the §3"%s pyrite can be
explained (at the foz-pH—T conditions inferred from the mineral stability
and other data) by assuming 63“525 to be about 0% and this indicates a
magmatic source. It appears the sulphur was either directly derived from

a silicate melt (magma) or indirectly through leaching of the sulphides

from the volcanic rocks.

9.5.3 Variations in the §180
H0

As shown in Figs. 9.2, 9.3 and 9.4 and Table 9.1, the 6180H o
¢ 2

(calculated) indicates significant temporal and spatial changes. The
calculated 6180H20 values show a gradual decrease with time although a
slight reversal in this trend has pccurred during stége IVC. This
decrease could be due to three factors, viz.

(a) As mentioned previously, the underlying sedimentary rocks are
only sparingly calcareous (Chapter 4). Although some massive limestone
beds occur in the succession, the bulk of these rocks éontain between
10 and 20% calcite. The other minerals present include chlorite, clay
minerals, quartz and unaltered pyroxene and plagioclase. Dissolution of
more and more calcite would leave the residual rocks comparatively
depleted in 185 and in.time the ore-fluids would reflect this depletion.

(b) A gradual increase in pH with time results in dissolution of
less and less calcite thus giving waters with gradually declining §180
values.

(c) Mixing of magmatic waters with increasing ambunts of meteoric

waters could produce a gradual change in 6180 values.
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Possibly all of these factors have contributed towards a decrease
in 6180H20‘with time. |

The slight.increasg_in GIBOHZO durinézs#age IVC may be due to the
influx of heavier (magmatic?) waters concurrent with the second period
igneous activity.' It is also possible that the circulating solutioné
changed their path (possibly as a result of tectonic disturbances related
to the second period of igneous activity) and equilibrated with fresh
(and relatively 18Q—rich) rocks.

It appeérs that the 6180 of stage IIA fluids decreased during
their ascent (Fig. 9.4B) while no spatial changes are apparent (from the
éxisting data) during the other (later) stages. This deérease is probably
due to mixing with ground water as the solutions rosé. vIt is likely
that during the early stages the rocks weré saturated with 180—deficient
(cold) ground waters of meteoric origin. With time the §180 inhomogeneities;
would be smoothed out leaving channels ocqupiedvsolelf by introduced

water of constant isotopic composition.

9.5.4 Source of the ore solutions

The GD’values of the majority of samples from sfages II to IV
(Table 9.6; Figs. 9.6 and 9.9) are comparable to those of local meteoric
waters but 6180 (calculated) values are about 1lO%ogreater. Enrichments in
§180 can either be due to mixing of meteoric and magmaticbwaters or dﬂe
to isotopic ethange of meteoric waters with the coqntry'rocks, or it may
be the result df a combination of these two'processes; Extensive.enrich—
ments in 180 arevconSiééred to be due to isotopic exchange of meteoric
waters with the country rocks in a number of deposits and geothermal
waters (Craig, 1963; Taylor, 1974; O'Neil & Silberman, 1974;'Casadévall &

Ohmoto, 1977).
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It can be seen from Fig. 9.9 that two of the 6D values are
distinctly higher than either the magmatic or meteoric water. Apart from
magmatié and'meteoric waters, there'are two other possiblensources:
sea water and sedimentary formation water. The 6D values of formation
waters tend to be higher than the meteoric wafers in a number of areas
(Taylor, 1974). Mixing of magmatic and/or meteoric waters with either
sea water or formation waters could result in an increase in the 8D values.
The suggested 63%s values for total sulphur (i.e. 0% ) indic&te that any
>major involvement of sea water is unlikely but it has already been shown
that carbon in the ore-fluids (stages I to III) was derived from a sedi-
mentary source. The same rocks may have been the source of the formation‘
waters envisaged.

Deposits formed from a predominantly magmatic source usﬁaliy have
higher and variable salinity values (Eastoe, 1979; Rye & Sawkins,. 1974).
The near constant low salinity (average 5.5 wt. % eg. NaCl) values of the
Emperor mine ore-fluids, therefore; indicate that a wholiy magmatic source
is unlikely.

AConsidering the similarities in the 6D values of iocal meteoric
waters and the fluid-inclusion waters, and the previous discussion, it is
suggested that the stage I to stage IV fluids at the Emperor mine were
largely meteoric waters which underwent extensive isotopic exchange with
the underlying rocks. Tﬁe proximity of ore fluids and magmatic fluids on
the §180-6D diagram (Fig. 9.9) could be due to geographical rather than
genetic factors.

The 8D values of fluid-inclusion waters from stagé V calcite appear
to be heavier thén meteoric waters and have closé affinity with the magmatic
waters of Fig. 9.9. The 613C values of stage V calcite also indicate a
magmatic parentage; It is therefére suggested that the stage V fluids
could have a significant magmatic component, probably derived largely by

leaching of cauldron rocks.
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Chapter 10

CONDITIONS OF ORE DEPOSITION

10.1 GENERAL

Some chemical parameters prevailing at the time of ore deposition
can be approximated on the basis of stability relationé amongst the
'ore and gangue minerals, fluid-inclusion studies, Stable-isqtope
studies and‘the geology. In this chapter all these factors will be
used‘to reconstruct the physicochemical conditions of ore deposition.

To facilitate discussion the following diagrams are used:

( Log f02/f82
Log foz/pH
log foz/T
Log foz/mZTe
Log foz/f Te

The methods of ;onstruction of these diagrams have been described
by Holland (1959, 1965), Garrels & Christ (1965), Barnes & Kullerud
(1961), Ohmoto (1972) and Walshe (1977). The equilibrium constants
and other pertinent data are given in Appendix E.

An existing combuter program in the University of Tasmania has
been modified to generate the various diagrams presented in this chapter.

It is important to realise that mﬁch of the thermochemical data
used in this studycﬁﬁ\poorly established, and most caiculations yiela;

at best, order-of-magnitude estimates.

The following species are assumed to be significant:

Mys = Mg,s * Mg~ * Mg2- * Mgo2- * Mg * Myooor * Mugso? T Mcasop (L)

(2)

-+ m

= + -
Mzc T Mayco3(ap) T Muco3 T Mco3

zTe T mHZTe * Myre™ T Mpe2- ¥ mﬂzTe03 * mHTeOE ¥ mTéO%_ ¥ mTe%- (3)
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The important tellurium species in aqueous solutions at about 250°C
are HzTe(ag)' HTe , Te?”, HyTeO3, HTeO3, TeO3 and Te5 (D'yachkova &
Khodakovskiy, 1968). The mZTe in the solution shoqld'therefore be
equal to the sum of these species (equation 3 above)f Substituting -

activity for molality in this equation leads to:-

- a'_ - e -
_ %,me | ZHre re’”  %HyTe0; . PHre0; . 2ren} Are2

Xte ¢, M v T T Tt T oo
HyTe HTe Te? H,TeO3 HTeO4 Te03 Tes™

m

(4)

where a and { stand for activity and activity coefficient respectively.

Substituting the following equilibrium reactions

+ -

HyTe = H + HTe (5)

HTe = H' + Te2” (6)

HpTe + 3/20, = HoTeOj3 v (7)
+ -

HpTeO3 = H + HTeOj : (8)
- + -

HTeO3 = H' + Te0? (9)

2= + :
Tey + 2H + Hy0 = 2HyTe + %0, (10)

into equation (4) leads to

= 14224a3+2%+254+26) + 2 (a7
mZTe aHzTe(A A“+A°+AT+AY+A°) (aHzTe) (A’)
where
- al = z 1
HyTe
A? = fsa
Crme ™ 3yt
A3 _ K5.K6
= — va
() -(aH+)

¥,
A4 = K7.f02 2.
CH2TeO3

a5 - K7.K8.£0,

CHTeog'aH+
a6 = K7.K8.K9.£0, "2
g 2-~(a +)Z—
TeO3 H
%
a7 = £0p

- Z
CTe% . aHzo. K10. (aH+)
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The data enabling calculations of the activity coefficients of the agueous
tellurium species are not known and for the present calculations they

have been assumed to be equal to sulphur species of similar charge and
type (Appendix E.3).

HzTe(aq) is related to £ by the following equation

Te2 (g)

HzO(l) + %TEZ(g) = HoTe + %0, (11)

(aq)

The distribﬁtion of the aqueous tellurium species is shown on a
log foz-pﬁ diagram (F;g.lo.l). An interesting feature of this diagram
is the relatively large field of Te%-. The field of this species is
dependent on the total tellurium concentration and shrinks towérds the
centre with decreasing tellurium concentratién, disappearing at a
tellurium concentration of about 10 !0 molal at 250°C. The behaviour
of tellurium species is quite different from that of sulphur. The
sulphur species corresponding to Te%- is Sg_, whicb is apparently
unimportant. The corresponding selenium species, Seg-, is of some
. importance and its behaviour is more or less similar to Te3”

(D'yachkova & Khodakovskiy, 1968).

10.2 GEOCHEMICAL PARAMETERS

10.2.1 Temperature

This can be approximated from the homogenisation temperatures of
the fluid incluéions in the quartz of stages IIA and IIIA. Thesé
temperatures range from 170 to 317°C, with modes near 215 and 235°C.
' For the purpose of preliminary discussion a temperature of 250°C is

assumed.
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10.2.2 Pressure

The majority of fluid-inclusions show evidence that the solutions
were boiling when trapped. From the temperature-depth-salinity data
for NaCl solutions summarised by Haas (1971) an average total pressure
of about 30 bars can be approximated for the depositing environment

(Chapter 7).

10.2.3 Ionic Strength

This parameter can be calculated from the salinity data and the
leachate analyses. The average salinity obtained from the freezing
temperatures of the fluid-inclusions is 5.5 wt.% eq. NaCl and the
average Na-K-Ca-Mg molal proportions adjusted to this salinity are
0.32:0.09:0.25:0.005. Assuming all the cations are balanced by Cl
an ionic strength (1) of about 1 can be approximatea from the following
formula:-

I = %Zmiziz

where m, and z; stand for molality and charge of the ith species res-

pectively.

10.2.4 pH

At the Emperor mine both sericite and potassium feldspar (adularia
and/or orthoclase) occur .in close association and may be in equilib;ium.
The pH of the ore-fluids can be approximated from the following reaction:-

3KA1SiOg + 2H' = KAL3Siz019(OH)p + 2K' + 6Si0, (12)

Using the éverage molality of potassium obtained from the leachate
analyses ( 0.1 molal), an ionic strength of 1 and the constants given in
Appendix E.2 and E.3, a pH of 5.47 is obtained at 250°C. At 200 and

300°¢ the pH is 5.57 and 5.45 respectively. Neutral pH at ZSOOC is

about 5.56 and at 200 and 300°C it is 5.64 and 5.70 respectively.
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It is suggested that the pH of the Emperor ore-fluids was about
5.5. This pH refers to solutions in equilibrium with the K-silicate
assemblage only. Solutions in equilibrium with the propylitic

assemblage were probably more alkaline because there is no sericite.

10.2.5 Fugacity of sulphur (fsz)

This can be approximated from the FeS content of sphalerite co-
existing with pyrite.. The FeS contents range from 1.3 to 6.9 mole %
(Appendix D.1l). These values, used in conjunction with the curves
given in Barton & Skinner (1967), indicate log fSz values at 250°C

between -10.5 and -12.

10.2.6 Fugacity of CO, (fcoz)

Ankerite, dolomite and calcite are the only carbonate minerals
present at the Emperor mine. Ankerite is more common in the propylitic
rocks, calcite is post-mineralization (stage V) and dolomite is
generally associated with the ore minerals. As shcwn in the paragenetic
sequence (Fig. 6.5) precipitation of dolomite was repeated in several
stages and was more or less intermittent, suggesting that the solutions
may be close to the dolomite saturation boundary. The dolomite saturation
reaction can be written as follows:-

+ + +
2H,0 + Ca?’ + Mg?' + 2c0, @ = CaMg(CO3) o + 4H (13)

Using the average Ca and Mg concentrations approximatéd from the»
leachate analyses (0.25 and 0.005 molal respectively; Table 7.2) and
the constants given in Appendix E.2 and E.3 the fC02 can be approximated.
The fC02 value calculated with the above assumptions at 250°C and at
PH = 5.5 is about 2.5. Increasing the Ca and Mg concentrations to 0.5
and 0.05 molal respectively will drop the-fc02 to 0.56 (at 250°C and

PH = 5.5). 1Increasing pH by about a half unit will result in a decrease
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(o]
: = = . = N - .
in fC: (at T 250°C, mc 0.25 and Il'%4 0.005) to 0.25 As such

changes may occur both temporally and spatially, it is suggested that

_the fco2 at 250°C may be between 0.25 and 2.5.

At 300 C (pH = 5.5, m. 0.25 and mMg 0.005) -the fC02 calculated

. from the above reaction is 6.3.

10.2.7 Fugacity of Tey (f )
Tes

The presénce of seﬁeral telluride minerals and native tellurium
at the Emperor mine can be used to put some'limits on the fTez' The
reaction indicating the upper limit of fTe2 (lower limit for native
tellurium) is:-

2Te(c) = »Tez(g) (14)

Log 7.74 (Appendix E.2)

K250%
hence 1log fTe2 = =7.74.
Both calaverite and native gold are observed at the Emperor mine.
They are not closely associated and while calaverite is restricted to
stage IIB, major precipitation of native gold occurred in stage IIIB.
‘This relationship can be expressed as:-
Au(c) % Tez(g) = AuTey (Appendig E.2) (15)

Lo 9.44

9 K250°%
hence log fTe2 = -9.44
This reaction suggests that during stage IIB, which includes
both native tellurium and calaverite, fTe2 was higher than 10—9'““,
whilé during the stage IIIB, which includes native gold and lacks native
tellurium and calaverite, it was less than this value.
Several telluride and sulphide phases are plotted on a log fsz/

log fTez diagram which has been constructed at 250°C (Fig. 10.2). The

Emperor mine assemblage can now be discussed in more quantitative terms.
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Basicallf'there are two assemblages:-

(a) Stage IIB includes native tellurium, calaverite, krennerite,
sylvanite, altaite, coloradoite, melonite and galena.

(b) Stage IIIB includes native gold,'petzite, hessite, empressite,
altaite, coloradoite, melonite and galena.

Thermodynamic data for>krennerite and sylvanite are not available,
but the occurrence of these tellurides with native tellurium and
calaverite indicates that their phase boundaries might lie between the
cAalaverite-native gold and native tellurium saturation line (i.e.
log fTe2 between -9.44 and -7.74 at 250°C; Fig. 10.2). Thermodynamic
data for petzite and empressiteaf@ also not available but the close
assoqiation of these tellurides with native gold suggests that their
stability fields may lie at log f, ~ below -9.44 at 250°C.

In order to keep the galena-altaite boundary within the range of
fs2 suggested by the FeS contents of sphalerite, the’fTe must remain
above about 10_9'5_(Fig. 10.2).

| In summary it is suggested that'fTe2 (at 250°c) was between
_10_9'5 and 10 73 during stage IIB and dropped below 10 2°° during

stage IIIB.

10.2.8 Fugacity of oxygen (fO )
: 2

The upper limit of f02 is fixed by'the absence of hematite in
the Emperor mine through the following reaction:-
3Fe,03 = 2Fe304 + %0, | (16)
Log

hence log £ < -34.37
02

K2500C = 17.18 (Appendix E.2)

The near constant value of 613C dolomite (+0.3 to -1.41% )
indicate that the solutions were well outside the reduced carbon field
(Ohmoto, 1972). The lower limit of fO can then be fixed by the

2

following reaction:-
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CHy, (aq) + 20y (g) = HzCQj (ap) + Hzo(l) | (17)

Log K = 77.52 (Appendix E.2)

250°%¢

hence log £ > =38.76

02

Magnetite is widespread in the propylitic assemblage but in
the mineralized rocks, most of it is replaced by pyrite. In many
specimens this replacement is incomplete and in a few samples
(e.g. sample 103428) single grains show alternate rings of magnetite
and pyrite. This indicates that (a) magnetite was locally precipitated
in the mineralized rocks and (b) the solutions probably did not stray
far from the pyrite-magnetite boundary. This relationship can be
explained by the'following reaction:-
3FeS, + 20 = Fe30, + 3S 18

2 2(9) 3Yy Z(g) ( )

Log = 35.44 (Appendix E.2)

X250°%

Using the fs2 vaiues deduced from the FeS contenté of sphalerite
(10“12 to 10—10'5) an f02 range between 10 35°9 and 10f33'65 is
obtained for such an assemblage.

The fluctuations in the §3%s values of pyrite (-5.5 td»—1573%o)
indicate significant proportions of oxidised sulphur species. The f02
must then be close to the ZSr = IS, boundary (I reduced sulphur species =
L oxidised sulphur species), which at 250°C and at pH = 5.5 lies at a
log fo2 value of about -35.4 (see details of calculation in the following‘
section).

Stability fields of several sulphide and oxide minerals are plotted
on a log foz/log fS2 diagram (Fig. 10.3) along With the FeS contours of
sphalerite, the sulphide-sulphate boundary and total sulphur contours.

The stippled area in this diagram indicates the f_~f conditions at

0, "8y

the Emperor mine. From the above discussion the fO is likely to have
' 2

varied between 10 35 and 10 37 at 250°C.
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10.2.9 Total sulphur (mﬁs)

At the fozan-T conditions of the Emperor fluids the important

dissolved sulphur species were HyS ’ HS_, HSOZ, SOE-, NaSOZ, KSOZ,

_ (aq)
o . - . . '

Casoﬁ and MgSOy. The species S2” is not considered here because recent

data on the second dissociation constant of H,S (Naumov et al., 1979)

indicate that it is not an important species at the pH range of the -

Emperor fluids. In the reduced sulphur field (shown in the diagrams as
ZSr):
m = + - (19)
IS, “HyS s
r 2% (aq)

In the oxidised sulphur field (shown in the diagrams as ISg):

Mys. = Mzso, - Mwso; T ™so2” T ™Naso; ' "ksoj

o
+ + 2
Tcasof * Mugsoq (20)
Using the following equilibrium reactions
HoS + %0, = Hy,0 + %S 21
25 (aq) 2 2 %Sp (21)
HS™ + HY + %0, = Hy0 + %S, (22)
HSO; + H' = Hy0 + %S, + %0, ' (23)
2= + _ 3 .
SO, + 2H = Hy0 + %S; + %07 (24)
- + _ 3 +
NaSOy + 2H = Hy0 + %S, + 40, + Na (25)
KSo, + 2H' = H,0 + %S, + 20, + KT _ _ (26)
caso® + 2u' = H,0 + &S, + %0, + ca2t _ (27)
. .
MgSol + 2H' = H,0 %S, + %0, + Mg>t . (28)
the following relationship is obtained:-
aHzO.fSZLi aHzO.fSQL“
(29)

+ - = +
M™i,5 © Mus iy5 Eoph K21 z K22

us " %ut:



101

1 1
m = f_ 5.f 7 .a + , Z
LSOy Sy 0] H,0 CHSOq'aH+’K23 Csoﬁ"(aﬁ+) .K24
MNat " *Nat M+ b+
+ +
V2 2
cNaso;'(aH+) .K25 cKSO;.(aH+) .K26
N Mea2+: boa2t . Myg2+* Epg2+ (30)
: Z Z

where K21-28 are the equilibrium constants for reactions 21 to 28 above.
Following Helgeson (1969) the activity coeffigients of Casog and Mgsoﬁ
are taken as unity. Other pertinent data'are given in Appendicés E.2
and E.3.

Using equations (29) and (30) the total sulphur contours are
drawn on a log foz/log fSz diagram (Fig. 10.3). It can be seen that at

the foz-f values indicated by the mineral stability data the total

Sy

sulphur is close to 10" 3 molal.

10.2.10 Total carbon (mg )

As H,CO is the dominant solution species of carbon at the
2~"3 (ap)

f0 -pH-T conditions deduced so far, it can be assumed as an approximation
2

that: -~
m = ' (31)
5C mH2C03(ap)
Molality of H2CO3(ap) can be determined from the following
reaction: -
cO + H,O = H»CO 32
2(9) 2 2 3(ap) (32)
Using the constants given in Appendices E.l1 and E.2 and the fCo
: 2
values deduced earlier)mﬂzco3 can be determined. At 250°C and at
. (ap)
£ = 2.5, am value of about 10 2 is obtained. There would
COy HpCOjg (ap)

be some HCOE so m. ., may be slightly higher than this value.

&C

Using a fCo value of 0.25 gives a.mH2C03 value of about 10 3 at

2
250°C, this may be the lower limit.
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)

10.2.11 Total tellurium (mz
- Te

Using the constants given in Appendices E.2 and E.3, the stability

fields of several tellurides are plotted on a log fO /log m diagram
2 .

LTe

(Fig. 10.4A). The assumed conditions are T = 250°C,_mZS =103, 1=1,

and pH = 5.5. The stability boundaries galena-altaite, cinnabar-

_coloradoite; nicolite-melonite, argentite-hessite aré dependent on

My o and*tovshow this dependence Fig. 10.4B is constructed at Mo =10 2.
The probable environments at the Emperor mine are mafked by the

stippled area. It can.be seen that at the suggested foz-pH—T

conditions, m in the Emperor mine ore-fluids ranges from 10710 o

ITe ha
10_12, from which a vélue of 10 1! jis tentatively selected for 250°C.

A compilation of data on the solubility of TeO, (Beas and Mesmer,
1976) shows that at T = 25°C, pH = 3 to 5, the solubility is about
10 ° molal and rises to about 10 3 molal at a pH of about 1. The
tellurium concentration in sea water is about 10 / molal (Chapter 2).
Nabivanets & Kapantsyan (1968) obtained the.solubilify of freshly
precipitated tellurium hydroxide in HCL and LiCl solutions at pH = 3,

T = 18°C, I =1, to bé about 10 2°7 molal. This increased to about
10-1'67tmolal at a pH of about 1. It thus appears that the suggested
value for the Emperor mine fluids (10711 molai) is several orders of
ﬁagnitude too low. This may be for two reasons.

(i) Errors in the thermodynamic data.

(ii) Presence.of other aqueous species.

As suggested by D'yachokova & Khodokovskiy (1968) many of the
thermodynamic constants used have largely become obsolete and a revision
of these constants is very much needed.

Nabivanets & Kapantsyan (1968) explained the increased solubility

. . . . - 2-
in their experiments in terms of TeO(OH)Clo, TeOClg, TeOCl3 and TeOCl, .
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It is possible that some of these species may be important as carriers .
of tellurium in the hydrothermal solutions but the available data éné
insufficient to consider their probable role.

Although in the following presentation the stébility boundaries’
of téllurides have been drawn on log foz/T and log foz/pH diagrams,
they should be treated as tentative and may change significantly if

' . . . ™ .
and when the thermodynamic data on aqueous tellurium spe01e56;§?rev1sed.

10.3 CHANGES IN pH AND TEMPERATURE

So far a temperature of 250°C and pH of 5.5 have been assumed in
order to approximate the other geochemical parameters.. In Chapter 7
it was shown that variations in temperature have occurred both
temporally and spatially. In the same Chapter, evidence showing boiling
of the ore-fluids was presented, and boiling of gases like COj, HyS and
HoTe may result in fluctuations in pH. It therefofe appears that

assumptions involving constant pH and temperature are not reasonable.

10.3.1 pH changes at 250°C

Changes in mineral stability and other data due to variations in
pH are depicted on log foz/pH diagrams (Figs. 10.5, 10.6 and 10.7).

These diagrams require assumptions regarding m__, m and m . In the

Is IC ITe

following presentations, unless otherwise noted, these values are

assumed to be as follows:-

= -3

m):S 10
- =2

mZC 10
-11

mZTe = 10

These assumptions are themselves not strictly valid because

boiling alone may reduce these values to some extent.
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The silicates, carbonates and Fe-S~O mineral boundaries

(Fig. 10.57) are compatible with a pH of 5.5 and the bulk of mineral-
ization may have occurred within +0.25 ﬁnits of this value. The
intermittent precipitation of dolomite (Chapter 6) may be due to
periodic boiling which could increase the pH of the ore fluids to the

dolcmite saturation line. The §!3C values of dolomite and 63%S values.

of pyrite at the suggested foz—pH conditions (Fig. 10.5B) indicate a

sedimentary source of carbon (613CZC = 0% ) and an igneous source of

sulphur (83%s g™ O% ). The fluctuations in the 63%S values of pyrite

z
(-4.2 to -15.3%) suggest that the fluids may be close to the

Zsr = IS, boundary (Fig. 10.5B). Variations in the FeS contents of

sphalerite (1.4 to 6.9 mole %) could be explained by fluctuations in the

PH ané/or f02 (see footnote'*). The telluride mineral boundaries
(Fig. 10.6A) suggest that the stage IIIB fluids may have been at a
relatively higher pH. Alternatively tellurium concentration may have
been dropped to iO_lz molal (Fig. 10.6B) during stage IIIB. ' In thé
suggested regions of the Emperor mine ore-fluids, the log fTe2 could
vary from -6 to -9 and the log fs2 from -10 to -12 (Fig. 10.7). These
values ére more or less similar to the values shown in Figs. 10.2 and
10.3.

It can thus be céncluded that at 250°C the mineral stabil;ty and

other geochemical data suggest a pH of 5.5 + 0.5.

* In diagrams showing the FeS contours of sphalerite the equilibrium
' constant for the reaction FeS; = FeS + %0, has been adjusted to
make the FeS content of sphalerite at the py/po and py/bn/ccp
boundaries consistent with the experimental data [see Barton
et al. (1977) for a summary of the difficulties and implications
of changing the equilibrium constant.]
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10.3.2 Temperature changes

Changes in mineral stability and chemicai parameters with
temperature are depicted on log foz/T diagrams (Figs. 10.8 and 10.9).
Along with the other assumptions detailed in Section 10.3.1, construction
of log fOZ/T diagrams also require an expression relating pH and
temperature. It can be seen from earlier discussions that the average
pH of the Emperor fluids Qas probably vefy nearly neutial (SeqtiQn
10.2.4;. in the qonstructions of log fOZ/T diagrams the dissociation
constant of water is therefore used for relating pH and temperature.
As the majority of fluid-inclusions temperatures on the stage IIA and
IIIA quartz fall within a range of 210 to 260°C, it has been assumed.
that major ore mineral precipitation probably occurred‘within this
temperature range (the heavily stippled area in Figs. 10.8 and 10.9).

The Fe-S-0 mineral boundaries (Fig. 10.8A) indicate that the pyrite

field terminates at about 285°C, whereas the actual fluid-inclusion
temperatures range up to 320°C. This discrepancy is probably due to

the assumption that m__ was constant at 103, a élight increase in this

LS
value may enlarge the pyrite field to the estimated temperatures.
Considering the various other uncertainties (in thermodynamic data,

fluid-inclusion temperatures, and assumptions regarding pH etc.) this

discrepancy is only of minor importance. The stable isotope data and

FeS contents of sphalerite are more or less compatible with the suggested

environment of the Emperor fluids (Fig. 10.8B).

The telluride mineral boundaries are plotted in Figs. 10.9A and
10.9B. Note that PbTe and Ag,Te are stable phases thtoughout in
Fig. 10.9A. The latter may react Qith AuTe; and Au to fbrm mixed gold-
silver tellurides (i.e. krennerite, sylvanite, petzite). Stabilization

of galena and native gold in the foz/T range of the Emperor fluids
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(i.e. within the stippled area) may be possible with about a half unit

increase in pH (cf. Fig. 10.6B) or a decrease in the m e by about

LT

an order-of-magnitude (Fig. 10.9B). Galena can also be stabilised in

the stippled area by increasing m by about an order-of-magnitude

LS

(cf. Fig. 10.4B) but not native gold. As the available data on agqueous

tellurium species are of doubtful validity it appears pointless to
consider this problem any further. It can perhaps be suggested that
the presence of native gold in stage IIIB is. possibly due to lower

tellurium concentration and/or slightly higher pH.v

10.4 METAL SOLUBILITIES

The following assumptions concerning the important aqueous species

are made in order to caiculate the metal solubilities:

m =

+ + -+ ' i
rzn = Mznc1t T Mznc1y ¥ Mznc13 T Mznc12- * Mgn2+s SPhalerite

(ZnS) saturated

rpb ~ Mpbclt T Mpbc1$ t Mpbe1z t Mpbc1?” t Mpp2+s 9alena (PbS)

or altaite (PbTE) saturated

- . + . . s
$Ag mAgC1°.+ mAgClz mAg+' argentite (Ag,S) or hessite (Ago,Te)

saturated

m. =

+ -+ - i
rcu - Pcuct® t Peuns); T Mcu(us) . Hpsr Chaleopyrite (CuFes;)

or bornite (CusFeSy) saturated

sre = Mpec1t + My 247 pyrite (FeS,), pyrrhotite (FeS), magnetite

(Fe30y) or hematite (Fejy0j3) saturated

.=v - 4 _ 3 v
TAu mAuC12 . mAu(HS)z' native gold (Au) or calaverite (AuTej)

saturated

The expression relating solubility to PpH, fO , T, mcl and myo are
2

given in Nriagu (197la) and Anderson (1977). Following the latter the

(33)

(34)

(35)

(36)

(37)

(38)

activity coefficients of doubly and singly charged complexes of lead and
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zinc are assumed to be equal to CM++ and CCl- respectively, where

M stands for metal ion. The activity coefficients of neutral species
"of lead, zinc and silver are assumed to be equal to_the activity
coefficient of CO, in NaCl solutions. The activity coefficients of
singly charged complexes of silver and gold are assumed to be equal to

4 Calculations of copper and iron solubility do nbt involve these

c1™°
assumptions as activity is assumed to be equal to molality in the
retrieval of thermodynamic data from the experiments (Crerar & Barnes,

1976) .

10.4.1 2Zinc | ' .

.Camplexing.with chlorine (Helgeson, 1969) and sulphur (Barnes,
v1965; Barnes &.Czamanske, 1967) has been suggested to account for the
zinc solubility in the hydrothermal solutions and it appears that in

near-neutral'énd acid environments chlofide complexés will dominate
' while under alkaline conditions considerable zinc can be transported
as sulphur complexes. Same experimental results are available on the
solubility of sphalerite (Hinners & Holland, 1963; Melentyev et al.,

1969; Barnes, 1965; Barnes & Czamanske, 1967). Theée experiments
indicate‘that sphalerite solubility decreasésvwith increase in pH in
strongly acid sdlutions, is near constant in the intermediate PH range
and rises again in more alkaline solutions._ The solubility in the
near-neutral and alkaline pH range is thoughf to be due to Zn(I-IS)(*;>
(Hinners & Holland, 1963; Melentyev et al., 1969) and Zn(HS)3 (Barnes,
1965; Melentyev et al., 1969).

In this study onlf chloride complexes are considered and because

pf the likely presence of sulphur complekgs near the pHAvalues assumed
for the Emperor fluids, the solubility values at a pH greater than

about 6 should be treated as minima.
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The zinc solubility is contoured on log fo /PH and log foz/T
. 2
diagrams (Figs. 10.10A and 10.10B). It can be seen that in the region
of the Emperor fluids, the zinc concentrations range from about 10 to

1 ppm.

10.4.2v Lead

Complexing_with chlorine (Helgeson, 1969; Nriagu & Andersoﬁ,
1971) and sulphur (Hemley, 1953; Anderson, 1962; Nriagu, 1971b) has
been suggested to account for the solubility of lead in the hydrothermal
solutions. As_for zinc, it appears that in near-neutral and acid
enviromments chloride complexes will dominate while under alkaline
conditions considerable lead can be transportéd.as lead-sulphur
complexes. Some experimental results are available on the solubility
of galena (Hemley, 1953; Anderson, 1962;eriagu, 19715; Barrett, 1974,
in Anderson, 1977). These experiments indicate a trend similar to
sphalerite (see above). The solubility in the near—héutral and
alkaline pH range is considered to be due to PbS.2H,S and Pb(HS)3
(Anderson, 1962; Nriagu, 1971b) but thermodynamic.data on these complexes
at elevated temperatures is not very reliable and onlf chloride
complexes are considered in the solubility calculation.

The dissociation constants used (for the lead chléride complexes)
are from Helgeson (1969). The'solubility of lead has beén calculated
Vassuming that_either galena or altaite is saturated (Figs. 10.11 and
10.12). Because of the uncertainty in the thermodynamic data on the
aqueous tellurium species, the altaite solubility is doubtful and_is
not considered in the following discussions. Assumihg only galena
saturation, it appears that the lead solubility (Figs. 10.12A and 10.12B)
in the Emperor fluids ranged from 0.1 to 0.001 ppm. These values are
about two orderstf-magnitude lower than that of zinc. Though previous

workers (Barton et al., 1977; Casadevall, 1976; Casadevall & Ohmoto, 1977)
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have suggested solubility of lead the same aé zinc, it may well be
that zinc solubility is too high. The relatively.good agreement
between solﬁbilities by experiments at 80°c (Barrett, 1974 in
Anderson, 1977) and Helgeson's constants for chléridé complexes lends -

more credence to lead solubilities than given to zinc solubilities.

10.4.3 Silver
Complexing with chlorine (Helgeson, 1969; Seward, 1976) and
sulphur (Anderson, 1962; Cloke, 1963) has been suggested as the
mechanism for the transport of silver in the hydrothermal solutions.
Seward (1976) experimentally determined the solubility of silver
chléride and suggested that it is controlled by AgClo and AgCl— in
near-neutral and acid environments at temperatures between 100 and
353°C. He compared the determined solubility with the silver concen-
trations in fhe Broadlands geothermal waters (pH = 6.1, a

Mys = 4 x 10

conditions was 0.25 ppb whereas the actual silver concentration in

c1” " .033,

3,'T = 260°C). The calculated silver solubility at these

these waters was 0.6 to 0.7 ppb . He concluded that within the
uncertainty inherent in the data used in the calculations, chléro-
silver complexes probgbly account for much of the silver present.
His calculations for Salton Sea brines show similar rgsults.

Melentyev et al. (1969) measured the solubility of argentite
in st-saturatedichloride solutions at temperatures between 100 and 180°%.
They demonstrated that the solubility of argentite in écid solutions .
decreases with an increase in pH reaching a minimum at near-neutral pH.
Then it remains constant for a range of pH, the length of which decreases
as the temperature is increased. On further increase in pPH, solubility
increases with pH. Their experiments indicate the strong possibility

that silver-sulphur complexes exist. Cloke (1963) sﬁggested that in
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alkaliné conditions, silver solubility is primarily due to the complex
Ag(HS)Sﬁ-u Andersoh (1962) summarised the solubility measurements on
acanthite and suggested the complex Ag,S.nH;S for pH up to 8 and
Agzs.nHS- for the pH range above 8.

Until more data on silver-sulphur complexes is available, they
can not be used to calculate the solubility of silver at hydrothermal
temperatures. However, it seems likely that in near-neutral and
alkaline solﬁtions such complexes contribute significantly towards
silver solubiiity{

Seward (1976) has suggested that complexes like Ag(NHg);,
Ag(NH3)2Cl°, AéHCO? and the ion pair NaAgClg may also contribute to
silver solubility but no data is available on these complexes at
elevated temperatures. Furthermorg, silver-tellurium complexes also
probably exist;

Silver concentrations are calculated assuming that either hessite
or argentite is saturated (Figs. 10.11A, 10.11B, 10.12A and 10.12B).
Several other silver-bearing phases are present in the assemblage
(e.g. sylvanite, petzite, krennerite) but no thermodynamic data is
available for these phases. Because of uncertainty in the thermo-
dyhamic data on the aqueous tellurium species-even the silver concen-
trations obtained assuming hessite saturation (0.0l to 0.001 ppm,
Figs. iO.llA and 10.11B) are doubtful. The nearest approximation to
estimate the silver concentrations in the Emperor fluids is to-assume
argentite satufation, This suggests that the silver concentrations may

have ranged from 0.1 to 0.0l ppm (Figs. 10.12A and 10.12B).
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10.4.4 Iron

Although there have been a number of studies on the determination
of iron solubility (see Crerar et al., 1978 for a summary), the number
of chemical variables fequired to define the systeﬁ has not been
controlled oi.determined. Two recent studies in which variables like
foz; pPH, T e#c. have beep controlled are those of Crerar & Barﬁes
(1976) and Crerar et al. (1978). Unfortunately these two studies
gaQe contrasting iron solubilities under similar set of conditions.

For example at pH = 4, T = 250°C, m_, = 1, m._ = 10 3, £ =10 40

- cl IS 0y
(pyrrhotite saturated), data given in Crerar et al. (1978) suggest
iron concentrations of about 107 ppm while that given in Crerar &
Barnes (1976) suggest iron concentrations of about 108 ppm. The
earlier set measurements are probably in error, the most likely source V
of error being the graphite-CO, buffer used in the experiments (Crerar
et al., 1978).

In this étudy the equilibrium constants given in Crerar & Barnes
(1976) are used to calculate the iron‘solubility in éolufions saturated
with magnetite, hematite, pyrite and pvrrhotite (Figs. 10.10A and
10.10B). It can be séen that in the Emperor fluids the iron concen-
trations may have ranged from ld% to 10 ppm. ~ However, it must be

emphasized that these values are probably too high'by at least three

orders—of-magnitude.

10.4.5 Copper

The solubility of copper has been calculated assuming chalcopyrite
or bornite saturation. The complexes controlling the copper solubility
are CuCl,FCu(HS); and Cu(HS)z.ZHZS (Crerar & Barnes, 1976). 1In
calculating the total copper solubility the sum of these complexés isA

used.
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The uncertainty in the data on iron solubility (see above) also
affects the values of copper solubility, and it is probable that the
solubilities obtained from data given in Crerar & ﬁafnes (1976) are
too high. The.concentrations of total copper are coﬁtoured on log foz/pH
and log fOZ/T diagrams (Figs. 10.10A and 10.10B) and it can be seen
that the copper concentrations in the Emperor fluids may have ranged

from 0.1 to 0.0l ppm.

10.4.6 Gold

vComplexing with C1~, HS , Teg_, Assg_ and Sbsg- has been proposed
fof the trahspért of gold in hydrothermal solutions. 1In a review
paper, Krauskopf (1951) calculated the solubility of gold at 25°C from
the thermodynamic data and found good agreement betweén calculated
and experimental solubilities. He concluded that in.acid solutions
gold may be transported as AuCl; and in alkaline solutions as AuS .
Helgeson & Garrels (1968) calculated the solubility of gold at elevated
temperatures from thermodynami§ data apd fdund that the ;esult$
compared well with geoldgical predicéions. They concluded that gold is
carried in hydrothermal solutions primarily As chloride complexes.

The experimentél data of Weissberg (1970) indicate_that in near-
neutral low-salinity solutions, the sulphide comple# AuS is ﬁore than
adequate to account for the gold concentrations observed in the present-
day geothermal systems. Unfortunately Weissberg's experiménts were not

3 or rH and therefore cannot be

buffered with respect to foz, fs2 Hy

used to calculate the equilibrium constanté.

Henley (1973) investigated the solubility of gold in chloride
solutions at temperatures between 300 and 500°C andvat pressures of
1l to 2 kbars. The pH of the solutions was buffered by K-feldspar-
quartz-sericite equilibria and fo2 was buffered by magnetite-hematite

equilibria. Henley (1973) suggested that the solubility of gold in his
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experiments was due to a molecular species such as Au2C16(HC1)2(H20)n.
Casadevall (1976) suggested that such.a species implies a charge of +3
which is unlikely at the T, P, pH and fo2 conditioné. .He suggested
that the solubility of gold in Henley's experiments was due to the
species AuClE and gave the sollowing reaction for the formation of this
complex: -

Au + 2€1° + %0, + HY = %H,0 + Aucl; (39)

The equilibrium constants for this reaction have been calculated
by CasadeVall (1976) and are given in Appendix E.2.. The solubility
qaléulated using these constants is about four orders-of-magnitude
greater than that calculated from the conétants givgn in Helgeson (1969).
In this study the constants used are those given by Casadevall (1976).

Seward (1973) investigated the solubility of gold in agueous
sulphide soiutions at neutral pH (pH = 6 * 3) in the presence of pyrite
and pyrrhotite at temberatures of 160 to 300°C and pressure of 100 bars.
He concluded that in neutral and néar—neutral solutions, complex
Au(HS)E is the dominant species, while Au(ﬁS)zsz_ and Au(HS)g are
important in‘alkaline andAacid conditions respectively. He gave the
equilibrium constants for the following reactions ét femperatures from
175 to 250°C:

Au + 2H,S + HS = Au(HS), + %Hp (40)

(aq)

2Au + HyS + 2HS™ = Au, (HS) 8% +H, (41)

(aq)
At pH between 5 and 8, the complex Au(HS) is the dominating
species. Using Seward's data, Casadevall (1976) calculated the equil-

ibrium constant for the following reaction:

. _ . .
Au + 2H5S + 1102 = Au(HS), + 121'120 + H+ (42)

(aq)

'Note that the equilibrium constants for reaction 42 given in_
Casadevall (1976) and Casadevall & Ohmoto (1977) give Au{HS),
concentrations about four orders of magnitude higher than shown
in their solubility diagrams.
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Equations (39) and (42) have been used for calculation of the.
total gold solubility in those parts of the diagrams where native gold is
saturated (Figs. 10.14 to 10.16). 1In the stability field of calaverite
the following'reactioﬁ can be added to these_two‘equations
AuTe; = Au + Tez(g) (43)
to yield the equations:
AuTe, + 2C1° + %0, + H' = %H,0 + Tez gy * AuCl; : (44)

AuTe, + 2H,S + %0, = %H,0 + Tez(g) + Au(HS)y + H (45)

(aq)
As with lead and silver, the uncertainty in the thermodynamic
data on aqueous tellurium species does not allow any rigbrous discussion
on the solubilityvof“calaverite but some generalisations can be made.
The solubiiity.of>calaverite appears to be miﬂimum (Figs. 10.13
and 10.14) at the likely f02 (say, near the magnetite-hematite buffer),
pPH (séy between 4 and 6) and temperatures (below 250°c) range of most
gold ore-forming fluids. The present data indicate gold concentrations
as low as 0.0001 ppm within this range. It must be noted that reactions
(43), (44) and (45) are not affected by the uncertaintf in the thermo-
dynamic data on the aqueQua tellurium species and the topology of the
gold solubility contours is strongly dependent on the shape of the fTe2
contours (Fig. 10.7). Furthermore for calaverite an& native tellurium
saturation the fTe2 should ne higher than 10~ 775 at 250°% (Fig. 10.2).
For an assemblage containing.calaverite and native tellurium with f02

buffered by magnetite-hématite equilibria, pH = 4 to 6, m__. = 1, gold

cl
concentration may be approximately between 0.001 and 0.00001 ppm at
250°C. Such low solubilities require somé explanation. 'Complexing
with tellurium is one possibility. Seward (1973) suggested that
complexes like Au(Tez)g-, AuTeE and AuTeg probably exist. At present

virtually nothing is known about gold-tellurium caomplexes and it is not

possible to investigate this problem any further.
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Pending further investigations there is no alternative to
assuming native gold saturation. This assumption indicates that gold
concentrations in the Emperor fluids may have ranged between 0.05 and

0.01 ppm (Figs. 10.15 and 10.16).

10.5 PROBABLE PHYSICO-CHEMICAL CHANGES IN THE ORE FLUIDS

In preparing phase and metal solubility diagrams a temperature =

250°C or pH = neutral and m = 10_3, = 10_2, m = 10_11, m =1
LS M ITe c1

and ionic strength = 1 has been assumed. In Chapter 7 it was shown
that variations.in temperature have occurred both temporally and
spatially and that the solutions boiled locally. Loss of gases like
HyS, CO, and HyTe is likely to result in én'increase in the pH and a
decrease in mES' mZC' sze and metal solﬁbilities.' és a result of
partitioning of H3S into the vapour phase the oxidised to reduced sulphur
ratio will ipcreasé. . ) ﬁoss éf vapour due to
poiling would cause a drop ih temperature due to latent heat of
vvapourisatiqn. .Boiling will also result in an'inc;éase in the mci and
ionic strength and as a consequence the metal solubilities may slightly
increase but the drbp in metal solubilities due to othér factqrs (like

decrease in temperature and in m._ and increase in pH) is likely to

IS
be overwhelming. Boiling should also result in an increase in the §!80
and a decrease in 6D of the fluids but’caléulations given in Kamilli &
Ohmoto.(1977) indicate that these changes are negligiﬁle even if 50%
of the fluid has vapourised.

Ideally-one needs a mass transfer programme to work oﬁt'va;idus
changes induced by boiling. A. Bush & J.L. Walshe (pers. comm., 1979)

have recently formulated such a programme and although some minor details

are to be worked out, their preliminary results show that 10% boiling
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(of solutions having 10 2 molal IS, 10 ! molal IC, pH = 4.7, T = 250°C
and f02 = 10 3%) will lower the temperature by about 50°C, increase
the pH by about 1 unit and drop the fo2 to about 10 %0,

It is suggested that a drop in temperature is probably the
most significant cause of metal precipitation. Inspection of the
log »sz/'r diagrams at constant pH (Figs. 10.8B, 10.9A & B, 10.10B,
10.11B, 10.12B, 10.14 and 10.16) suggests that fall in temperature
accounts for most of the mineralogical changes. The only unexplained
events are (a) thé intermittent precipitation of dolomife and ore
minerals énd (b) stabilisation of native gold during stage IIIB. The
first effect may reflect periods of increased pH due to boiling and

the second an increase in pH . and/or a drop in m

£Te due to b0111ng.
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Chapter 11

THE EMPEROR CONVECTION SYSTEM

11.1 GENERAL

The injection of magma beneath the Tavua cauldron may have intro-
duced an aqueous phase to the local rocks and almost certainly caused
buoyancy-driven circulation of the fluids contained in the rock column.
The sub-surface structure at that time was probably not unlike that
envisaged for porphyry-copper and massive-sulphide deposits and the
flow patterns associated with these systems have been studied (Norton &
Knight, 1977; Cathles, 1977, 1978; Parmentier & Spooner, 1978). In this
chaptef the results of these and other studies have been adopted in a

qualitative manner to the Emperor situation.

11.2 THE SUB-SURFACE STRUCTURE OF THE TAVUA CAULDRON

At some distance'from the caldera, marine carbonatefbearing
Agreywackes, siltstones, sandstones etc. may be seen uhderlying the
Mba volcanics. The latter are about 2 km thick near the Emperor mine and
are presumably underlain by similar segiments (i.e. the Vatukoro formation
or‘one or more of the Mio-Pliocene sedimentary groups). They are probably
no more than 1500 m thick. The carbon isotope data (Chapter 9, Section
9.2.3) indicate that the carbon of the Emperor fluids,‘stages I to III,
is probably derived from the carbonate of these sediments.'

The sedimentary.rocks are probably underlain by the volcanics and
interbedded sediments of the Wainimala Group, which is the oldest groﬁp

of rocks exposed in Viti Levu.
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The rock pile underlying the Emperof mine is therefore essentially
volcanic with a small thickness of sedimentary rocks sandwiched between
the volcanics (Fig. 11.1).

It is assumed that a pluton lay at some distance'ﬁeneath the
caldera with its top at least deeper than the base of the carbonate-
bearing sediments i.e. at least 3500 m below surface. This seems to be a
likely depth beneath a volcano (Macdonald, 1972; Steinberg & Rivoch,
1965). It is‘also assumea that the widfh of the pluton is comparable to
the width of the eauldron (see also Denholm, i967b), i.e. about 5 km
(Fig. 11.1). By analogf with high-level plutons observed in the Andes
(Pitcher, 1978) it 'is likely that the pluton has a flat top aﬁd steep
sides. Though the temperature of the magma could vary between 725 and
1200°C (Macdonald, 1972) a figure of 920°C is taken to facilitate direct

comparisons with the flow paths plotted by Norton & Knight (1977).

11.3 QUALITATIVE RECONSTRUCTION OF THE EMPEROR FLUID SYSTEM

The Emperor system is comparable to the situafions envisaged in
model P4 and P5 of Norton & Knight (1977). Basalt permeability ranges
from 1078 to 10712 cm? (Norton & Knapp, 1977) and a pernmability_of
lo_ll_cm2 is taken for the Mba volcanics. The permeability of the rocks
belonging to the Wainimala'Gfoup could be less tﬁan the Mba volcanics as
these rocks are éenerally metamorphosed. Data givenvin Noftoﬁ & Knapp
(1977) shows that the permeability of greenschist facies rocks ranges
between 10711 and 10715 cm? and that of metabasalt is 2 x 1078 cmz.. The
permeability of the rocks belonging to the sedimentary,groﬁps in the
.Tavua succession may be slightly higher than the Mba Q01canics as these

sediments are generally coarse grained sandstones and conglomerates.
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For the purpose of the present study it is convenient and reasonable
to use v&lues similar to those of models P4 and P5 (Norton & Knight,
1977) i.e. Mba basal?: 10711 cm?, sedimenfs: 10710 cm? and wainimala
rocks: 10712 cmz'(Fig. 11.2). |

The dominaht rocks exposed within the limits of the Tavua caldera
are rather loosely welded tuff and bfeccia. The permeability of these
rocks can be taken ‘as very nearly equal to that of fhe_sedimentary
Irocks, i.e. 10'10'cm2. Evidence given in Chapter 4 (Section 4.7) and
Chapter 5 (Section 5.4) indicates that these rocks were probably
deposited later than the mineralization at the Emperor mine and are
probably‘not pertinent to this discussion.

Numerous steep fraétures surrounding the cauldron must considerably
increase the permeability locally and the Emperor vein system prébably
repfesents a narrow zone of very high permeability. | |

Tﬁe édoption éf models P4 and P5 (Norton & Knight; 1972) is shown
in Fig. 11.3. - The principal distinction is due to fhe highly permeable
fracture zone an& it has been assumed that a much higher permeability
prevailed in the Emperor region, concentrating the flow in a few fractures.
The pattern of flow envisaged is supported by experimental data. Elder
(1966, 1967a, b, .1968) has shown from both linear theory ahd experiment
that at low Rayleigh numbers, and a heater—width/depth (W/D) ratio.less
than 2, there is only ohe buoyant plume centred over the heafer (see for
example Fig. 11.4). At a W/b value greater ;han 2,_sma11 cellé (Rayleigh
ceils) devéiop err the heéter and this has been confifnmd by the three-
dimensional experiments of Combarnous & Bories (1975). ‘M. Solomon and
J.L. Walshe (pérs. cdmm., 1979), using Hele-Shaw ceils,vhave been able to
show that at the Rayleigh numbers probably prevailing in natural systems

(>3000), the single central plume is the stable mode at W/D values up to 4.
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The fluid isotherms sketched in Fig. 11.3 are different from those
obtained by Norton & Knight (1977): These wérkers have assumed that
rock temperatures everywhere are the same as the fluid temperatures.

This assumption may be true for the fluids flowing through the pore
spaces, but fluids flowing thrdugh open channels may have considerably
higher témperatures, than the enclosing rocks. The flow of hot water,
even at present times, through some of these fractures in the Emperor
mine workings (and also in many other Tertiary epithermal deposits)
testify to the;fact that in many cases fluids may have higher temperatures
than the host rocks. The result is a marked concentration of isotherms
in the fracture zone and relatively high temperatures élose to the
surface. Natural surfaces tend to be relatively impgfmeable and though
springs may well have allowed fluid to escape, a ¢onsiderable fraction
was probably returned to the convection cell.

As discussed in Chapter 9, the carbon isotope data indicate that
the source of carbon in the Emperor mine ore-fluids changed markedly with
time. The early carbonate§ (stages I to‘III) indicate a sedimentary
source while the late carbonates (stage V) indicate an igneous parentage.
?his evidence suggests that either the late-stage éonvection system
somehow excluded the sedimentary rock from the convéction cell or the
sedimentary carbon was exhausted during the initial stéges. ‘Looking at
the data given in Norton & Knight (1977) and Cathles (1977, 1978) it
.appears thatvthé pattern of fluid ci;culation in the domain shown in
Fig. 11.2 would pfobably pot change significantly even 160,000 years
after the intrusion; Also, M. Solomon and J.L. Walshe (pers. comm;,
1978) have noted pronounced hysteresis effects during cooling of Hele-
Shaw cells, and the cell system established at the peak of the héating
tends to persist until flow ceases even though the heater is only just

maintaining a temperature difference across the system.
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If the depth of the pluton shown in Fig. 11.2 somehow decreased
by about 2 km, it would be possible to exclude the sedimentary rocks
from the convéction cell. As discussed in Chapter 4, the age determin-
ations on igneous rocks from the Tavua area indicaté two major periods
of igneous activity, separated by a period of relatiQe quiescence
of about 2.5 m.y. The telluride mineralization probably coincided with
the first period of igneous activity (Chapter 5). It is possible
that after the main convection system died down, the subsequent period
of intrusion of dykes and plugs was accompanied by a rise in height of
the magma chamber. The water circulating during this phase would
leach carbon solely from the igneous rocks and deposit it as stage V
calcite. It is also possible that the stage V carbon is 6f direct
magmatic parentage, i.e. exsolved from igneous ihtrusiéns. Some
indications of.such a renewed igneous activity can be sought in the
oxygen and hydrogen isotope data. The GIBOHZO(calculated) values
during stage IVC show a slight reversal in the general trend of depletion
through time. (Fig. 9.3) and the 6D values qf.fluid inclusion water
from stage V calcite are identical to magmétic waters (Fig. 9.9).

The nature of gold océurrences within the Tavua caldera (Fig. 4.2)
can now be discussed. As these prospects are located in the rocks
belonging to thé second period of igneous activity, they are probably
younger thén the bulk of the mineralization at the Emperor mine. It is
suggested that these occurrences are probably formgd ffbm the relatively
shallow circulétion which may 'have developed in the tuffaceous sediments
aé a consequence of relatively high-level magma intrusion.

The minor gold occurrences in the volcanic rocks along the south-
eastern and northwestern periphery of the Tawvua caldera (Fig. 4f2) may
have formed from minor circulation at the tiﬁe éf the main Emperor

mineralization.



- 122

11.4 TONNAGE AND SOLUBILITY CONSTRAINTS

Amongst the various causes of ore-mineral precipitation a drop in
temperature is probably the most significant (Chaptéf 10, section 10.5).
The fluid-inclusion temperatures on stage IIA and ITIA quartz range from
170 to 317°C (fable 7.1) with modes at 235 and 215°C respectively
(Fig. 5.1). It can prébably be assumed that the bulk of metal precipi-
tation occurred between 250 and 200°C (neglecting a few inclusions which
gave temperatures outside this range). It can be seen from metal-
solubility diagrams (Figs. 10.10, 10.12, 10.15 and‘10.16) that cooling
from 250 to 200°C may cause the following changés in metal concentration
in solutions saturated with native gold, sphalerité,>galena, argentite
andvchalcopyrite (because of uncertainty in the data on the aqueous
tellurium species, metal tellurides are not considered) :

(a) Gold concentraticn will drbp from about 0.05 to 0.01 ppm

(b) Zinc concentration will drop from about 10 to 1 ppm

(c) Lead coﬁcentration will drop from about 0.1 to 0.0l ppm

(d) Silver cbncént;ation will drop from about 0.1 to 0.01 ppm

(e) Coppef concentration will érop from about 0.1 to 0.01 ppm.

The tonnage and grades.of precious and ba#e—metalg at the Emperor
mine are given in Table 11.1. The total amount of water required to
precipitate 102-18 toﬁs of gold (a solubiiity drop from 0.05 to 0.01 ppm)
will be about 1015'5‘8 g or abéut 3.8 kmg.‘ Af thebsolubility_changes
given above, this watér will also deposit 10%°58 tons 2zn, and 102-28 tons
of Pb, Ag and Cu'éach. The values for copper and lead are abo;t anlorder
of magnitude lower than the estimated tonnage (Table 11.1) and those for
zinc and silver are about~half an order of magnitude higher. Considering
the various assumptions énd uncertainties involvéd (e.g. pH, T, My
mc1, extrapolation and uncertainty of the thermodynamic and experimental
data, etc.) there appears to be an overall agreement with the actual and

estimated tonnage.



Table 11.1"

Tonnage and grade of precious and

base metals at the Emperor mine.

Total Average
Metal tonnage grade To%:inzftal Source of data
(tons) (gm/ton)

Au 10_7'3 7.75 102-18 Average giade calculated
from Blatchford (1953) and
tonnage from probable total
reserves of gold (mined and

_ present) .
Ag 1073 3.1 10l-79 Average grade calculated
' from Blatchford (1953).

Cu 1073 102-27 10357 Average grade from analyses
given in Appendix C.3.

Zn 107-3 102-71 10t-01 Average grade from analyses
given in Appendix C.3.

Pb 107-3 10!-98 103-28 Average grade from analyses

- given in Appendix C.3.
Table 11.2
Average diameter of pyrite grains on the growth
zones (in quartz crystals) or between quartz crystals.
Specimen Diameter range Number Average
i ber ' of - observations diameter
(cm) (cm)
103298 0.003 to 0.01 53 0.006
103312 0.003 to 0.015 15 _ 0.009
103329 0.003 to 0.015 18 o 0.006
103340 " 0.003 to 0.015 8 0.006
103343 0.003 to 0.017

88 4 0.008




123

Assuﬁing that the average gold concentration of basalt may be
about 5 ppb (Chapter 3) and about 10% of this is available for leaching,
then about 10 km3 rock is required to be leached to produce a deposit
of the size of the Emperor mine. This would be equivalent to a block
size of 2.5 km x 2 km x 2_km. Thus there is no problem reéarding the

supply of gold to the ore-fluids.

11.5 FLUID VELOCITY

Very few studies are available concérning the fluid velocities in
hydrothermal vein systems. Roedder (1960) calculated fluid velocitiés
between 0;0001 aﬁd 0.01 cm/sec using reasonable assumptions regarding
change in metal concentration and likely time required to form an ore
body containing 108 tons of 1% ore. Barton et al. (1971) calculated
flow rates for the OH vein, Colorado, between 0.2 and.l cm/éec, based on
the settling properites of hematite needles.

It was suggested (Chapter 6, section 6.3.1) that.sulphide and
telluride grains have probably settled on the growth zones of vein quarﬁz
c:ysfals under the infiuence of gravity from soiutiqns which were moving
upward. Size deferminations on 182 pyrite grains, situated either on
the growth zones in vein quartz or in between quartz crystals are given
in Table 11.2, and the frequency distribution is shown in Fig. 11.5. The
majority of pyrite grains occur as euhedral crystals with sqﬁafe, hexagonal,
triangular or rectangular sections (Plates 11.1to 114) and measuremenfs
consisted of determining by inspection an average diameter. If it is
assumed that these grains are nearly spherical, the velocity of current
required to transport them (as suspendéd particles).cén be approximated

from the Stokes law:

2ga (21 - 22)
9n
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Plate 11.1 Photomicrograph showing carbonate-sulphide-
telluride grains along a growth zone in vein
quartz. Rounded areas are air bubbles formed
during the preparation of the thin section.
Sample 103292, 166 flatmake, 9 level.
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Plate 11.2 Photomicrograph showing grains of pyrite
along growth zones in vein quartz. This
sample suggests a bimodal size distribution.
It is suggested that larger particles

represent periods of boiling and smaller
] I g ’
periods of relatively stable conditions.
Sample 103292, 166 flatmake, 9 level.
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Plate 11.3 Photomicrograph showing grains of pyrite
along growth zones in vein quartz. Sample
103298, 16€¢ flatmake, 7 level.

=
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Plate 11.4 Photomicrograph showing grains of pyrite
along a growth zone in vein quartz. Note
hexagonal, square or triangular outlines of
pyrite grains. Sample 103298, 166 flatmake,

7 level.
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where 21 = density of pyrite = 5.02 gm/cm3
£2 = density of fluid = 0.84 gm/cm3 (density of 5% NaCl
solution at 250°C, Haas, 1971)
a = radius of pyfite grain
g = acceleration due to gravity = 981 qm/sec2
n .= viscosity = 0.00l1 poises at 250°C (Méyinger & Grigull

Barton et al., 1971)

Using.the modal diaméter of the pyrite grains (0.006 cm) a velocity
of 4 cm/sec is obtained. Calculations using_£he maximﬁﬁ and minimum
diameter gave velocities of 24 cm/sec aﬁd l=cm/seclrespective1y. The
1a¥ger particiés may have grown in size after settling,'alternatively
they may represent periods of local turbulance probably caused by boiling
of fluids. It is suggested that the value obtained from the modal grain _
size is probably more representative and that the velocity of 4 cm/sec
is an order-of-magnitude indication of the fluid velocity.

Amongst tﬁe vaflous lodes mined at the Emperér mine only one,
namely the Crown lode, extends down to ;6 level. The other lodes are
mineralized onLy in the ﬁpper levels. It is suggested that this fracture
(i.e. the Crown lode) has probably acted as the main feeder channel.

The horizontal extent of this lode is about 350 m and the avefagé width
is about 1 m. Water probably flowed freely through say 1% of this width
at any one time. Assuming that all the water (1015'58 gm, seelabove)
passed through this channel at about 4 om/sec, it will require say

103 yeafs to form a deposit of the size of the Emperor mine.
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11.6 APPLICATION TO GOLD EXPLORATION

The fluid circulation model for the Emperor system has important
- implication; for the exploration geologist in Fiji. As suggested
earlier in this chapter, the gold occurrénces within the Tavua caldera
are probably formed by shallow convection cells generated as a result
of intrusion of small plugs and dykes during the second period of
igneous activity. These occurrences are therefore unlikely to produce
any significaht tonnage. The main Stage mineralization must have been a
single plume type of system concentrated 6n the Emperor mine and there
is little chance of there having been a coeval second plume. It is
possible that the'plume moved to another situation after clogging of the
Empefor system but experimental data of Elder (1967b) and M. Solomon &
J.L. Walshe (pers. comm., 1979) indicate that the established system is
likely to remain stable thréughout its history. The minor occurrences
of gold around the caldera rim are therefore not alternative targets for

further investigation.

Extensions of the Emperor mineralization.

It seems unlikelybin the terrestrial situatiqn of the Emperor
mine that more than a small fraction of the plume fiuid is discharged at
the surface. The fluid is largely returned to the cell to give a mushroom
shape to the circulation (Fig. 11.4). If this patterﬁ was set up in the
Emperor case (and theré is no evidence.for or against this sugéestion)
then the major mineralization (up to stage IIB, Chapter 7) may have
spread eaétward._ If so, it was probably downfaulted by the movements
on thé caldera margin and should exist beneath the late stage igneous

rocks to the east of the cauldron wall.
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Mineralization in other volcanic centres.

Mba volcanic eruptions took place at a number of centres. Four
main centres are known and several minor Qents recognised (Rodda, 1967).
The geology and structure of these volcanic centres (other than the
Tavua cauldron) is rather imperfectly known. If the undérstanding
of the nature of the Emperor mineralization is taken as an example,

these volcanic centres may provide useful targets’for future gold

exploration in Viti Levu.
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Chapter 12

-THE GENESIS OF THE EMPEROR MINERALIZATION - A SUMMARY

12.1 GENERAL

The data presented in this study put several constraints on the
origin of mineralization at the Emperor mine. Important aspects that
must be considered are:

(a) Regional geology: The Mba basalt, host rock for the lodes, is

approximately 2000 m thick and is probably underlain by calcareous
sediments approkimately'lsoo m thick. These sediments in turn
are probably underlain by early Tertiary andesitic rocks of the

Wainimala Group.

(b) Mine geolo§y: The mine is located at the periphery of a Pliocene
cauldron'in which five phases of igheous activity have been
recognised. The igneous activity started With‘widespread eruptions
of alkali”olivihe basalt and terminafed with intrusions: of minor
plugs and dykes of monzonite and‘trachfte. Appafently, there were
two major periods of cauldron activity, the first‘accompanying
phase I volcanism and the second accompanying phase III volcanism.
The present caldera‘boundary was probably formed during the second
period. K/Ar dates indicate two major periods of igneous activity,
the first period commencing at about 10 m.y._and terminating ét
about'7.5 m.y.  The Tel30.xe130 dating on a telluride sample gave
an age of about 7.2 m.y., indicating that the bulk of the mineral-
ization was probably related to .the first ﬁeriod of igneous activity.

(c) Lode characteristics: The Emperor lodes are essentially fracture

fillings with well developed crustification textures and vughs. Ore-

mineral and carbonate precipitation appears to have been
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intermittent, whereas quartz precipitation was essentiallf un-
interrupted and continued even after the cessation of ore-mineral
precipitation. The mineralized veins are fringed by a narrow zone
of K-silicate alteration beyond which is a zonebof fairly wide-
spread propylitic alteration. The propyliticfrocks are depleted
in silica while the K-silicate rocks show extensive enrichment.

(d) Ore-mineral distribution: The bulk of the mineralization (stage IIB

tellurides) is réstricted’to 12 level and above, while stage IIIB
telluriées are distributed. throughout. 2All steep lodes except
the Crown lode are mineralized only above their intersection with
the Prince-Dolphin flatmake.

.(e) Temperature: Temperatures of fluid inclusions in stage IIA and IIIA
quartz (i.e. the étages adjacent to the mineralized stages) range
from i?Oo to 317°C with modes near 215° and 235°C respectively.
The temperatures of later barren quartz (stage-IV) are generally
less than 200°C with the mode at 185°C.

(f)_ Salinity;‘ Salinity of the ore-fluids ranges from 4 to 7 wt.% eq.

| NaCl and averages about 5.5 wt.% eq. NaCl. There are no apparent
indications of either temporal or spatial variations ip éalinity.

(g) Boiling: Fluid-inélusioh evidence indicates that. in most of the
lodes thé fluids were on the boiling curve.. Theré are indications
that major boiling during stage IIA occurred between 11 and 14
level, whilé during stage IIIA the lower limit of boiling dropped
by about 100 m in the area near the Crown lode. 4

(h) Source of carbon: Carbon~isotope values for early carbonates

(dolomite ahd/or ankerite - stages I to III) indicates a sedimentary
parentage}while those for late calcite (stage V) indicate an

igneous parentage.
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(i) Source of sulphur: Sulphur-isotope data is compatible with an

igneous source,

(j) Source of water: Oxygen- and hydrogeh-isotope data indicate that

the water could have been derived from a meteoric sourcer however

a magmatic.soufce cannot be disproved and possibly some sedimentary

formation waters were also.involved.

12.2 THE SYSTEM AT DEPTH

The probable sequence of events is .summarised in Table 12.1 and some
salient features are discussed below.

The cauldron structure probablyldeveloped over a pluton emplaced
during the first period of igneous activity (10 to 7.5 m.y.). The result-
ant concentric fracturing was probably important in éstablishing
cqnvective flow of ground:water>resulting from magmatic heating (see
Fig. 11.3). The geametry of the cauldron almost céftainly requires
a singie plﬁme discharge of hot fluid. Fluid_temperatures'immediately
adjacent to the pluton were pfobably initially equal.to, or greater-tﬁan,
300-350°C and gradually declined through;thé life of the system.. |

It isApostulated that the bulk of ground water drawn into the
discharge zone must have passed_through the calcarecus sediments. 'In
so doing they acquired carbon of 613é * 0% and became enriched in 180.
Near the pluton it is likely that secon&ary' silicates formed as ﬁhe
result of reacﬁions like the following: |

3CaMg(CO3) 2 + 48i0; + H30 = Mg35i,0;0(OH),2 + 3CaCO3 + 3CO, (1)
dolomite quartz talc calcite
2Mg3Si, 0,0 (OH), + 3CaCO3 = Ca,Mg5SigO,, (OH), + CaMg(CO3), + H0 + CO

tale - calcite tremolite dolomite (2)
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- Suggested sequence of events.

Paragenetic
Stages’

I

1B, IIA &
I1B
IIIA & XIIB

IVA, IVB &
Ive

Temperature
(c)

>350?

200~-300

200~-250

<200

<1507

Gangue Minerals

Ankerite, chlorxite
dolomite etc.

Quartz, sericite,
X-feldspar,
dolomite etc.

Mainly barren
quarts

Mainly calcite

.. .Ore.Minerals

About 90% of the total,
mainly native tellurium
& gold~rich tellurides.

About 108 of the total "
mainly native gold &
silver-rich tellurides,
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5CaMg (CO3)p + 8SiO; + Hp0 = Ca2M95818022(0H)2 + 3CaCO3 + 7CO; (3)

dolomite quartz tremolite calcite
CazMgssiBOZZ(OH)z + 3CaCO3 + ZSiOZ = 5CaMgSi206 + 3C0, + H0 , (4)
tremolite . calcite quartz diopside
CaCO3 + Si0, = CaSiO3 + COy (5)
calcite-quartz wollastonite

At pnzo = PCOZ = l'bar, the equilibrium temperatures of reactioné
1), (), (3),_(4) and (5) are 170, 180, 230, 260 and 270°%¢ respectively,'
and increase shgrply with increase in pCOZ (Turner,'1968). Such reactions
may cause the solutions to become undersaturated.in silica and enrichéd
in CO;. From this situation the solutions probably travelled relatively
rapidly in highly permeable zones of fracturing and thﬁs may have under-
gone only minor chemical modificétion by reaction with wall rocks. As
they aéproéched‘the zone of boiling and spread laterally through the host
basalt they iéachéd silica and precipitated‘carbonates'in a widespread
propylitic halo. As the solutions at depth éooled they became less and
less uhdersaturafed'with respect to siliéa and developed lowef concehtrg—
tions of CO,, changes that may have heralded the initiation of K-silicate
alteration at higher levels.

The pH of the system in depth would be controlled by carbonate
solution, e.qg.

+ 2+
= ; +
caCo3 + 2H HpCO3 () * Ca O

5.76 (calculated'fiom reactions
given in Naumov et al., 1974)

1og K500

For a temperature of say 350°C and using conditions inferred for
the environment of deposition (Chapter 10), it can be inferred that the pH

was between 5 and 6.
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It can probably be assumed that the"fOQ of the solutions in
equilibrium with a rock pile which is mainly basaltic in composition will
be betwoen quartz—mégnefite-fayalite and the magnetite-hematite buffer.

Experimental data (Ellis & Mahon, 1964, 1967; Ellis, 1968;

Bischoff & Dickson, 1975; Mottl, 1976; Ewers, 1975).éhow that hot water
(sea water or distilled) can effectively leach a number of elements as a
result of reaction with basalt and other rock types. ' The actual concen-
trations of these elements removed by solutions depend on the temperature,
alteration mineral produced, rock composiéion, watef/rock ratios, .
sﬁarting PH, cnlorine concentrations and f02 of thé solutions. Un-
fortunately no analytical data is avaiiable regarding leaching of Au, Ag
and Te from rocks but itfééems reasonable to nssume that such a process-
can acoount'for_the ore'ond gangue mineral constituents in the'Emperor
solutions. Analyses summarised in Chapte: 3 indioate'that calcareous and
other sedimentary rocks are richer in tellurium thén'basaltic and other
ignéous rocks, suggeéfing that the sedimentary rocks'underlying the
volcanics at'the Emperor mine could have been the major supplier of
tellurium. Gold is probably more likely to have been obtained from

basalt (Chapter 3).

- 12.3 THE EMPEROR MINE SYSTEM

It can be seen from gold solubility contoursv(Figs. 1C.13 ﬁo 10.16)
that in the Emperor minevgold precipitation could have been caused by:
(1) Incréésé in foé and decrease in pH at cdnétant temperature
(Calaverite saturated, Fig. 10.13).
(2) Decrease in temperature and f02 at constnnt pH (calaverite

saturated, Fig. 10.14).
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(3) Increase in f02 in the alkaline pH range (sulphur complexes
dominating, Fig. 10.15).

(4) Decrease in chlorine concentration.

(5) Décrease in sulphur concentration.

(6) Increase in pH in the acid pH range (chloride complexes

dominating, Fig. 10.15). |

| (7)_ DecrgaSe in temperature and fo2 at constant pH (Fig. 10.16).
Possibilities (1) and (2) cannot be evéluéted because of uncertainty
in the data for aqueous tellurium species and a lack of understanding
regarding the possible role of gold-tellurium complexes. As the pH of
the Emperor fluids was near neutral possibility (3) is unlikely to cause
any major gold precipitation. Possibility (4), precipitation due to:
drop in the concentration of chloride ions, may occur by fluid dilution
as a result of mixing of relatively diluté fluid with a moré saline ore-
fluid. However there appear to be no variations in salinity either
" temporally or spatially suggesting that gold precipitation due to
dilution i? unlikely. This leaves possibilities (5), (6) and (7) and
all these can be'embracedbin a single genetic model.

The bulk of the mineralization at the Emperor mine occurs near and
above the intersection of the Prince-Dolphin flatmaké and the.steeply
_dipping ffactures (Fig. 12.1). The only exception to this rule is the
Crown lode in which the ﬁineralization continues to about 100 m below its
intersection with the flatmake. The minerélization in the Crown lode in
“the .deeper levels mainly belongs to stage IIIB, a problem to be considered
a little later in this discussion.

In Chapter 7 it was shqwn that the stage IIA solﬁtions boiled
above én altitude between 11 and 14 levels (see also Fig. 12.1). Stage
IIB mineralization could thus be directly related to boiling. Reﬁqval of
H>S by boiling would drop the concentrations of total sulphur in the

solutions, thereby decreasing the gold solubility (possibility 5).



N Surface discharge
~—a. \",. ) . (T:.::?' X \\3
SW o “‘~5-?£0X IMaT P : ' ,;6_?’,-
‘ ' o T "'"‘E°--O-BL§_, NA SURFACE __—é"’

- 1500 M
) 1200
STAGE I1IB MINERALIZATION
R - 900
o7+ | STAGE I18 MINERALIZATION

R MAJOR FLOW
- 600

N\ MINOR FLOW 0 200 - y

\ 300 °

NE

¢ . / .
Fjg'.' 12.1 Suggested model for mineralization at the Emperor.mine. For lode names ‘and
\ location refer to Fig.5.1. For;details regarding the depth of boiling and
the position of the surface at the time of mineralization refer to Fig. 7.5,
7.6 and 7.7. The arrows indiqate the flow direction of the solutions,

e e e



133

wWhile some increase in the solution pH is possible due to loss of HpS
and HpTe, more significant increases would probably occﬁr as a result

of CO, partition into the vapour phase. Again the solubility of gold
and other metals would drop as a result of increase_in.pH (possibility
6). Loss of H,O vapour would cause of drop in temperature due to latent
heat of vapourization, thereby decreasing gold and éther metal solubili-

ties (possibility 7).

It thus seeﬁs reasonable to ascribe stage IIB’mineralization to
boiling and its attendant gffects. Stage IIIB mineralization is present
at degper levels than stage iIB (Fig. 12.1) and this is probably bécause
boiling commenced at:iower levels, judging from fluid—inclusion '
evidence presented in Chapter 7 (Fig. 7.6A). Such a lowering might have-
been brqqght about by caldera formation, which may.héve resulted in the
subsidence of the area previously overlying the Créwn lode but may have
had little or no effect in the area overlying the weste;n lodes
(Fig. 12.1)..-

Mineralizatién probably ceased when oré—fluid temperature dropped
below about ZOOOC (stage IV).

| Intrusions of minor blugs and dykes during the second period of

igneous activity (5 to 4.3 m.y.) probably resulted in the formation of

shallow convection cells and precipitation of stage V calcite.
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APPENDICES

APPENDIX A - Sample locations and descriptions.

. Five- and six-digit numbers are catalogue numbers at the Uhiversity
of Tasmania. Eield numbers (1, 2, 3 ...) refer to numbers givén at ﬁhe
time of samplé collection. Numbers préfixedeith 'F' are from ?oréythe;s
(1967) collectiog; portions of certain samples (from Forsythe's
collection) aie housed at the University of Tasmania and local catalogue
numbers have been given to these. Other samples are housed in the
Uﬁiversity Qf Melbourne. Sample numbers suffixed with ;S' were collected
by Dr. M. Solomon during his visit to the Emperor mipe in 1975. Sample
numberé prefixed with ‘S',aie surface saﬁpleé from the area in and
adjacent tb the Emperor mine. Sample numbers prefixed wigh 'SS' are from
the sedimentary rocks surrounding the Mba volcanics. Sampleé Ss-8 and
C-249 were kindly provided by P. Rodda, Geplogical‘Su;vey of Fiji.

Sample numbers prefixed with 'DDH' are from diamond drill holes (bore
hole numbers are. also given). Samples from undergrpund workings are
referred to the Emperor minech-ordinates wifh origiﬂ at the Karoere tri-
angulation station (Fig. 5.1). For easy location, level number s and.
lode names are aléo given. Loéation of surface samples ére.given with
reference toﬁknown localities and/or geog?aphicél co-ordinates. Sample
numbers prefixed with"E"were taken from the geolpgy offi§e at the
Empeior mine and exact locations are not known. The abhreviation adopﬁed
for cataloguing the samples at the University of Tasmania is as follows:

H Hand specimen

T Thin section

PT Polished thin section
PS Polished section

X-ray disc

P X-ray pill



C
PD
F
CA

157

Crushed specimen
Powdered specimen
Chips for fluid-inclusion studies

Chemical analysis.

For sample description the following abbreviations are used:

FA

CALST

altered basalt

altered andesite

_altered monzonite

altered tuff

. ash bed

fresh basalt
fresh andesite

calcareous sandstone

CALGYK calcareous greywacke

CALSLT calcareous siltstone

GYK
LST
p
VA
vC

VD
vQ

greywacke

impure limeStone

vein of massive pyrite
vein ankerite '

vein calcite

' Vein dolomite.

‘vein quartz

APPENDIX B - Sample minerélogg,

Where poliéhed»thin sections or polished sections and thin sections

on individual samples are available all observed minerals are listed.

Where only thin sections:were.prepared, transparent minerals are listed.

Where only polished slabs are made (mostly from Forsythe's collection)

opaque minerals are listed.
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APPENDICES C.1 to C.4 - Major and trace element analjses.

Major and trace element analyses were done by XRf'methods using a
Philips PW 1410 X-ray spectrometer, under the guidaﬁcé'df Mr. P. |
Robinson, using the techniques described by Norrish and Chappell (1965)
and Norrish and Hutton (1969). Major elements were determined on fused
glass discs of a mixture of ;ock‘powder, lithium_tetraborate, lithium :
carbonate and:kﬁﬁﬁanum oxidg "fusion mixture".and sodium nitrate. Matfix
corrections are based on the techniques qf No;rish and ﬁutton (1969).

. Trace giement_ and sodium analyses were méqe on preésed rock pills :
.(packed in borié acid); Mass absorption coefficients for all»rédiatidhf‘
types were calculaéed from the major element analyseé,' Cbrrectibns~havei
been made for interfering elementé (e.gf titanium and vanédium) ﬁéing
the method of ﬁprrish and Chappell (1967). The instrument éetting

bpreCision and detection limits are given in Appehdix c.7.

APPENDIX C.5 - Carbon-dioxide determinations.

~ The COp aeterminationé were made by tecﬁniques givenAinlshapiro

 (1975, éaqes i7-18). wadered sampies Weighing from 0.1 to 1 g |
(dependihg on.anticipated caibonate_concentrations) were placed in,test
tubes (with side arms) with 1 g of HgCly and 2 ml oflalééturatéé._.
solution of HgClz. fhe'mixture (saﬁple_f HgCl, + HgCl,solutiqh)'wés.then
covered with paraffin oil and'placed in a heating block at 145;i 5°¢:z‘-»
éoz evolved b& additién of 1:1 HCl1 w&s then éollééted‘in the side‘armvéf
the test.tube; The volume of €O, (cooled to 25°C) waé compared Witﬁ |
standards (varyiﬁg-amounts of pufe CaCO3). Analyses 6f‘the_dupliqéfe

samples indicate a precision of .+ 0.1% COy.




159

APPENDIX C.6 - Specific gravity determinations.

Accurately weighed samples were placed in a graduated cylinder
(filled with water) and the volume of the saﬁples.was.détermihed.
Specific gravity’wés then obtained byvdividing the sample weight by the

volume.

APPENDIX D - Electron microprobe analyses.

The anélyses were carried out on a JEOL JXA-50A scanning electron
microprobe énalyser, under the guidance of Dr. A. McKee énd Mr. B.
Griffin. Quantitative reduction of the X—ray data collected by an EDAX
energy dispersive system were made by a computer progrém TASfSUEDS>
(Griffin, 1959). This program was modified from thét,éiven in Noékolds
(1976) and Reed & Ware,(l975).v Pure metalé (Au,”Ag, Te), si;icatés,
oxiaes.and stlphides were_used as standards. Deteqtibn limits are * 0.2%
for elements ﬁith abundances greater than 1 wt; S. Precision is aﬁout

+ 0.02% at 2 wt. %.

APPENDIX E -~ Thermodynémic data and equilibrium constants. -

The sourceé of daté in_Appéndices E.1l, E.2 and Ebﬁzare givén_in
footnotes. For the equilibrium_conétants calculated in this study, data
given in'Appendix E.1l was uséd. Methods used for the célcﬁlatioﬁ of
equilibrium constants were_thqse given in Naumov et al.f(1974,vpagés 22426).
Where heat capacity coefficients were available; the‘following equation was

used to obtain AG® at higher temperatures:
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AGOT = x + (Aa-y)T - AaTInT - %AbT2 - MAcT !

where x = AH 295.15 - 4a(298.15) - %Ab(298.15)2 + Ac(298.15)7 ]

y = 85%,95.15 - Aa 1n298.15 - Ab(298.15) + %Ac(298.15) 2

Where heat-capacity coefficients were not available (e.g. NiTe,) the

. following equation was used to obtain Ac® at higher temperatures:

O a0 A o _ —(TIn—T
AG7T = AH7p98.15 = TAS” + ACy [(T - 298.15) ‘Tznzge.ls)]

Individual ion acti&ity coefficients (Appendix E.3) were estiméted
by procedures oﬁtlined in He;geson (1969) for 1 molal NaCl so6lutions and{
correspond approximately to an ionic strength of 1. No data is availablg_
on the a® values of aqueous tellurium species. In this study the activity_
coefficients of tellurium species are assumed to be equal to sulphur
species of similar charge and type. This approximatién is probably

reasonable for specieé except Te%" which has been‘equatea with s27.
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LOCATION OF ORE SAMPLES.
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103332

Sﬁi:;gin F;z%d Code Description Lode name T:::l Co-ordinates
103288 1 R,PT ALB,VC Crown 10 1160N-1260E
103289 2 R,F ALB,VC Crown 10 1520N-1140E
103290 4 R,F ALB,VC Monarch - 9 2050N- 350W
103291 6 R,F ALB,VC 608 9 150S- 325W
103292 7 R,F ALB,VQ,VC 166 9 50S- 275E
103293 & R,F ALB,VQ,VC 166 9 00 - 800E
103294 9 R,F ALB,VQ 166 -9 50N- 350E
103295 10 R,F vQ ? 7 2070N- 80E
10329¢€ 11 R,PT,F ALB,VQ 166 7 330N- 820E
103297 11B R,F vQ 166 7 ?2
103298 12 R,F ALB,VC 166 7 390N- 100E
103299 13 R,F ALA,VQ,VC . Monarch 7 130S- 650W
103300 14 R,PT,F ASH,VQ 04s 8 130S-. 190E
103301 15 R,PT ALB,VQ,VC Monarch 8 500S- 500W
103302 16 R,F ALB,VQ,VC Monarch 8 350S- 445W
103303 "17 R,F vQ,VD Monarch 8 758~ 350W
103304 18 'R,PT,F ALB,VQ 608 8 2558~ 350W
103305 19 R,PT,F ALA,ASH,VQ 166 8 175s- 750E
103306 20 R,F ALA,VQ 1010 8 ' 650S-1000W
103307 23 R,F ALA,VQ Dolphin 10 5745-1800W
103308 24 R,F ALB,VC P.O.W. 10 12758-2575W
103309 25 R,PT,F ALB,VQ Dolphin 10 '11708-2125w
© 103310 26 R,PT,F ALB,VQ Dolphin 10 15008-2450W
103311 28 R,PT ASH,VQ,ALT 04s 8 100s- 190E
103312 29 R,PT,F ALB,VQ,ALT 1010 8 530S-1070W
103313 30 "R,PT,F ALB,VQ P.O.W. 11 1300S-2350W
103314 31 R,PT,F ALB,VC Dolphin 11 1550S-2100W
103315 33 R,F ALB,VC Prince 11 5908~ 990W
103316 34 R,F ALA,VQ Crown 10 1520N-1550E
103317 35 R,T,PT ALA Prince 10 4108~ 720W
103318 36 R,F ALA,VQ Crown 9 1730N-1512E
103319 41 R,PT,F ALT,VQ ? 9 1650N-1800E
103320 42 R,PT,F ALB,VC Prince 10 1660N-1255E
103321 43 R,PT,F ALB,VC Prince 10 1528N-1140E
103322 44 'R,F ALB,VQ Prince 10 1470N-1550E
103323 45 R,F ALB,VQ,ALT 1600 10 1600N-1665E
103324 46 R,F ALB,VQ,P 1600 10 1600N~1665E
103325 47 R,F ALB,VQ,VC Crown 12 1592N-1564E
103326 50 R,F ALB,VC Crown 13 1751N-1544E
103327 ‘51 R,F ALB,VC Prince 13 450N-1170E
103328 52 R,F ALB,VC Prince 14 . 200N-1280E
103329 53 R,F ALB,VQ,VC,P  Crown 14 1610N-1615E
103330 55 R,PT,F ASH,VQ 608 8 80S~ 500W
103331 56 R,T,PT ALB,ALT 608 -9 150s- 210W
58 ‘R ALT,VD ? 9 140s- 930W
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Sge‘;;::n F:;{'d Code Description Lode name T::: 1 Co~-ordinates
103333 59 R,T ALB ? 9 140s- 930W
103334 60 R,PT,F ALB,VQ, VD 608 9 100N- 840W
103335 62 R,PT,F " ALT,VQ,VD Cardigan - 2. 1263S-1635W
103336 63 R,T, ALB,VQ State 2 15955-1460W
103337 64 R,PT ALB,VQ 608 "2 1860S-1270W
103338 65 R,PT,F ALB,VQ,VC 608 2 1608S-1640W
103339 66 - R,F ALB,VQ,VC Cardigan 3 1200S-1580W
103340 67 R,F ALB,VQ Cardigan 3 645S-1840W
103341 68 R,PT,F ALB,VQ,VD Shatter 4 640S-1780W
103342 69 R,F vQ,VD,VA Cardigan =~ 5 730S-1630W ..
103343 70 R,PT,F ALB,VD,VQ 608 7 500S-1000W
103344 73 R,F,D,P, ALT,VQ 1010 9 ?

. PD,CA : o

103345 75 R,PT,F ALB,T 1600 10 ?
103346 78 R,PT,F ALB,VQ,ALT 1010 9 ?
103347 79 R,PT ALA 608 2 ?
103348 80 R ALB,VQ,VD,ALT 166 7 ?

103349 81 R,PT vQ,VD,VA 90 S 2
103350 82 R,PT ALT,VQ Cardigan 2. ?
.103351 83 R,PT ALB,ALA 90 2 2
103352 .85 R,PT  ALT,P D-28 ? ?
103353 - 86 R,PT ALB,P D-106 . 2 ?

103354 - 87 R,PT ° vQ,VD, VA 9G ? ' ?
-103355 89 R,PT,D,P, ALB : Crown 9 1705N-1480E

: 'PD,CA ' : ' '

103356 90 R,D,P,PD, ALB Crown . 9 1705N-1480E
ca L o
103357 . 91 R,PT,D,P, ALB Crown 9 1705N-1480E
_ PD,CA o : o
103358 - 94 R,PT,D,P, ALB ? 9 1704N-1422E
e _pD,cA | s ‘ :
103359° 95 R ALB Crown 9 1672N-1650E
103360 96 - _R,F - VQ,VD Crown 9. . 1740N-1485E
103361 97 "R ALA,VQ,VD,P  Crown -9 1780N-1360E
103362 105 R,PT,D,P, ALB ’ Prince 7 215N-1795W
. PD,CA ’
103363 106 R,PT,D,P, FB Prince 9 . 220N-1670W
A PD,CA o ~
‘103364 108 R,F ALB,VQ Wunawali - 9 220S- 720E
103365 109 R,F ALB,VQ 166 9 30N- 730E
103366 109B R vQ 166 9 30N- 730E
103367 110 ~ R,F ALB,VQ - 166 9 15N- 780E
103368 111 'R,F ALB,VQ Wunawali. 9 '~ 50N- 340E
. 103369 119  R,F ALB,VQ 166 10 210S- 815E
- 103370 120 ‘R,F ALB,VQ . 166 10 170S- 950E
103371 121 R,F vQ 166 10 1555-1150E
103372 123 R,D,P,PD, ALB 166 n 300s- 850E
, ca ,
103373 126 PT,D,P,PD, FB 2000 16 1850N- 860E
CA .
103374 127 PT,D,P,PD, ALB 2000 16 - 1850N- 860E
CA
103375 131 R,F ? 16

800N~ 145W
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Specimen

Field e . Mine » .
Number No. Code Description Lode name level Cofordlnates
103376 132 R,D,P,PD, FB ? 16 440N- 145W

CA
103377 3-s R,F ALB,VQ Prince 9 ?
103378 4-s R,F ALB,VQ,VC 1010 9 ?
103379 5-S R,F ALB,VQ Prince 9 ?
103380 6-S R,F ALB,VQ Prince 9 ?
103381 7-S R,F ALB,VQ 1010 9 ?
103382 8-S R,F ALB,VQ Prince 9 ?
103383 9-S R,F ALB,VQ Prince 9 ?
103384 F-1 R,PT ALT,VC Crown 10 2604N- 938E
103385 F-3 R,PT . ALB,VQ Crown 10 2567N- 883E
103386 F-6 R,PT ALB,VQ Crown 10 2876N~- 706E
103387 F-8 R ALB,VQ Crown 20 2800N- 770E
103388 F-41 R,PT ALA,VQ Crown 7 ~ 1616N-1260E
103389 F-44 R ALA,VQ,VC Crown 7 1616N-1234E
103390 F-46 D,P,PD,CA ALA Crown 7 1759N-1213E
103391 F-48 R . ALT Crown 7 1864N-1162E
103392 F-50 R,PT,F ALB,VQ Crown 8 1480N-1150E
103393 F-52 D,P,PD,CA ALB Crown 8 . 1540N-1190E
103394 F-54 R,PT ALA Crown 8 1750N-1220E
103395 F-58 R,F ALA,VQ Crown 9 1863N-1326E
103396 F-60 R,D,P,PD, ALT Crown 9 1769N-1320E
B ‘ CA :

103397 F-61 R,PT ALA Crown 9 1678N-1363E
103398 F-63 R,PT,D,P, ALB,VC Crown 9 1647N-1445E
PD,CA , '

193399 - F-69 PT ALB Crown 10 1832N-1356E
103400 F-70 R,PT ALA,VQ Crown 10 1726N-1450E
103401 F-71 R ALB,VQ Crown 10 1692N-1460E
103402 F-738 D,P,PD,CA ALA,VC Crown ‘10 1616N-1492E
103403 F-75 R,PT " ALA Crown 10 1467N~1557E
103404 F-109 D,P,PD,CA ALB Crown 11 1007N-1380E
103405 F-111 R,PS ALA Crown 11 1963N-1400E
103406 F-113 R,D,P,PD ALA Crown 11 1932N-1424E
103407 F-114 R ALA Crown 11 - 1945N-1382E
103408 F-116 R ALA,VQ Crown 11 1832N-1446E
103409 F-118 R,PT ALA,VQ,VC,P  Crown 11 1771N-1482E
103410 F-120 R ALA Crown 11 1675N-1520E
103411 F-125 R,PT ALA Crown 11 1376N-1663E
103412 F-128 .R,PT ALA,VC Crown 11 1280N-1705E
103413 F-131 R,PT ALA,VQ Crown 12 1804N-1480E
103414 F-133 D,P,PD,CA ALB Crown 12 1820N-1465E
103415 F-138 D,P,PD,CA ALB Crown 12 1732N-1517E
103416 F-140  R,D,P,PD, ALA Crown 12 1520N-1590E

CA
103417 F-142 R,PT ALA Crown 12 1428N-1640E
103418 F-143 R ALA Crown 11 1820N-1425E
103419 F-144 R ALA,VC Crown 11 1862N-1405E
103420 F-147 R,F ALA,VQ Crown 15 1525N-1742E
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sﬁi:;gin F;s%d Code Description Lode name T::gl Co-ordinates
103421 F-151 R,PT ALA Crown 14 ?2
103422 F-152 R,D,P,PD ALB Crown 14 1517N-1726E
CA .
103423 F-155 R ALA Crown 14 1802N-1513E
103424 F-157 R,PT .ALB Crown 14 1871N-1560E
103425 F-159 R ALB,VC Crown 14 1906N-1541E
103426 F-163 - R,D,P,PD ALA,VQ Crown 13 2001N-1483E
103427 F-167 R,D,P,PD ALB Crown - 14 1815N-1576E
103428 F-169 R,PT ALA,VC Crown 14 1771N-1601E
103429 @ F-171 R,D,P,PD ALA,VC Crown 14 1740N-1610E
103430 F-173 R,F ALA,VQ Crown 14 1706N-1614E
103431 F-175 PT. . ALA Crown - 14 1582N-1638E
103432 F-177 R ALA,VQ Crown 14 1560N-1646E
103433 F-179 R,F vQ,VD,VA Crown 14 1560N-1646E
103434 F-210 R,F ALA,VQ '~ Crown 16 1447N~-1786E
103435 F-213 R . ALB,VQ Crown 16 1547N-1738E
103436 F-215 R,D,P,PD, ALA,VQ . Crown 16 1604N-1707E
CA
103437 F-217 R ~ ALB,VQ Crown 16 1632N-1703E
103438 F-219 R,D,P,PD ALB,VQ Crown 16 1673N-1688E
103439 F-225 R,PT ALA Crown 16 1820N-1627E
103440 F-227 R,PT ALA Crown 16 1863N-1655E
103441 F-281 R,D,P,PD, ALA Crown 13 1671N-1573E
: CA S -
103442 . F0283 PT,F ALA Crown 13 1855N-1487E
103443 F-285 R ALA Sceptre 9- 1998N- 747E .
103444 F-286 R ALB 2 10 431N- 28E
1103445 F-301 R ' ALB ? 10  439N- 61E
103446 F-304 R,F ALA,VQ © 2000N 15 1261N-1040E
103447 F-307 R,F ALA,VQ 608 9 - 414N- 798W
103448 F-312 R,PT ASH Basin 11 2630N-3270E
- : ~ mineral- '
' : ization
103449 F-313 R,F ALA Dolphin 6 : ?
103450 F-317 R - ALA : Basin 14 1200N-1350E
o : mineral- o .
ization
103451 E-1 R,PT . ALB,ALT ? ? 2
103452 E-2 R,PT ALB,ALT ? ? ?
103452 E-3 R ALA with Cardigan -open ?
: stibnite cut
103453 E-4 R ALB,ALT ? ? ?
103454 E-5 R ALB,ALT ? ? ?
103455 133 R Pyrite cst. ? ? ?
103456 135. R ALA,massive ? ? ?
. pyrite vein
103457 136 R Recent cal- : 11 ?
cite growing
over a .
- blasting wire ,
103458 72 PD,PS Pyrite concen- ? ?
o trate )
103459 F-311 PD Native tell- 608 -8 25N- 890W

urium crystal
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s£ec?m:n F;z%d Code Description Lode name- T:::l Co-ordinates
103460 134 R Pyrite Cardigan? ? ?
103461 F=277 ALB Crown 13 1804N-1517E
103462 27 R,F ALB P.O.W. 10 , "2
103463 77 F VO % mile NO of
. Emperor mine
103464 E-6 R ALR,VQ ? ? 2
103465 E-7 R ALB,P ? ? ?
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Appendix A.2

LOCATION AND DESCRIPTION OF ROCK SAMPLES

A.2.1 Bore Hole Samples

Specimen Field

Number Number Code Description

DDH MA56 Coordinates 238S-1071E, R.L. 505', angle 90°

47209 983 D,P,CA ALB
47210 . 955 R,D,P,PD,CA . ALB
47211 956 R,T,PD ALB
47212 . 960 R,D,P,PD,CA ALB
47213 . 961 T ALB
47214 962 R, TP ALB
47215 965 T ALB
47216 966 R,D,P,PD,CA ALB
47217 968 R,PT ALB
47218 972 R,T,D,P,PD,CA ALB
47219 . 973 R,PT ALB
. 47220 974 R,T ALB
47221 . 975 R,T ALB
47222 976 R,T,D,P,PD,CA ALB
47223 980 R,D,P,PD,CA . ALB-
47224 981 R,PT. . ALB
47225 985 R,T,D,P,PD,CA . ALB
47226 986 R,T ' ~ ALB~
47227 989 ' R,PT : ALB
47228 990 R,T,D,P,PD,CA ALB
47229 992 R,PT ALB
47230. 993 _ R,T,D,P,PD,CA  ALB
47231 994 R,PT,D,P,PD,CA ALB
47232 995 - R,T ALB
47233 . 999 R,T,D,P,PD,CA ALB
47234 100'6" R,D,P,PD,CA ALB
47235 1003 R,T ALB
47236 1004'6"  R,T ALB
47237 1005 R,D,P,PD,CA ALB
47238 1007 R,D,P,PD,CA ALB
47239 1008 R,PT ALB
47240 1009 R,D,P,PD,CA  ALB
47241 1009'6" R,T,D,P,PD,CA - ALB.
47242 - 1011'6" R,T : 'ALB
47243 1012'6" R,T ALB
47244 1013'10" R,PT ALB
47245 - . 1014 R,D,P,PD,CA ALB
47246 1015 R,T . ALB
47247 - 1016 R,PT : ALB
47248 1016'6" R,T,D,P,PD,CA ALB
47249 1018 R,T ALB
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'S§3:;Zin gt:;gi Code - Description
47250 1019'6" R,T ALM
47251 1020 R,PT,D,P,PD,CA ALM -
47252 1022 R,T ALM
.47253 1023 R,T ALM
47254 1024 R,T,D,P,PD,CA ALM
47255 1025 R AIM
47256 1026 R,T ALM
47257 - 1028 R,T ALM
47258 1029'6" R,T AIM
47259 1031 R,D,P,PD,CA ALB
47260 1032 R,T FB
47261 1034 R,T FB
47262 1036 R,T,D,P,PD,CA FB
47263 1037 R,T,D,P,PD,CA FB
47264 1075 R FB
47265 1835 R,F ALB,VQ
DDH E838 Emperor Mine
47267 110 R,PT ALA
47268 951 R,PT ALA

DDH MD-4 ' Bore hole drilled for dam—-site 1nvest1gatlon
about 50 km south of Tavua.

47269
47270
47271
47272

27 m
29.5 m
38 m
55.19 m

R,T
R

R
R.

CALST

CALSLT
CALGYK
CALGYK

DDH MP-1B Bore hole drilled for dam-site invéstigation
about 50 km south of Tavua.

47273

DDH N~-1

47274

DDH N-2

47275

90 m

R,T

CALSLT

Bore hole drilled for damsite 1nvest1gatlon
about 50 km south of Tavua.

47.22 m

R,T

CAIGYK

Bore hole drilled for dam-site 1nvestlgatlon‘

‘about 50 km south of Tavua.

48.19 m - R,T

- CALGYK
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Specimen Field .. Location/ -
Number Number Code Descrmptlon Geographical
Co-ordinates
47276 99 R ALB Loloma open cut, Emperor
. B : B Mine area. :
47277 100 R,PT,D,PD ALB "
47278 101 R,PT,D,PD ALB "
47279 102 R ALB "
47280 113 R,PT,P,D,PD ALB "
47281 114 R,PT,P,D,PD ALB "
47282 115 R,PT,P,D,PD ALB "
47283 116 R ALB,VQ "
47284 117 R ALA,ALB, VO "
47285 118 R FA "
47286 s-1 R, T FA 177°52'50"E-17°30"'s
47287 s-2 R ALT " e
47288 s-3 R,T FB 177°53'E-17°30'5"s
47289 s-4 R ALT . " "
47290 S-5 R,PT ALB .177°%52'50"E-17%40"s
47291 .S-6 R ALA oo K
47292 S-7 R,D,P,PD ALA 177°53'e-17°30'50"s
47293 s-8 R,PT,D,P,PD ALB 177951'50"E-17730"s
47294 s-9 R,PT,D,P,PD FA (augite  177°52'E-17°30's
: andesite) , : .
47295 S-10 R,PT,D,P,PD FB 177°51'50"E-17°30"'s
47296 s-11 R FA (augite - 177°53'E-17°30'50"s
. andesite) : :
47297 ss-1°  R,D,P,PD CALSLT 177°41'E-17%34"s
© 47298 Ss-2 R,D,P,PD CALSLT 177°41'E-17%34"s
47299 ss-3 R,T,D,P,PD CALSLT 177°%42'E-17°37's
47300 ss-4 R,T,D,P,PD CALSLT 178°14'E-17°37"'s
47301 ss-5.  R,T,D,P,PD GYK 178°15'E-17%37's
47302 SS~6 R CALSLT 178°15'e-17°35's
47303 Ss-7 R,D,P,PD CALGYK 178°15'E-17°38"'s
47304 ss-8 R LST 177°48'g-17°%40's
47305 c-249 R LST 178°08'g-17%34's
42306 SS-9 R 177°%41'E-17%34's




169

. -

Appendix B

SAMPLE MINERALOGY

" Specimen No. 103288 103290 103292 103296 103298 103300 103301 103302

Augite X X
Olivine

Plagioclase ) b4

x

Magnetite X
Chlorite
Dolomite (d4)

Quartz

B - -
E
H]

E
L I
¥ X

%

Sericite

X X X X
E T
H]

K-feldspar

L

Adularia

Roscoelite

S

Calcite

»

Pyritea X x
Fahlerzb |

Chalcopyrite X

X X X X
x

X X X X X X %
™
»

Sphalerite X ' X X
Tellurium '
Calaverite

Krennerite

Sylvanite

Petzite

Hessite ' . ' X
Gold |

Coloradoite

Altaite

Melonite

Bournonite

Galena

Polybasite® A X
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Specimen No.

103304 103305 103309 103310 103312 103313 103314

170

103317

Augite
Olivine
Plagioclase
Magnetite
Chlorite
Dolomite (4)
Quartz
Sericite
K~-feldspar
Adularia
Roscoelite
Calcite
Pyritea
Fahlerzb
Chalcopyrite
Sphalerite
Tellurium
Calaverite
Krennerite
Sylvanite
Petzite
Hessite
Gold
‘Coloradoite
Altaite
Melonite
Bournonite
Galena

Poleasitec

¥ X X X X

oOoX XX

HoX X X X
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Appendix B cont.

Specimen No. 103319 103320 103321 103330 103331 103333 103335 103336

Augite
Olivine
Plagioclase
Magnetite ' X X
Chlorite

Dolomite (d)

' Quartz

Sericite
K-feldspar
Adularia pe
Roscoelite

Calcite

X X X X X X X X X

5
%
XX M X X XN

Pyritea
Fahlerzb
Chalcopyrite:

X oM X X

Sphalerite
Tellurium
Calaverite
Krennerite
Sylvanite
Petzite
Hessite

Gold

HoOoxX XX

Coloradoite
Altaite
Melonite
Bournonite
Galena

Polybasitec




Appendix B cont.

Specimen No. 103337 103338 103341

103343 103345 103346 103347 103348

172

vAugite
Olivine
Plagioclase
.Magnetite
Chlorite
Dolomite (d)
Quartz

Sericite

L - R ]
H]

E]
X X XX

K-feldspar

Adularia

" Roscoelite

calcite
Pyritea

' Fahlerzb
Chalcopyrité

XoOoX X X

Sphalerite
Tellurium
Calaverite
Krennerite
Sylvanite X
Petzite

Hessite

Gold

Coloradoite v

Altaite:

Melonite

Bournonite

Galena

Polybasitec

E

X XX X

X X X X

XX X X X

¥ OoX X X X X
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Appendix B cont.

Specimen No. 103349 103350 103351 103352 103353 103354 103355 103356

Augite , X
Olivine

Plagioclase |

Magnetite v , . X
Chlorite

”
"

Dolomite (d4) X

XOX X XM
X X X M

Quartz
Sericite

K-feldspar

»
b
¥ X X X X

Adularia

MoOoX X X X

Roscoelite

Calcite x v o _ X
Pyritea
Fahlerzb

Chalcopyrite

X X X X

Sphalerite
Tellurium
Calaverite
Krennerite
Sylvanite

Petzite

MoxX X oM X X X X X X

Hessite
Gold
Coloradoite
' Altaite
Melonite

~ Bournonite
Galena

Polybasitec
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|
Appendix B cont.

Specimen No. 103357 103358 47277 47278 47279 103362 103363 47280

Augite B x X
Olivine

Plagioclase

VIS

Magnetite
Chlorite
Dolomite (d)

X X x. X X X
¥ X X X

X X M

X X M X X

X oX X X
X X X X X
]

Quartz

L A

Sericite - x?
'K-feldspar

Adularia v A x
Roscoelite '

Calcite

Pyritea | B ' X o x
Fahlerzb

Chalcopyrite

Sphalerite

Tellurium ,

Calaverite

Krennerite

'Sylvanite

Petzite

Hessite

Gold

. Coloradoite

| Altaite

Melonite

Bournoni te

Galena

Polybasitec
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Appendix B cont.

Specimen No. 47281 47282 103372 103373 103374 103376 47290 47292

Augite X x x
Olivine

Plagioclase

»
¥ X X X

¥ X X X
L]

Magnetite

XX X X X

Chlorite

nOX X X
X X X M

MoOX XX

Dolomite (4)

Quartz

oX X X X

Sericite x
K-feldspar
Adularia
Roscoelite
Calcite
Pyritea b4 x X b4
Fahlerzb »

Chalcopyrite X

Sphalerite

Tellurium

Calaverite

Krennerite

Sylvanite

Petzite

Hessite

Gold

Coloradoite

Altaite

Melonite

Bournonite

Galena

Polybasitec
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Appendix B cont.

Specimen No. 47293 47294 47295 103389 103385 103386 103388 103392

Augite X X X
Olivine X x
Plagioclase x X
~ Magnetite x x
Chlorite x X X
Dolomite (Q) b4 b x x
Quartz x X x x
| Sericite X X X X
K-feldspar X X
Adularia x x X X b 4
Roscoelite X x
Calcite x X X x X
Pyritea X X X X X
Fahlerzb X X X X X
Chalcopyrite x x X X X
Tellurium
Calaverite - : : X
Krennerite X
Sylvanite . _ : ' ' X _ B
Petzite < X
‘Hessite . X
Gold ' ' : X X
Coloradoite
Altaite X
Melonite X
Bournonite X
Galena X

PolybaSitéc
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Appendix B cont.

Specimen No. 103394 103396 103397 103398 103399 103400 103402 103345

Augite
Olivine
Plagioclase _
Magnetite x 'x X ° X
Chlorite X X X
Do}omite (d) x b4 X X X X
-Quartz b 4 x X X X X
_Sericite X X x x X
K-feldspar X X b'e X b'q X _
Adularia v ‘ X ' x
Roscoelite | . X |
Calcite X X . X X X
Pyritea : ‘X X X x X X X
Fahlerzb b4 X X b 4 X X
',Chalcopyrite x X b4 X X
Sphalerite b X X X b X x
VTellurium.
Calaverite X ’ X
Krennerite x X x
Sylvanite x X X X
Petzite x x X X X
Hessite x X X
Gold X X X X X
Coloradoite X b4 X
Altaite
Melonite
Bournonite x
Galena

Polybasitec




- Calcite
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Appendix B cont.

Specimen No. 103404 103405 103408 103409 103410 103411 103412 103413

Augite
Olivine
Plagioclase
Magnetite
Chlorite
Dolomite (d) Cx x
Quartz
Sericite

K-feldspar

»®
X X X X

Adularia

Roscoelite

Pyritea
Fahlerzb

Chalcopyrite .

I T S T

XX X M
)
»
)
X OX % %

Sphalerite
Tellurium
Calaverite X
Krennerite |
Sylvanité
Petzite

Hessite

Gold

wooW X X X X X
]

XX X X X
%

Coloradoite

Altaite

®WoxX X X X X X

Melonite
Bournonite
Galena

Polybasitec
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Appendix B cont.

Specimen No. 103415 103416 103417 103419 103421 103423 103424 103426

Augite

Olivine _

Plagioclase

Magnetite

Chlorite

Dolomite (d) - ' X x
Quartz ’ X

Sericite

XX xK X

K-feldspar
Adularia X
‘Roscoelife
Calcite
Pyritea
Fahlerzb

Chalcopyrite

X XM N
X % XX
X X X X X
L -
%
:x'xxx-

Sphalerite
Tellurium v x
Calaverite
Krennerite
Sylvanite
Petzite

Hessite

Gold

W OoX X X

X X X X

Coloradoite

X X OX % OX %
X oMM X X X N
»

Altaite e
Melonite X
Bournonite

Galena X

Polybasitec o X
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Appendix B cont.

Specimen No. 103428 103429 103431 103434 103436 103439 103440 103461

Augite

Olivine

Plagioclase

Magnetite

Chlorite _

Dolomite (d) - x x x : X
Quartz X X _ X X

Sericite _ X : X X

¥ OoOX X X

K-feldspar o X
Adularia

t3
"
%

Roscoelite
Calcite
Pyritea

Fahlerzb

]
¥ X X X X

Chalcopyrite

X %X X X

XM M X
»

X M X X

‘Sphalerite
Tellurium

Calaverite
Krennerite
Sylvanite

Petzite . X X X x
Hessite ' x x x x x
Gold x X b I b . x
Coloradoite

Altaite

Melonite

Bournoni te

Galena

Polybasite® ' X
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Appendix B cont.

Specimen No. 103441 103442 103446 103447 103459 103448 103450 47211

Augite . X
Olivine

Plagioclase

Magnetite b4

Chlorite _ ' 4

Dolomite (d) | | '  x

¥oOoxX XX

Quartz X _ X
Sericite - X v X
K-feldspar x

Adularia - v X
Roscoelite

Calcite

.Pyiitea B S
Fahlerzb b4

Chalcopyrite X

¥ OoX X X M
L T -

Sphalerite
Tellurium v X X

Calaverite

Krennerite : , X

Sylvanite : x | X _ b4
Petzite X
Hessite

Gold

VIR VIR VIR
x

Coloradoite
Altaite X

Melonite ; _ x . | Pl
Bournonite

Galena X

Polybasitec X




Appendix B cont.

Specimen No. 47213 47214 47215

47217

47218

47220

47221

182

47222

Jugite b4 b < x
Olivine
Plagioclase
Magnetite
Chlorite
Dolomite (d)

L A
¥ X M X X

Quartz
Sericite

K-feldspar

I VI VRN VIR VIR VI VIV

Adularia
Roscoelite
Calcite
Pyritea
Fahlerzb _
Chaicopyrite
Sphalerite
Tellurium
Calaverite
Krernerite
Sylvanite
Petzite
Hessite
Gold
Coloradoite
‘Altaite

- Melonite
Bournonite
Galena

Polybasitec

™

¥ OX X X X

¥ X X X X

X oX X X




Appendix B cont.

Specimen No. - 47229 47209 47225

47226 47227 - 47228

183

47229 47230

Augite x
Olivine
Plagioclase
Magnetite
Chlorite

% OX X X

Dolomite (d) _ x

XX X X

Quartz , b 4
Sericite
K-feldspar X
Adularia
Roscoelite

calcite b'4
Pyritea p 4
Fahlerzb
Chalcopyrite x
Sphalerite |
Tellurium
Calaverite
Krennerite.
Sylvanite

Petzite

Hessite

Gold

Coloradoite
Altaite

Melonite
Bournonite

Galena

Polybasitec
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Appendix B cont.

Specimen No. 47232 47233 47235 47236 47237'» 47238 47239 47242

Augite . -

Olivine

Plagioclase . g v X
Magnetite ' X

Chlorite X b 4 . 0X X b ¢ X

%
%
x B
%
x

Dolomite (d)

Quartz b 4 x X X X

KoK XX

Sericite
K-feldspar ) X
Adularia .

Roscoelite

Calcite X _ X

Pyritea x o x X
Fahlerzb

Chalcopyrite

Sphalerite

Tellurium

Calaverite

Krennerite

Sylvanite

Petzite

Hessite

Gold

Coloradoite

Altaite

Melonite

Bournonite

Galena

Polybasitec




Appendix B cont.

Specimen No. 47247 47243

47246

47249

185

47250 47251 47252 47253

Augite

Olivine

~ Plagioclase
Magnetite

Chlorite

Dolomite (d)

Quartz X
Sericite »
K-feldspar ox X
Adularia
Roscoelite

Calcite

Pyritea . X X.

Fahlerzb
Chalcopyrite

M

Sphalerite X X
Teilurium
Calaverite
Krennerite
Sylvanite
Petzite
Hessite
Gold
Coloradoite
Altaite
Melonite
Boughonite
Gélena

Polybasitec

¥ OoX X X

H




Appendix B cont.

Specimen No. 47254 47256 47257

47260 47261 47262

186

47263

Augite

Olivine

Plagioclase x B ¢ X
Magnetite

Chlorite .

Dolomite (d) x x x
Quartz

Sericite R b4 x
K-feldspar
Adularia
Roscoelite
Calcite

» Pyritea
Fahlerzb
Chalcopyrite
Sphalerite
Tellurium
Calaverite
Krennerite
Sylvanite
Petzite

. Hessite
Gold
Coloradoite
. Altaite
vMelqnite
Bournonite
Galena

Polybasitec




" Appendix B cont.

Specimen No. 47276 47268 47286

47288

47290 103344

Augite X
Olivine

Plagioclase . b4
Magnetite

Chlorite - x
Dolomite (d) b4 X
Quartz ' X

Sericite A X X
Adularia
Roscoelite
Calcite
i’yritea
Fahlerzb

Chalcopyrite

X X XX

‘Sphalerite
Teliurium
Calaverite
Krennerite .
Sylvanite
Petzite
"Hessite
Gold
Coloradoite
Altaite
Melconite
Bournonite
Galena

Polybasitec
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Major and Trace Element Analyses of Fresh Rocks.

Appendix C.1

Specimen Number

Oxide %

103363 103373 47262 47263 . 47295
Feo03 10.52 11.15 11.12 11.12 10.96
MnoO 0.15 0.21 0.16 0.16 0.19
TiOg 0.55 0.52 0.57 0.57 0.52
Cao 12.06 11.97 11.97 11.91 "~ 11.63
Ko O 2.28 1.24 1.08 1.08 1.62
P205 0.39 0.39 0.39 0.39 0.35
Sioy 48.35 48.92 46.92 49.77 46.71
Al,03 12.41 10.92 11.86 11.86 11.58
MgO 9.33 12.35 10.35 10.35 10.62
NayO 1.13 '1.37 1.71 1.71 1.14
Loss 3.62 4.49 4.57 . 5.16 1.94
Total 100.29 103.02 100.36 103.79 . ©97.24
Trace elements in ppm
Cu 35 56 44 90 109
Zn 71 91 76 73 124
Pb 8 10 3 - -
Ni 877 394 513 436 116
v 250 240 263 173

270
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Appendix C.2

Major and Trace Element Analyses of Propylitic Rocks.

Specimen Number

236

Oxide % :

103355 103356 103357 103358 47277 47278 103362 47281 47282 103372
Fe,03 10.66 9.24 9.11 10.54. 9.83 12.01 10.28 10.32 10.47 10.37
MnoO 0.13 0.13 0.22 0.17 0.22 0.24 0.25 0.21 0.22 0.19
TiO, 0.57 0.57 ‘0.53 0.49 0.50 0.56 0.52 0.50 0.52 0.49
Cao 11.16 10.61 10.88 11.57 12.27 9.93 11.41 9.75 9.24 12.16
K,0 1.20 3.45 3.95 1.21 2.11 3.15 2.89 2.74 2.89 1.71
P, 05 0.41 0.36 0.35 0.42 0.37 0.39 0.35 0.35 0.40 0.31
Si0y 46.54 43.29 39.75 43.56 41.05 44.82 41.78 43.29 43.61 43.54
Al,0;5 13.01 11.32 11.37 2.85 11.22 12.07 11.14 10.78 11.42 10.55
MgO 8.47 6.55 6.84 10.25 5.84 4.99 7.20 8.04 6.03 10.45
Na,0 1.77 0.39 0.30 0.95 " 0.90 1.21 1.04 0.74 1.44 0.34
Loss 4,22 13.94 14.46 10.42 14.05 10.81 12.66 11.00 12.91 11.30
Total 98.13 99.22 97.46 99.43 98.35 100.17 99.52 97.73 99.15 101.40
‘Trace elements in ppm
cu 31 106 90 27 38 38 245 109 104 39
Zn 112 72 78 72 62 131 71 68 83 63
Pb 18 4 4 3 1 6 2 8 3 3
Ni 710 - 236 162 390 115 229 228 226 228 198
v 297 284 250 257 202 492 262 396 477

681



Appendix C.2 cont.

 Specimen Number

Oxide % , -

103374 103376 47211 47212 . 47216 47218 47222 47223 47209 47225
Fe,03 11.75 10.51 10.17 . 10.57 10.44 9.98 10.00 9.81 10.62 10.02
MnO 0.17 0.18 0.15 0.15 0.15 0.16 0.16 0.16 0.16 0.18
TiO, 0.53 0.51 0.52 0.51 '0.50 0.48 0.48 0.47 0.48 0.52
Ca0o 10.79 11.52 11.47 10.81 10.68 9.40 11.53 10.38 10.62 7.90
K50 1.81 1.65 1.64 2.22 2.19 2.70 1.16 1.75 2.21 3.10
Py 05 0.41 0.38 0.34 0.30 0.30 0.28 0.34 0.32 0.35 0.31
sio 43.94 47.35 44.91 44 .28 43.71 44.36 47.70 43.78 45,58 46.69
Al,03 - 11.39 11.29 11.28 11.80 11.25 11.52 10.48 10.00 10.38 11.18
MgO 9.50 12.00 11.33 10.47 10.35 9.54 10.25 9.85 10.34 9.52
Na,O 1.14 1.08 1.07 1.06 1.06 0.58 0.99 0.29 0.66 0.23
Loss 7.79 4.49 5.99 ' 5.40 8.12 9.67 7.55 10.14 10.25 9.83
Total 99.22 100.96 98.87 97.59 98.75 '98.68 100.65 96.95 100.65 99.91
Trace elements in ppm
Cu 60 63 71 111 81 57 v74' - 113 142 132
Zn - 86 76 -81 73 75 72 83 70 75 105
Pb 3 10 4 12 5 10 7 6 3 8
Ni 331 448 601 465 321 438 244 334 348 305
v 267 240 205 .153 226 278 286 198 198

507
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Appendix C.2 cont.

Specimen Number

Oxide % -

47228 47230 47231 47234 47237 47240. 47292 47293

" FepOg 10.04 10.30 8.58 9.65 8.84- - 9,53 7.97 10.15
MnO 0.15 0.19 0.17 . 0.21 0.20 -0.14 0.19 0.18
TiO, 0.53 0.51 0.49 0.48 0.49 0.47 0.61 0.53
Cao 7.35 9.48 9.17 13.89 10.50 7.81 6.91 11.24
K20 3.94 3.03 4.56 1.62 5.15 5.63 4.68 2.54
P,0g 0.36 0.33 0.39 0.38 0.39 0.37 0.68 0.38
Si0z 46.87 43.51 40.31 42.31 42.17  39.97 50.91 47.09
Al,03 11.77 11.05 10.53 10.38 °© 10.51 10.63 17.98 10.72
MgO 7.83 8.78 7.35 9.07 5.63 7.05 2.44 10.05
NasO 0.78 0.28 - 0.00 0.95 0.46 0.16 2.66 - 0.84
Loss 9.83 12.27 13.68  10.99 13.91 - 12.e8 4.87 5.71

Total 99.46 99.74 95.26 99.93 98.24 94.45 99.81 99.44

Trace elements in ppm

Cu 202 215 113 88 141 110 - 162 97
-Zn ' 83 74 - 69 67 - 74 86 = 87 66
Pb 11 7 7 3 "10 6 . 3 11
Ni 380 241 323 282 . 350 386 199 502
v - 255 215 201 - 216 395 208 254 266

16T



Appendix C.3

~Major and Trace Element Analyses of Potassium Silicate Rocks.

Oxide

Specimen Number

¥ 103390

103393 103396 103398 103402 103404 103406 103414 103415
Fe,y03 8.53 4.94 6.75 6.29 4.66 6.87 4.13 3.38 4.62
MnO 0.25 0.19 0.10 0.24 0.25 0.20 0.31 0.06 0.21
TiOp 0.24 0.16 0.36 0.30 0.03 0.20 0.11 0.21 0.24
Ca0o 11.17 7.84 2.18 11.44 14.54 9.40 14.02 3.43 12.11
K20 4.42 3.79 4.98 4.21 0.63 3.86 1.05 2.69 4.86
PoOg 0.26 0.19 0.38 0.32 - - - - -
Sio, 44.06 = 64.37 67.76 54.42 63.98 61.86 63.37 78.40 60.56
'Al,03 7.50 7.32 7.63 7.05 0.16 4.36 1.60 5.62 .6.48
MgO 7.66 0.94 1.24 . 1.63 0.67 1.35 0.81 0.86 0.96
Naj0 0.04 0.12 0.24 0.39 0.12 0.03 0.25 0.06 0.08
Loss 13.44 7.82 6.59 9.23 9.58 4.62 9.48 3.97 7.81
Total 102.61 97.61 98.21 95.52 94.62 97.75 95.12 94.18 97.93
Trace elements in ppm
Cu 57 72 139 279 260 195 35 95 56
Zn 77 1052 119 246 1132 158 302 270 97
-Pb 11 65 33 26 160 61 229 17 81
Ni 25 22 26 50 755 564 983 696" 751
v 1820 981 3173 876 1056 3905 4515 997 -

. 26T



Appendix C.3 cont.

Specimen Number

Oxide % : -

103416 103422 103426 103427 103429 103438 - 103441
Fe,03 8.89 | 3.89 5.61 6.54. 5.18 7.71 2.75
MnO 0.06 0.01 0.26 0.12 0.27 0.05 0.31
TiOg 0.15 0.21 0.28 - 0.28 0.26 0.12 0.12
Ccao 2.08 0.55 13.70 5.63 10.64 2.19 17.15
K70 2.14 5.06 4.00 4.64 8.27 2.33 1.68
P50s5 - 0.34 - - - 0.19 0.01
Siop 76.16 77.77 54.24 66.66 54.13 71.43 58.31
Al,03 2.98 7.87 5.48 5.32 10.13 4.01 4.40 .
MgO 0.75 0.16" 1.66 1.93 0.54 0.30 0.71
Nay0 0.03 0.09 0.05 0.02 0.06 0.01 0.05
Loss 6.88 5.67 9.59 ~ 5.45 6.44 6.17 14.16
Total .98.13 101.56 94.88 96.58 95.94 94.53 99.64
Trace elements in ppm
Cu 280 644 73 142 278 269 90
Zn 1956 1052 271 79 175 1268 128
Pb 352 132 77 12 32 198 35
Ni _ 827 7 609 941 612 676 20
v - 3924 117 3020 3924 908 2058 2647

€6T



Appendix C.4

Major and trace element analyses of sedimentary rocks

surrounding the Mba Volcanics.

Oxide %

Feo03
MnO
TiOy
Ca0
K20
P20g
510y
Al703.
MgO
Na20
loss

Total

Specimen Number

Trace elements in ppm

Cu
Zn
Pb
Ni
\Y

47297 47298 47299 47300 47301 47303 47269 47271 47274
7.54  8.15 8.3  5.65  8.25  6.43  6.35  8.41  8.90
0.20  0.18  0.16 . 0.18 ~0.16  0.54  0.14  0.18  0.14
0.s8  0.62 0.6l  0.53  0.56  0.54  0.55  0.66  0.58
6.97  5.87  6.89  17.23  11.09  11.36  19.69  10.45  9.74
3.07  4.70  3.25  0.72  1.90  2.82  1.46  1.40  2.22
0.44  0.51  0.46  0.11  0.38  0.37  0.24  0.28  0.35
45.47  46.97  48.06  44.52  44.62  41.81  36.09  43.80  44.17
17.08  17.79  16.42  9.34  14.42  14.49 11.67  14.83  13.25
3.08  2.98  3.38 1,73  5.88  3.11  2.75  4.39  5.98
0.71  0.68  2.22  1.57 2.29  0.33  2.30  1.60  1.48
15.04  11.96  11.05  17.87  12.02  19.03  19.36  12.07  12.01
100.20 100.41 100.86  99.44 101.58 . 100.48 100.61  98.08  98.67

168.3 112.8 151.7 103.0 95.6 130.2 120.9 798.9 | 113.2

95.3 . 93.7  98.6  73.5  65.5  79.3  68.7  57.9  79.6
20,2 17.7  14.7 1.3 0.4 4.1 6.5 2.6 2.2
26.0  316.3 ' 35.2  11.4  203.5  31.1  29.0 108.3 . 142.9
182.5  202.8  187.8  130.7  322.7  173.4  483.9  517.2 24.2

1418



Appendix C.5

Carbon Dioxide Determinations.

Specimen wt. %
Number Co,

Specimen
Number

wt. %

COy

(A) FRESH ROCKS

47295 0.11
103363 - 0.17
(B) PROPYLITIC ASSEMBLAGE
47212 8.11
47216 4.54
47209 9.74
47225 7.64
47228 ~ 5.13
47231 14.56
47237 17.19
47292 3.34
47294 1.19
103357 13.61
47278 7.40
47281 3.10
103372 5.73

103374 2.39

(C) K-SILICATE ASSEMBLAGE
103393

103398
103402
103404
103406
103415
103426
103427
103441

5.96
9.78
11.22
6.88
10.02
7.64
15.28
.3.58
14.22
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Appendix C.6

Specific Gravity Determination.

196

Specimen
Number

Specific
Gravity

Specimen
Number

Specific
Gravity

(A) FRESH BASALT

103363
103373
47262
47263

2.59
2.84
2.83
2.85

(B) PROPYLITIC ASSEMBLAGE

103357
47277
47278

103362

1103372

47293

2.89
2.69
2.69
2.60
2.81
2.37

(C) K-SILICATE ASSEMBLAGE -

103398
103439
103438
103412
103415

103416

103426
103427
103414

2.64
2.58
2.65
2.69
2.48
2.81
2.66
2.88
2.58




Appendix C.7

Instrument Settings for XRF Analysis.

Oxide/ Tube KV mA Crystal Vacuum Coll. Cqunting Coun?igg DeFe?tion
element time, sec . precision limit
 Fey03 cr’ 50 30 LiFs0¢ yes coarse 30 13.00:0.04% 0.01%
TiO) Cr .50 30 LiF2g yes fine 20 2.50+0.01% 0.002%
cao Cr 50 30 LiF2q¢ yes fine 20 6.5010.02% 0.01%
K70 Cr 50 30 PE yes fine 20 1.840.01% 0.003%
SiOg Cr 50 30 PE yes coarse 1100 55.01£0.30% 0.02%
Al,03 Cr 50 30 PE yes coar se 100 13.30+0.05% 0.02%
P»0s5 Cr 50 50 GE yes coarse 50 1.04+0.01% 0.01%
MgO Cr 50 50 TLAP yes coarse 100 10.00%0.07% 0.04%
Na 0 cr 50 50 - TLAP yes " coarse 100 3.00£0.05% 0.02%
MnoO ‘Au 50 50 LiFq0 yes fine 50 0.15%0.01% 0.003%
Cu Au 50 40 LiFyqp no fine 20, 20,20 501, 300+2 ppm 1 ppm
Zn Au 50 30 LiFoq0 no fine 20,20,20 50+1, 12005 ppm 1 ppm
Pb (LB7) Mo 60 40 LiFoqg no fine 50,50 10+1, 200+4 ppm 3 ppm
Ni Au 50 30 LiF200 no finev 50,50 501, 500+3 ppm _ 1 ppm
v cr 50 50  LiFaqq yes fine 100,100 200%5, 3000+10 ppm 3 ppm
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Appendix D.1

Electron Microprobe Analyses of Sphalerite

Specimen o : Mole %
Number Stage S Zn Cu Fe cd St. Formula FesS
103340 IB 33.21  62.71  0.87 - 3.21 - (Zn_95Cu. 91 3F€. 055) . 9957 5.5
103340 IB 33.52 | 61.49 0.98 4.00 ' - (Zn!gocu.OIQFe;osg).gssl 6.9
103340 IB 32.98 62.55 0.48 3.98 - (Zn_93Cu, gosFe.069) 1. 051 6.9
103340 IB 32.98 65.24 0.59 ©  1.20 - (Zn_g7Cu_go9Fe,020)1.0S]1 2.0
103340 IB 32.80 61.26 5.01 0.91 - (Zn,91Cu, g77Fe.g16) 1.051 1.6
103411 IB 33.04 63.71 1.41 1.22 . 0.61 (Zn_g5Cu, g21Fe, y21Cd, yos) 151 S 2.1
- 103411 IB 32.32 64.33 1.74 0.99 0.60 (Zn, 97Cu, g36Fe, p18C4d, g05) 151 1.8
103411 IB 32.85 62.28 1.95 2.01 0.91 (Zn_yoCu, g3oFe, 035C4d, 0og) 151 3.5
103411 IB - 32.45 63.01 ‘3.74 0.78 - (Zn.95Cu.058Fe.01q)1.0251 1.4
103436 IIBE 32.00 60.28 3.40 3.88 0.44 (Zn, 9yCu_gs53Fe, 069Cd. 004 1.0551 6.9
103436 IIB 31.81 61.46 2.89 3.31 0.51 (2Zn_g5Cu, gy5Fe, 059Cd. 0g5) 1.0651 5.9
103436 IIB 32.60 61.75 2.38 2,75 0.50 (2n,93Cu, g37Fe, g49Cd.004) 1.025] 4.9
. 103310 IIIB 32.79 66.34 0.14 0.72 - (Zn.99Cu,062Fe_013)1,0181 1.3
103310 IIIB 32.70  66.46 0.33 '0.51 - (Z2ny . oCu, ggsFe.009)1.0151 0.9
103312 IIIB 32.49 64.01 0.70 . 2.79 - 4(Zn.g7Cu_011Fe_050)1.0381 5.0
103312 IIIB 31.93 63.08 1.31 2.30 1.35 (Zn_ qgCu, g21Fe, g42Cd_ 012)1.0451 4,2
103312 IIIB 33.89 63.96 1.09 1.05 - (Zn_g2Cu, g16Fe.018).954S] ‘1.8
103312 IIIB '31.90 60.84 3.38 1.46 = 2.40 (Zn, g3Cu, g53Fe, 927Cd 021)1.0351 2.7
103312 IIIB 32.11 62.66 1.53 2.31 1.37 (Zn_ qgCu, goyFe ogu2Cd, 912)1.0451 4.2
103298 IIIB 33.11 | 63.55 0.43 2.87 - (Zn.éqCﬁ.od7Fe_051)1.0051 5.1
103298 IIIB 33.20 63.90 0.35 2.56 - (Zn, q4Cu, ggsFe.gu5) 0.995) 4.5
103298 IIIB 32.62 64.93 1.32 1.13 - (Zn,goCu, g21Fe.021)0.9651 2.1
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Electron Microprobe Analyses of ‘Tellurides.

Appendix D.2

Specimen Field Weight %
Number Number Au Ag Te Ni
(A) PETZITE
103404 F-109 23.41 42.72 33.86
103404 F-109 23.35 42.77 33.87
103404 F-109 23.40 42.62 34.03
103405 F-111 23.54 42.22 34.24
103405 F-111 23.73 42.62 33.66
(B) SYLVANITE
103404 F-109 31.14 6.68 62.17
103404 F-109 30.63 6.94 62.42
103404 F-109 29.29 8.13 62.52
103405 F-111 31.03 6.67 62.30
103405 F-111 32.43 6.02 61.55
103405 F-111 33.20 5.85 60.95
103405 F-111 30.65 7.30 61.06
103405 F-111 30.81 7.61 62.02
F-311*  27.76 8.50 63.74
F-311 27.78 8.92 63.30
(C) KRENNERITE
103345 75 30.78 6.58 62.63
103345 75 33.59 4.83 61.58
103345 75 33.68 4.80 61.52
103409 F-118 37.05 3.55 59.38
103409 F-118 37.20 3.51 59.29
(D) MELONITE
F-311*% 1.63 - 82.39 15.29°
F-311 - - 81.57 18.43
(E) NATIVE TELLURIUM
103345 75 - 0.24 99.76 -
F-311% - - 100.00

* Samples analysed are from Forsythe's (1967) collection
and no record is kept at the University of Tasmania.

All analyses normalised to a total of 100.

199



Appendix D.3

Electron Microprobe Analyses of Carbonates.
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gene

Sgi:;gi“ Mineral Stage Ca % Mg % Fe % Mn % Total
103302 ankerite IA 21.45 6.23 10.92 ~ 0.76 39.36
103329 ankerite IA 18.24 9.51 9.28  0.83 37.86
103392 ankerite iB 18.43 9.80 8.55 0.85 37.63
103392 ankerite IB 18.38 9.30 9.78 0.52 37.98
103392 ankerite IB 17.88 8.03 10.55 0.64 37.10
103392 ankerite IIB 20.62 11.70 3.59 - 35.82
103392 ankerite IIB 21.02 11.67 3.16 - 35.85
103392 dolomite IIB 21.47 11.91 2.22 - 35.60
103337 ankerite IIIB 19.99 11.60 4.10 0.41 36.10
103337 ankerite ITIB 18.96 10.92 6.41 0.48 36.77
103337 ankerite IIIB 19.62 10.61 6.35 0.27 36.85
103337 ankerite ITIB 18.88 11.12 6.42 0.23 36.65
103337 ankerite IIIB 18.98 11.39 5.00 1.08 36.45
103337 ankerite IIIB 18.62 10.61 5.46 2.34 37.03
103337 dolomite ITIIB 18.24  10.48 2.62 -5.84 37.18
103337 dolomite IIIB 20.66 9.80 1.97 4.75 37.18
103337 dolomite ITIB 19.78 11.47 1.53 3.51 36.29
103337 dolomite IIIB 19.67 10.61 6.35 0.27 36.90
103342 dolomite I1IB 20.19 12.89 1.19 0.93 35.20
103342 dolomi te IIIB 20.98 12.28  1.82 0.38 35.46
103342 dolomite IIIB 23.66 11.16 - 0.85 35.67
103343 dolomite IIIB 20.85 11.63 3.12 0.32 35.92

103343 ° dolomite IIIB 20.61 11.86 3.05 0.29 35.81
103360 ankerite v?2 0.18 13.63 23.40 '1.43 38.64
103296 calcite \'4 ) 38.6 1.00 . 0.67 8.27
103329 calcite v 38.48 - 0.87 0.95 40.40
103329 calcite v 38.72 - 0.67 0.84 40.23
103409 calcite v 37.74 - -1.35 = 0.44 39.53
103409 calcite \%4 38.00 - 1.25 0.77 40.02
103409 calcite \'% 33.12 - 1.99 1.40 36.51
103409 calcite \'% 37.88 - 1.53 0.91 40.32
103457 calcite super- 38.72 0.76 0.08 0.17 39.73




Appendix D.4

" Electron Microprobe Analyses of Silicates.

Oxide Percentages

Number of Ions

Specimen

Number  yoo  Al,03 Si0, Kp0 Ca0  FeO  Total MgZt a13* si%* x* ca?t  Fe?*
(A) CHLORITE _ _ _

103290  25.42 14.21 34.01 0.23 2.00 23.98 99.85 6.91 3.05 6.20 0.05 0.39 3.66
103290  26.23 17.14 39.17 0.16 0.83 16.33 99.86 6.74 3.48 6.75 0.03 0.15  2.35
103290  27.03 17.33 38.40 0.12 0.29 16.65 99.82 6.95 3.53 6.63 0.02 0.05 2.40
103290  27.36 17.45 38.10 0.08 0.48 16.30 98.77 7.03 3.55 6.57 0.02 0.08° 2.35
103302 24.82 22.49 31.32 0.48 0.28 20.25 99.64 6.58 4,72 5.57 0.10. 0.05 3.01
103302  23.86 22.64 31.64 0.57 0.35 20.56 99.62 6.33 4.75 5.63 0.13 0.07 3.06
103302  23.18 20.82 34.23 0.12 0.25 21.10 99.70 6.12 4.34 6.06 0.03 0.05 3.12
103302  21.52 .22.24  34.65 0.76 0.22 20.36 99.75 5.66 4.62 6.11 0.17 0.04 3.00
103333 19.00 21.82 33.63 0.40 0.39 24.04 99.28 5.09 4.64 6.04 0.09 0.07 3.62
103333 19.32 22.09 33.65 0.34 0.20 23.95 99.55 5.17 4.67 6.04 0.07 0.04 3.60
103333 19.35 22.20 33.16 0.39 0.29 23.99 99.38 5.19 4.71 5.96 0.09 0.06 3.6l
103356  26.35 18.90 34.91 0.17 0.21 18.95 99.49 6.88 3.92 6.14 0.03 0.04 2.78
103356 © 24.38 19.67 37.41 0.6l 0.34 17.37 99.78 6.30 4.02 6.49 0.14 0106 -2.52
103372 27.29 17.36 '37.71 0.20 0.45 16.57 99.58 7.04 3.54 6.53 0.05 0.08 2.40
103372 29.48 16.96 35.87 0.00 0.22 17.19 99.72 7.66 3.48 6.25 0.00 0.04 2.51
103376  28.57 13.15.41.93 0.47 1.12 12.88 98.12 7.28 2.65 7.17 0.10 0.21 1.84
103376  28.82 32 41.93 0.20 0.83 13.30 99.40 7.29 2.87 7.12 0.04 0.15 1.89

14.32
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Appendix D.4 cont.

Specimén VQxide_Percentages _ . » Number of Ions .

NumbeX  gio, Al,03 FeO MO  Na,0 K0 CaO Total Si**t a1¥  Fe?t mg?t k' Nat  ca?*t Total
(B) SERICITE _

103319 55.92 31.05 1.78 1.26 - 8.14 1.85 99.96 6.94 4.57 0.18 0.23 1.29 - 0.25 13.43
103319 53.91 31.67 1.61 1.31 - 8.37 3.15 100.02 6.75 4.67 0.16 0.25 1.34 - 0.42 13.59
103319 54.61 32.82 1.81 1.18 - 8.60 0.98 100.00 6.78 4.80 0.19 0.22 1.37 - 0.13  13.49
103459 55.75 28.74 1.58 - - 11.19 2.74 100.00 7.06 4.29 0.16 - 1.81 - - 0.38 13.70
47251 55.75 32.90 1.36 0.55 - 8.13 1.30 99.99 6.88 4.78 0.14 0.10 1.28 - 1 0.17 13.35
47251 57.01 29.87 - 2.21 1.06 1.21 7.53 1.09 99.98 7.07 4.36 0.23 0.19 1.26 0.29 0.15 13.55
47251 55.23 31.91 2.11 0.81 - '8.83 1.09 99.98 6.87 4.68 0.22 0.15 1.40 - 0.15 13.47
47251 50.08 30.21 3.80 2.07 - 2.44 6.35 99.95 6.42 4.57 0.40 0.39 1.22 @ - 0.87 13.87
47267 59.03 29.33 1.47 1.36 - 8.16 0.83 100.18 6.77 4.78 0.16 0.28 1.44 - 0.12 13.55
47267 54.42 32.52 1.76 1.36 -~ 8.87 1.08 100.01 6.77 4.78 0.18 0.26- 1.40 - 0.15 13.54
47267 54.99 33.67 1.35 1.16 - 8.43 0.90 100.50 6.75 4.91 0.14 0.21 1.33 - 0.12 13.47

coe



Appendix D.4 cont.-

Oxide.Percentagés

Number of Ions

Specimen
Number Si0, Al,03 K0  CcaO Nazd FeO . Total si** a13+ gt ca?* nNat Fe?*  Total
(C) ORTHOCLASE ?
103343 65.46 18.33 15.07 1.13 - - 99.99 12.03 3.97 3.53 .0.22 -~ - 19.75
103343 65.40 18.46 14.99 1.16 - - 100.01 12.01 3.40 3.51 0.23 - - 19.15
103459  63.83 20.33 13.44 1.97 0.42 -  99.99 11.69 4.39 3.14 0.39 0.15 -  19.76
103459  64.28 20.24 13.58 1.97 - - 100.07 11.75 4.36 . 3.17 0.38 =~ - - 19.66
47267  64.30 20.67 13.18 1.05 0.8l - 100.01 11.73 4.44 3.07 0.21 0.27 = 19.72
47267  65.29 19.76 12.59 1.12 1.25 - 100.01 11.87 4.24 2.92 0.22 0.44 - 19.69
(D) ADULARIA >
103343  66.58 17.80 14.66 1.02 100.06 12.16 3.84 3.42 0.20 19.63
103343  66.74 17.48 14.70 1.06 99.98 12.21 3.77 3.43 0.21 19.62
103343 66.51 17.61 14.71 1.18 100.01 12.18 3.80 3.44 0.23 19.64
103343  66.55 17.82 14.54 1.09 100.00 12.16 3.84 3.34 0.21 19.61
103343  65.89 18.05 14.94 1.13 100.01 12.09 3.90 3.50 0.22 19.71
'103384  69.01 16.80 12.89 1.30 100.00 12.45 3.57 2.97 0.25 19.24
103405  64.77 18.52 15.37 - 1.34 100.00 11.95 4.03 3.62 0.27 19.85
103409  65.05 18.59 15.07 1.27 99.98 11.97 4.03 3.54 0.25 19.78
103409  64.43 18.06. 15.77 1.75 1 100.01 11.94 3.95 3.73 0.34 19.96
103409  65.35 18.31 15.11 1.25 100.02 12.01 3.97 3.54 0.25 19.78
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Appendix D.4 cont.

Specimen Oxide Percentages: , Numper of Ions

NumbeX  Na,0 Al,0, SiOp Kp0  Ca0  Ti0, FeO  Crp03 Total Nat AL si*t Kkt ca2t Tt Fe?t crd* Total

(E) OTHER SILICATES - PLAGIOCLASE

103376 1.86 31.31 50.08 0.75 14.50 0.17 0.23 1.04 1D0.00 0.66 6.76 9.16 0.17 2.84 0.02 0.16 0.03 19.44
103459 3.3 21.01 63.08 9.42 3.15 - - - 100.00 1.18 4.50 11.47 2.19 0.61 - - - 19.95
47278 4.74 21.62 62.61 5.60 4.49 - 0.94 - 100.00 1.66 4.60 11.31 1.29 0.87 -~ 0.14 - 19.87
47278 5.47 27.37 55.13 0.84 9.96 - 1.24 100.00 1.93 5.86 10.01 0.20 1.94 -  0.19 - 20.13
47279 4.76 27.19 55.45 2.34 8.94 - 1.31 - . 99.99 1.68 5.84 1010 0.54 1.74 - 0.20 - 20.10
(E) OTHER SILICATES - AUGITE _
MgO0  Al,03 Si0O; CaO TiO, FeO  Cr,03 Total Mg+ A13+ si%t cal* it Fe?+ cr3* Total
103290 14.63 4.89 49.44 22.42 0.52 7.70 0.28 99.88 0.81 0.21 1.84 0.89 0.01 0.24 0.02 4.02
103376 15.50 3.61 50.55 21.91 0.48 7.65 0.29 99.99 0.86 0.1l6 1.88 0.87 0.01 0.24 0.02 4.04
(E) OTHER SILICATES - ROSCOELITE 4
Mgo0  Alp,03 Si0; K0  V,05 Nay0O NiO  Total Mg¢t a13t si%*t gt vd*  Nat  Ni2t Total
103345 4.20 8.92 52.15 9.85 23.75 0.70 0.42 100.00 0.75 3.04 6.66 0.81 1.96 0.16 0.17 13.55

voc



Appendix E.1l

Thermodynamic data used in calculation of equilibrium constarts

in this study.

A

Substance VH%(298.15) $'(298.15) Cp(298.15) p Source
cal/mole cal/mole/deg cal/mole/deg a b,xlO—3 -cx10°
Te2 ) 38,330 61.87 8.68 8.28 1.58  0.06 1
Te rystalline) 0.0 11.83 6.14 4.57 5.28 - 1
HpTe .oy 18,600 33.7 28.4 - 95.2 - 2
HpTeO3 o\ -132,600 52.2 45.2 - 151.6 - 2
Tel~ - 27,200 15.4 -76.3 - -256.2 - 3
H0 4, -68,315 16.71 17.995 12.65 11.38  1.73 2
Ht 0 0 0 - - - 2
Ag,Te -8,600 36.7 12.31 11.75 26.2 0.66 1, 2
AuTe, -4,450 33.87 18.06 15.20 8.93  0.41 1
NiTé, -21,000 28.76 18.15 - - - 1
PbTe -16,400 26.3 12.08 11.28 2.69 - 1
NisS . -19,600 12.66 11.26 9.30 6.40 - 2
PbS ’ - =23.500 21.8 11.83 11.17 2.20 - ‘1
Ag,S -7,550 34.3 18.19 15.63 8.60 - 1
Au 0.0 11.37 6.06 5.66 1.24 - 2
S2(g 30,680 54.51 7.76 8.72 0.16  0.90 1
% g) 0.0 49.003 7.02 7.16 1.0 0.40 2
. , S
1. Mills (1974). 2. Naumov et al. (1974). 3. . D'yachkova & Khodakovskiy (1968). -



Appendix E.2

_EQUILIBRIUM CONSTANTS FOR THE REACTIONS USED IN THIS STUDY.

Log K (T)
Reaction - ; Source
100 150 200 . 250  300°%
L 0 = ut+on~ -12.26 -11.64 -11.27 -11.13 -11.39 a
2. HpS oy = H'+HS™ -6.49 -6.63 =-7.00 -7.55 -8.22 b
3. HS™ = H' 4527 -11.45 -11.15 -11.10 =-11.30 =-11.70 b
4, 2H,S, \+0 = 2H,0,. . +8 46.26 .99  35.05 30.60  27.21 a
S () ¥02(g) T 201y *E2(g) 39 _
5. 2H +S0, = HpS _ ,+20p -94,31 -79.31 --67.13 =-57.10 -48.55 a
6. HSO; = H +SOf -2.99  -3.74 -4.49 -5.41 -7.06 a
7. NaSO, = Na' +S0f~ -1.30 -1.60 -1.94 -2.40 -3.0 a
8. KSO; = K 4505~ -1.30 -1.60 -1.94 -2.40 -3.0 a,d
9. casof = ca?*+s02” -2.7 -3.1 -3.6 -4.3*  -4.90* a
o (ad) 2b 3= :
10. . MgSoO = Mg  +S0 -3.2 -3.9 -4.8 -4.8%*  -5.4* a
“ag) T, %
11. HyCO3 .\ = H +HCO3 -6.41  -6.71  -7.13  -7.66 -8.26 Db
12. HCO3 = H +CO% -10.14 -10.34 -10.71 -11.20 -11.78 b
13. cH +20 = HyCO +H,0 .34 86. 77. .
4 (aq) 202 (q) 2C03 0y #H20 1 . 98.34  86.87 77 sg 69.74 d
14. CO2 gy +H20 1) = HaCO3 -1.99 . -2.13  -2.14 -2.05 -1.90 b
15. caco3 = Ca?*+c03” -9.33 -10.28 -11.37 -12.60 -13.90 b
16. CaMg(CO3)p = Ca2++Mg2++2co§' -17.88 -19.91 -22.10 -24.10* -25.80* b
o+ _
17. ca®t+mg? +2C0p ) +2H20 = CaMg (CO3) p+4H -19.20 -18.45 -17.86 -17.82 -18.07 1
18. FeSp = FeS+hSy -12.50 -10.25 -8.48 =-7.02 -5.81 a
, (-12.09) (-9.91) (-8.19) (-6.80) k

(~5.65)

90z



Appendix E.2 cont.

Log K (T)
Reaction - Source
100 150 200 250 300°%¢

19. 3FeSy+20p gy = Fe3ou+3sz(g5 ' | 44.10  40.51  37.70  35.44  33.93 e, f
20. 2FeS +3/207( , = Fez03+25; (q) 38.89  35.23  32.29  29.87  27.85 e,f
21. 2FeS+20p () = Fe3Ou+3/252 (g, | 82.06  71.60  63.32  56.61  51.05 e,f
22. CusFeSy+dFeSp = CuFeSy+Sz (g) 17.2 13.6 10.83 8.59  .6.75 g
23. Fes2+2n++5oz(g) = Fe2++sz(g)+H20(l) 14.32  14.52  16.33 e
24. CuFesz+3H++3/402(95 = Cu fFe2'+52(g)

+3/2H50 (1, 22.12  21.82  23.93 e
25. 6Fey03 = 4Fe304+02(g) - 53.84  45.83  39.50  34.37 3013 e
26. Au+2C1 +40p (q)+H = 4H,0+AuCly 7 7.4 7.7 7.9 h
27. Awr2HpS+h0 () = Au(HS);+%H20(l)+H+ 5.8 3.8 2.1 0.6 h
28. Hs"+st+Cu+ = Cu(HS)§+H+ ' 2.4 1.7 1.5 e
29. HS +2HpS+Cu' = Cu(HS),.H,S +H' - -1.32 -2.4 ¢
30. 2znS = zn2t+s2” -22.18 -21.48 -21.31 -21.32* 21.45* b
31. Pbs = PbZt+s2” ' -23.89- -22.63 =22.13 -21.83* -21.76* b
32. AgyS = 2agt4s?T o -39.70 -35.57 -32.9  -31.2  -30.2 b
33. Ag+Cl” = AgCl?aq) ~ 2.88 2.88 2.87 3 3.5 i
34. Ag+2Cl = AgCl, 4.46 4.45 4.57 4.8 5.4 i
35. pb2tic1” = ppc1t 1.73 1.88 2.1 2.4 3.0 a
36. Pb2le2c1” = PECIZ ) 2.04  2.29 2.6 3.1 3.9 a
37. PbM+3c1” = Pbely | 2.13 2.50 3.0 3.6 4.6 a
38. Pb?t+ac1” = pbc1?” : 2.05 2.57 3.2 4.0 5.3  a

LoZ



Appendix E.2 cont.

(g) = AI2TeS2(g)

Log K (T)
Reaction Source
100 150 200 250 300°%

39. zn?*4c1” = znar’ 1.82  2.78 3.9 4.8 6.0 a
40, zn?M42c1” = ch1?aq) 2.13 3.19 4.4 5.5 6.9 a
‘41, zn?'+3c1 = znclj 2.23 3.3¢ 4.8 6.0 7.7 a
42. 2zn2%+ac1” = znc12” 2.14 3.55 5.0 6.4 8.3 a
43. Fecl® = Fe2t+c1” -0.67  -1.0 1.2 e
44. cuc1® = cut+c1” -2.2 -2.4 -2.2 e
45. 3KA1S;0g+2H' = KA13Si30;, (OH) p+2K' +65i0, 9.55 8.91 8.49 . 8.12 & 7.82 a
46. hKAL3Si30)0 (OH) 2+CaMg(CO3) +K +3510,+3H" =

3/2KA1Si 30g+2H,0+Ca2 +Mg? T +2c0, ' 14.42  13.99  13.61  13.76 14.16 m
47. HoTe ., = nf+HTe’ -3.30 -3.90 -4.65 -5.50 -6.40 b
48. HTe = H +Te -11.4 -11.3 -11.4 -11.7 -12.1 b
49. HyTeO3 = H +HTeO; -4.25  -4.70 - -5.40  -6.2 -7.0 b
50. HTeO; = H +Te03 -10.15 -10.20 -10.50 =-10.9 -11.4 b
51. HpTe , . +3/20; = HpTeO3 76.45 . 66.06  57.92  51.35  45.96 o
52. ,32211)t§Te2(gi = HTe ,  +402 , -37.26  -32.47 -28.61 -25.44 -22.77 o
53. Tej+2iHp0 |\ = 2HpTe +40p -32.13 -25.71 -20.18 -15.27 -10.83 o
54. Au°+Te2(g) = AuTe, 16.54  13.60  11.29  9.44 7.91 o
55. Teyy = 2Te(s) 14.08  11.45 9.40 . 7.75 6.40 o
56. NiS+Tep = NiTep+iSy 10.08  8.34 6.98 5.88 4.96 o
57. AgyS+iTe 2.55 2.23 1.97 1.78 1.63 o

80¢



Appendix E.2 cont.

Log K (T)

-Reaction : :
100 150 200

250

300%

Source

58.
59.
60.
6l.
62.
63.

PbS+%Te2(g) = PbTe+5s2(g) -1.73 -1.50 -1.33

2Hg+Tes = 2HgTe - 21.70 18.07 15.21
= ' 22.34 18.39 - 15.27

2Hg+sz(g) ZHgS(cinnabar) |

2HgS+Tey = 2HgTe+Sy -0.64 -0.32 -0.06

Ag,Te = 2Ag* + Te2" «52,03% =47,20 ~43,20*

. PbTe = Pb2+ + Te2” 32,9 * -31.1 ~30,67*

-1.18
12.89
12.75
0.14
-43.73*%
-29.5 *

-1.06
10.98
10.67
0.31
-39,20
-29,2

o

(o]

o]

o

g *O B EHXAUPDTAQ MO QO D

Helgeson (1969)

Naumov et ql. (1974)
Crerar and Barnes (1976)
Ohmoto (1972)

" Haas and Robie (1973)

Robie and Waldbaum (1968)

Schneeberg (1973)

Casadevall (1976), Casadevall & Ohmoto (1977)
Seward (1973)

Barton and Skinner (in press) _ _
Adjusted to plot the FeS contours in sphalerite.
Calculated from reactions 11,.12, 14 and 16
Calculated from reactions 17 and 45.

Calculated from reactions 59 and 60.

Calculated from data given in Appendix E.1l.

Extrapolated. -
D'yachkova & Khodakovskiy (1968)
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Appendix E.3

Individual ion activity coefficients? (expressed as logarithms

to base 10). Total NaCl = 1 molal.

Ionic strength a 1.

210

Temperature (OC)

Species

100 150 200 250 300
k", c1” | -0.25 -0.29  -0.34  -0.42  -0.59
HS™, OH, HTe* -0.23° -0.26 -0.31 . -0.38  -0.51
s?7, Te?T*, el -0.85 -0.99 -1.08 ~-1.30 -1.63
s0'”, TeOy* -0.98 -1.19 .-1.25 -1.50  -1.87
HSOn, HCO3, NasO, KSOy, Na' -0.21  -0.24  -0.28  -0.35  -0.47
ca’t -0.75  -0.83  -0.96 -1.15  -1.45
Mgt 1 -0.60  -0.67  -0.77  -0.93  -1.18
CHy, H»S, HyCO3, HpTe*, HyTeO3* o.oé 0.08 0.09 0.12 0.20
co3”, pp2t -0.91 -1.01 -1.16 -1.39  -1.74
zn’t -0.75° -0.83  -0.96 ~-1.15  -1.45
Ag*t : -0.30 -0.34 -0.40 -0.50 -0.65
+

*

Calculated following procedures given in Helgeson (1969).

. o .
For these species no a  values are available.

charge and type.

It has been assumed
that the activity coefficients are as for other species of similar
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Appendix F

ISOTOPE FRACTIONATION FACTORS

Oxygen isotopes

1000 In o calcite-H,0 2.78(10%/72)-3.39 0O'Neil et al.,
1969
1000 In & dolomite-H,0 3.20(10%/72)-1.50 Northrop &
Clayton, 1966
1000 In @ plag. Angg-Hy0 2.68(105/T72)-3.53 0'Neil & Taylor,
: 1967
1000 In a qtz-H,0 1.63(108/72)-2.59  Blattner, 1976

Carbon isotopes

1000 In o COz-cal -2.988(10%T1)+7.6663 (1031~ 1)-2.4612
Bottinga, 1968
1000 In @ Dol-cal 0.18(106T‘2) + 0.17 Sheppard &

Schwarcz, 1970

Sulphur and carbon aqueous species

All data from Ohmoto (1972).



