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SUMMARY

The Trench deposit is one of two gran'ite-associated W-Mo deposits at
Mount Mul gi ne, I'lestern Austral i a. Al though only I . 5 km apart, the two

deposits are of different style - the Trench deposit essentially comprises

a mineralized system of quartz veins in a sequence of interlayered ultra-
mafic to felsic greenstones, banded iron formations and extensively
greisenised sills, while the other deposit, known as the Hi'll deposit com-

prises a mineralized quartz-muscovite greisen at the contact of the Mount

Mulgine Granite and the surrounding mafic country rocks.

The two deposits have been actively explored, especia'lly in the last
eleven years, but there has been litt'le previous research work. This study
has been concerned with the Trench deposit.

The presence of hornblende(and its composition)and of calcic plagiocìase
indicate that the host rocks attained medium grade (amphibolite facies)
metamorphism. The rocks have since suffered retrograde metamorphism as

evidenced by abundant epidote after plagioclase, chlorite after biotite and

actinolite after pyroxene. Mineraìogical and fluid inclusion evidence is
consistent with a peak metamorphic temperature of about 500oc. the si+4
content of muscovites, the Al content of hornblende and the FeS content of
sphalerites, coup'led with estimates of the thickness of the vo'lcanic-sedimentary
pile and lack of pressure indicator minerals at Mount Mulgine, suggest that the
pressure during metamorphism must have been at least 2 kb but less than about
4 kb.

The metamorphi c changes and hydrotherma'l a'lterati on ( i ncl udi ng K- mêtô-

somatism) have modified or destroyed original rock mineralogies and textures,
but studies of "immobile" trace elements have shown that the originaì rocks
were tho'ieiitic basalts. Although these Archaean greenstones resemble present-
day island arc tholeiites and mid-oceanic ridge basalts (MORB), they are un-
likely to have formed in environments simitar to those of their modern equiva-
I ents.

Compar.ing the Mount Mulgine greenstones with simi'lar rocks e'lsewhere, it
is cìear that the elements K, Mg, Fê, Si and possibly ]vln were added to, while
Na, Aì, Ca and P were partly subtracted from, the rocks at Mount Mu'lgine.

The host rocks are chiefly composed of quartz, epidote, actinolite,
hornblende, tremoì ite, biotite, phìogopite, muscovite, plagioclase, K-feldspars,
carbonates, sericite, talc, chlorite, diopside and minor apatite, (altered)
olivine, spessartine, andradite, and chrysotile. The mineralization (main]y
epigenetic minera'ls) includes scheelite, huebnerite, molybdenite, pyríte,
pyrrhotite, magnetite, chromite, tetrahedrite, fluorite, sphalerite, arseno-



pyrite, chalcopyrite, rutile, stibnite, pyrargyrite, native bismuth and

antimony and other minor oxides or sulphides of Pb, Bj, U, Fe, Ti, As, Cu,

Ni and Sb.

Fluid inclusion studies support the view, derived from quartz-vein
relationships and textural evidence, that there were several mineraìizing
solutions. The spatial relationship between molybdenite and scheelite and

the fact that schee'lite is Mo-free are believed to be due to deposition of
these minerals from different solutions. DÍfferent generations of fluids
are also believed to be partìy responsible for the many types of inclusions
observed and the range of the fluid inclusion data obtained.

Some fluid inclusions have abundant daughter minerals. This, pìus the
very low first and final melting points (e.g., -76oc and -49oC respectively)
of some inclusions imp'ly that major amounts of other cations, 'in addition to
Na, are present in the inc'lusion fluids. This was confirmed by leachjng and

analysis of the fluids which showed them to be rich jn Ca, Na, Mg, K and Fe

(in decreasing order of abundance). Although A1 and Li were not detected in
the fluid inclusion leach anaìyses, there is evidence that these elements were

also present in the mineralizing so'lutions. The dominant anion is chlorine.
Some inclusions are COt-rÌch, but there is no apparent relationship between

mineralization and the COt-rich fluids. Scheelite was apparently deposited
from slight'ly alka'line, moderate'ly saline (average 26 wt.% CaC1, equ'iva'lent)
solutions at temperatures of around 4OOoC.

o34S values of pyrite and pymhotite are close to zero per mil with a

mean of 0.4 per mil and a standard deviation of 0.6. This is interpreted to
mean that the sulphur had a magmatic source, which Ís consistent with the
mineralization having been derived from the Mount Mulgine Granite. Suìphur
isotope fractionation between coexisting pyrite and pyrrhotite indicates that
the sulphides formed in the 385oC-730oC runge and this is in fair agreement

with the temperature range obtained from fluid inclusion studÍes viz. 300-500oC.

The As content of arsenopyrite and the Na and Ti contents of hornblende suggest
similar temperatures.

Tungsten mineralization in the Trench deposit is clearìy closeìy asso-
ciated with quartz veins and no lithologica'l control has been established.
The quartz veins mostìy formed in fractures which'initialìy acted as channel,
ways for the minera'lizing soìutions. The fractures themselves are believed
to have formed mainìy during regional folding and/or during the intrusion of
the granites. Schee'lite precipitation is considered to have been largely con-
trolled by temperature conditions and appears to have occurred during regional
metamorphi sm.



The Trench deposit is not strata-bound although the meta-volcanic sedi-
mentary host rocks are similar to those of the strata- and time-bound (Early

Palaeozoic) Felberta'l }J deposit in Austria. The fluid inclusion and suìphur

isotope data are also very similar to those of many [^l deposìts of various

types.

In spite of the absence of carbonate rocks at Mount Mulgine, the m'ineralogy

of the Trench depos'it is similar to that of typical I.l skarn deposits (e.9., the

scheelite deposits in the Binda'l area, northern Norway, and in San Luis,

Argentina). The development of the Trench deposit minera'l assemb'lages appears

to have been a function of both hydrothermal processes and metamorphism.

Tungsten deposits in the Archaean are rare and, aú present, there are no

known deposits of this age which are comparab'le in size to the Trench deposit.
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CHAPTER ì : INTRODUCTION

ì. I General background

The Trench deposit is the larger of the two w-Mo deposits at
Mount Mulgine, in the Yaìgoo Goldfield, Murchison Province, l,lestern Australia.
The extent of the deposit, both lateralìy and at depth, has not been defini-
teìy determined but, with estimated reserves of over B0 million tonnes at
0.14% tr,l03 (0.05% l,l03 cut-off) the deposit already ranks among the world's
three largest W deposits (excìuding the Soviet Union).

The deposit is now owned by Minefields Expìoration N.L. Reìativeìy
intense diamond drilling of the Trench deposit started in 1977 and since then
two shafts have been sunk to obtain bulk metalìurgicaì samp'les to assess the
feasibil'ity of by-product recovery. The feasibility studies take into con-
s'ideration the recovery of Mo and Ag as well as l^1.

When all the factors or variables (e.g., âgê, size, host and asso-
ciated rocks, m'inera'logy etc.) are taken into consideration, the Trench deposit
is unlike other known hl deposits. Tungsten, mainly in the form of schee'l'ite,
occurs within or closeìy associated with quartz veins in a sequence of Archaean

ultramafic-mafic to felsic "greenstones" which are interlayered with banded

iron formatìons and greisenised sills.and intruded by granitoids.

0n one hand, the host rocks and, to a lesser extent, the mineraìogy
of the Trench deposit are like those of the stratabound Felbertal (near

i'littersill) W deposit in the Austrian Aìps (HOll et a1,1972) but the present

study has shown that these are the only strong similarities between the two

deposits and that there are important differences. 0n the other hand, the
Trench deposit is very similar to, and should be regarded as a variety of,
skarn deposits. However, it lacks the typicaì skarn development since there
are no recognized carbonate host rocks at Mount Muìgine.

Like most other l^l deposits the world over, the Trench deposit is asso-
ciated with a granite - the Mount Mu'lgine Granite. The nature of this asso-

ciation has required clarification.

Prior to the present investigation there had been no detailed geologi-
cal research on the Trench deposit. This study has, therefore, been designed
to obtain fundamental data required to determine the origìn of this unusual

W-Mo resource.



Plate l. lA

Plate 'l.lB

A view of Mount Muìgine, taken from the airstrip, facing
eastwards.

A view of the southern end of the Trench deposit, taken from

the Hill deposit. The airstrip is on the'left of the photo.

One of the camp buildings can just be seen, as a white specr

at the far end of the grid clearing in the middle of the photo

and the water tank can aìso just be seen as another white spec on

the extreme right hand, middle of the photo. Note the f'lat
countryside in the background.
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1.2 Nature of the i nvest'iqati on

This study began with the folìowing broad objectives:

a) To carry out geochemical studies of the rocks that host l^l and

related mineralization at Mount Muìgine, and hence determine the relationship
(if any) between mineralization and ìithology. The geochemistry of the host

rocks would determine, or at least put constraints on, their originaì identity
and environments of formation.

b) To document the minerals, mineraì textures and assemblages, plus

any other features related to mineralization.

c) To elucÍdate some of the chemical and phys'icaì environments under

which mineralization occurred, through fìuid inclusion and sulphur isotope

stud'ies.

d) To synthesize information and data from a), b) and c) above, and

hence determine the most probable source of the mineralization and why it
occurred where it is. This can help in further exp'loration for similar deposits.

l,lhere appropriate, more specific aims are included at the beginning

of the relevant chapters.
.l.3 Previous work

There has been ìittle research work done on the Mount Muìg'ine W-lilo

deposits, As far as the wrjter is aware, the only study specificalìy devoted

to Mount Mutgine was that by Collins (1975). Collins'work was mainly petro-
graphic and focussed on granites from the Hill deposit, with onìy casual

reference to the Trench deposit.

Although Mo is now of secondary importance to l,l, Mount Muìgine

initially attracted attention as a Mo prospect (see below). Some of the

earliest reports abor.¡t the prospect are found in annual reports of the l¡lestern

Australian Geological Survey, €.9., llaittand (1917), Blatchford (19'19) and

Matheson (1944). The reports are brief and concluded that there was not enough

mo'lybdenite to waruant any ìarge scaìe míning operation.

lrlost of the present knowledge about the deposits is contained'in

reports by company geoìogists or consultants. Notable among these are

A.D. Gibbs of Minefields Exploration N.L. (eiU¡s, l97B) and T.W. Middleton of
Union Carbide (Middleton, 1979). A.l,J.G. t^,hittle has carried out petrographic

work for ANZECO (Australia and New Zealand Expìoration Company) a former sub-

sidiary of Union Carbide. Most of l^lhittle's work is contained in his two latest
reports (tlhittl e, 1977, I978).
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All the above workers, especiaì'ly Gibbs (tSZA¡, specuìated on how

the deposits could have formed. There appears to be genera'l concensus on the
following points.

l. The Mount Muìgine Granite played some part in the formation of
the deposits.

2, Despite their proximity, the Hill and Trench deposits display
different styles of mineralization and are most ìikeìy to be of different
ori gi n.

3. The Ca for the prec'ipitation of scheel ite was most probably

derived from the host rocks.

4. Scheelite mineralization at Mount Mulgine is unique and of
enormous economic potential.

In view of the last point, it is surprising that Mount Mulgine has

not attracted more attention. More will be said about each of the above points
later in the text and finaììy in the discussion on ore genes'is.

1.4 Location and access

Ivlount Mu]gine is situated at 29o l2'S and l160 58'E, in the Yaìgoo

district, Murchison Province, Western Australia (pigure .l.1). It is 474 kilo-
metres I'INE of Perth and 235 kilometres ESE of Geraldton on the west coast of
hJestern Australia. The nearest township is Perenjori, wh'ich is 87 kilometres
from Mount Mulgine in a WSl,l directíon.

Access by road from Perth is via the Great Northern Highway. A dry

weather airstrip, suitable for light aircraft, is a few hundred metres from

the camp site.

1.5 Physiosraphy

The onìy prominent relief feature in the study area is Mount }lu'lg'ine

which is 515.7 metres abÔve sea leveì at its peak. The so-called Mount rjses
only about .l00 

metres above its immediate surroundings (plate l.lA). The view

from Mount Mulgine top is one of 'low-lyÍng hills and very f'lat alluvial pìains
(plate l.lB). Such subdued relief is a feature of the Yilgarn block as a whole

(Gee et aì , I 98.l ).

Apart from the granitic rocks which are weìl exposed on Mount Mu'lg'ine,

and rubbly outcrops of banded iron formation in the Trench area, no other out-
crops were seen. Generaìly, outcrop exposure is very poor and the geo'logic map

(figure 1.3) of the area was compiled by Minefields and ANZECO, tvith the heìp

of information from drill hoìes.
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The area has mild and sometimes wet winters and very hot dry summers,

during which day temperatures are often in the low forties (degrees Ce'lcius).

ì.6 Historv of exoloration and minin q activities

Prospecting and mining of goìd at Þlount Mulgine took pìace at the
turn of this century. The occurrence of molybdenite in the Mount Mu'lgine stock
has been known since the earìy part of the century. Between l9l0 and'1920, a

13.7m adit was driven into the granite folìow'ing high grade moìybdenite seams.

Apparent'ly the first company to take interest'in the area was B'ig

Bell Mines Ltd. in ì938. In the same year, the company dug 27 trenches and pot

holes on the visible molybdenite seams to the south of the hill. Broken Hill
Proprietary Co. Ltd. and the t¡lestern Austral'ian Government were also interested
in the pr"ospect at the beginning of the Second World l,'lar.

Later, Westfield Minerals (l,'|.4.) N.L. held claims over the Mount

I'luìgine stock in 1966-1967 and drilled 47 holes. Results of this operation,
like those of earl'ier operations, are not known.

Matheson (.l944a) reported that about 78 tons of molybdenjte concen-

trates were mined during the l9l7-1922 period.

In 1967-69, Newmont Pty. Ltd., took over the claims and, encouraged

by results of a soil sampìing programme, started drilì'ing. Twenty six-inch
percussion holes were drilled to depths of 30.5m to 6lm and ìater, the first
l6 diamond drilì holgs v,rere completed. Newmont were primarily after Mo and

hoped to find a large "porphyry-type" Mo depos'it. It appears Newmont did not

analyse for l,'l. They were succeeded by Minefields Exp'loration N.L. in late ì969

who considered that there had been inadequate exp'loration for l,rl.

Minefields examined the drill cores from the 16 Newmont diamond drill
holes and decided that further expìoration, especially for l,l, !{as warranted.

They drilled l4 more diamond drill holes to depths of around 152m.

Scheeìite had been known to occur at Mount Mulgine since the ear'ly

part of this century, but it was not until late September,1970, that consider-

able quantities of the mineral were intersected in diamond drilì hole (DDM)29.

Following the discovery of scheelite, the Newmont soil samples were

re-analysed for l'l and Mo by Minefields in 1971. Minefields extended the soil
sampling programme and continued drilìing. These activities led to the dis-
covery and delineation of both the HilI and Trench deposits. By June 1976,

they had increased the number of drill holes to 214 and sunk a sampling shaft

in the Hill deposit. By this time, the Hill deposít had been confirmed as

being of high grade but low tonnagÞ.
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In 1977 Union Carbide, through its subsidiary ANZECO, entered into
a joint venture with Minefields. Attention was then focussed on what had been

called the Trench area. This is simpìy an area of I,l anomalies that had been

delineated by the soil geochemicaì survey programrne. The Trench deposit has

proved to be a very'large but low grade scheelite deposit (see below).

By June ì981 feasibility studies were well advanced and the total
number of drill holes had increased to 318, and that of shafts to five (three
in the Hiìl deposit and two in the Trench deposit).

Union Carbide withdrew from the joint venture in 0ctober 1982.

1.7 Sjze and grade of the deposits

The contact metasomatic Hill deposit is of high grade but low tonnage,
with ore reserves of just over lm tonnes of 0.60% t^I03 at a cut-off grade of
0.25% W03. The Trench deposit, in contrast, is of very ìow grade but high
tonnage, with indicated reserves of over 80 million tonnes averaging 0.14% l^l03

at 0.05% l^103 cut-off. The figure for the Trench deposit includes 36m tonnes
of ore averaging 0.077% MoS, at 0.05% MoS, cut-off.

The average Ag content in the greenstones* anaìysed is about 6 ppm

and that of cu is 203 ppm. Gold was not anaìysed for in this study. In a

restricted assay confined only to BIF lithologies in DDM 252, the highest goìd

value obtained was 2.5 ppm Ru (t'liddleton,1979). From the nearby Highland
Chief mine (see Figure 1.3) 26.06 kg of goìd were recovered from 2523.87 tonnes

of ore between ì9.l7 and 
.l939 (Baxter and Lipple, 1979).

Prospects for increasing the ll ore reserves are very good because the
Trench deposit is still open both along strike and dip. Also signifÍcant
quantities of mineralization with less than 0.25% W03 exist in the immediate

vicinity of the Hill deposit (Baxter and Gibbs, in prep.).

1.8 Geoìogy

Archaean'supracrustaì rocks in the Yiìgarn block are divided into two

belts - the Koolanooka Synform and the l^larriedar Foìd Belt (Baxter and Lipple,
1979). The rocks at Mount Mulgine are part of the l^larriedar Fold Belt (Figure

1.2), comprising meta-volcanic arid meta-sedimentary sequences which have been

intrudetl by granitoid rocks.

The Mount Mulgine Granite is a sma'lì high level stock, intruded near

a ìarger batholith on the eastern side of the l,larriedar Fold Belt.' It is a

*
(see section l.l0 for definitions).
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medium to coarse grained 'leucogranite which, together with the surrounding

country rocks, is cut by do'lerite dykes and quartz veins. The meta-volcanic
and meta-sedimentary rocks in the vicinity of the granite include meta-basalts
(sensu 'lato), banded iron formations (BIF) and minor u'ltramafics represented
by meta-pyroxenites and serpentinites.

The rocks di p at about 35o to 40o to the Nl,l but around the stock the
dips are outward in all directions, i.e., quaquaversaì (Collins, ì975).

Regionally, the rocks beìong to Association 3 as described by Baxter
and Lippìe (1979, pp. l7-.l8) which is thought to correlate with the Moyagee

formation of the Cue area to the north of Mount Mulgine (de'la Hunty, 1975).

If this correlation is valid, then the supracrustal rocks at Mount Mulgine would

have had cover rocks of at least 4 km thickness. At present, the l^larriedar
Fold Be'lt supracrustals are in excess of 8 km thick (Baxter and Lipple, 1979).

There is evidence that at'least some of these rocks were deposited in water
(see Chapter 2).

Metamorphism was locally up to medium grade (Wintler,'1979) which is
the equivalent of the amphibolite facies, a'lthough 1ow grade (greenschist

facies) metamorph'ism was prevalent in the region as a who'le. Recrystall ization
was both static and dynamic. In the former case, original textures are pre-
served, but in the'latter case, the primary rock textures have been obliterated
by crystallizatÍon which, in pìaces, has resulted in strongly schistose rocks,
especia'lly ín areas of high strain, close to the intrusions (Collins,.l975;
Baxter and Lipple, 1979). The rocks have since suffered retrograde metamor-
phism as evidenced by abundant epÍdote, chlorite and actino'lite.

At Mount Mulgine, there has been extensive hydrothermal alteration
which is believed to be directly associated with mineralization (see Chapter 2).
This alteration, superimposed on all the metamorphic effects, makes it diffi-
cu'lt to tell the nature of the original rocks. This pr.oblem is addressed in
Chapter 3.

The Mount Mulgine Granite has intruded the core/axis of the Muìgine

anticline. Coìlins (1975) recognized three granite types which constitute the
Mount Mulgine Granite - a porphyritic biotite granite, a muscovite-biotite
granite and a muscovite granite. The bulk of the granite is be'lieved to have

been intruded during regiona'l metamorphism. Arriens (t971 ) determined Rb/Sr

radiometric ages of 2689 m.y. and 2670 m.y. on muscovites associated with the
granite. Severa'l studies of the Yi'lgarn have indicated that the greenstones

and the early granites that intrude them are of about the same age. All these
rocks formed over a narrow time span and were related to a major tectono-
therma'l event between 2800 m.y. and 2600 m.y. ago, the finat stages of which

led to the cratonization of the Yilgarn b'lock (Gee et aì, .l98'l).
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The Trench deposit is situated on the Nl,l limb of the Muìgine anti-
cline which pìunges NNE. The Mulgine anticline is one of a series of fo'lds
which are the major structural features in the Warriedar Fold Belt region. The

folds are open to closed and have waveìengths varying from l20m to about 7 km

(Collins, 1975). Larger fold structures (sync'linoria) with wavelengths of up

to 15 km have been mapped by Muhìing and Low (.1973, quoted in Colìins,1975)
in the area to the north of Mount Mulgine. Mainìy because of size considera-
tions, the ìarger intrusions, like the I'lount Mulgine Granite, are believed to
have been intruded in the cores of pre-existing folds. Their intrusion would

have accentuated the folds and perhaps created a few more smaìler folds.
However, most of the smaller folds are thought to have formed much later as a

result of buckling caused by the intrusion of later granites. Some miìdly
deformed granites belong to a second period of gran'itoid intrusion which
appears to extend from about 2600 m.y. to 2200 m.y. (Baxter and Lipp'le, 1979,
p.ll).

A number of faults have been inferred in the region around Mount

f'lu'lgine (Figure 1.3). The faults are suspected to be present because of ina-
bility to trace marker beds (main'ly BIF) over any great strike dÍstance and

also because of abrupt changes in the direction of strike ridges and topography
(collìns, ì975).

The faults are the strike-slip type and are genera)ìy oriented NNE to
ENE. The latter direction is also the general structural trend of the

Murchison province (¿e la Hunty, .l975). 
Displacements aìong these faults

appear to be of the order of a few tens of metres.

l4ajor fractures, sometimes continuous with the faults and now 'largely

filled by quartz veins and dolerite dykes, have been mapped in the region.

The fact that most of the above structures are roughly paralleì to the
NNE trend of the Muìgine antícline implies that they fornred or were initjated
during early foìding. As in the case of folds, the intrusion of the granites
would have accentuated these structures or caused some of them. However, there
must have been more fracturíng, fau'lting and fracture-filling after the intru-
sion of the granites because the granites themselves have been affected by and

contain these structures. The Mount Mulgine Granite for instance is cut by

quartz veins and dolerite dykes all of which are dominant'ly oriented in a Nl,l

through to almost northerìy direction (see F'igure .l.3). This contrasts wíth
the NNE to El,lE trend of similar structures in the sumounding supracrustal
rocks. Smaller fractures, and the mineraìized quartz-fluorite-carbonate veins
that have filled them, are all believed to owe their existence entireìy to the
granites. The forceful intrusion of the granites created the fractures which

were later fil'led by mineralized late phase differentiates of the gra¡ites.
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t.9 Sunmarv of mineralization at Mount Mulqine

Tungsten and related mineralization at Mount Muìgine is the core
subject of the whole thesis and different aspects of mineraìization will be

mentioned and discussed in the chapters that follow. At this point, a brief
sunûnary of the mineralization of the Trench deposit will suffice.

A'lthough Au and Mo were the fÍrst commoditÍes to attract attention
at Mount Muìgine, the primary target is now l,J which occurs almost exclusiveìy
as scheeìite. l^lolframite (huebnerite) has been observed'in onìy three holes
(00t'l OZ, 251 and 259). In some cases it is rimmed and partiaììy rep'laced by

scheelite. In the nearby Hiìì deposit, scheeìite originaììy at the surface is
reported to have been oxidised to tungstite or ferritungstite (Midd'leton,

r e7e) .

The W mineralization is associated with Mo, Ag, Cu, Sb, AS, Bi, Au,
Zn, Fe and minor U, Ni and Pb minerals. Tin mineralization, which sometjrnes

occurs associated with l¡l mineraìization, does not occur at Mount Mulgine.

Moìybdenum occurs as molybdenite; Ag is mainly in pyrargyrite and

tetrahedrite; Cu occurs in chalcopyrite; Sb occurs in the native state and

also in stibnite, tetrahedrite and ullmannite; Bi occurs as pure bismuth and

also in galenobismutite (bismuthinite has also been reported in the Hill deposit
by Co]ìins (1975)). Arsenic is in.arsenopyrite and in tetrahedrite-tennantite; Zn

occurs as sphalerite; Fe occurs as pyrite, magnetite, pyrrhotite plus several
ot,her minor phases; Ni occurs in pentlandite and also in some other less common

phases (see Tabìe 4..l)¡ Pb occurs as.rare gaìena and in ga'lenobismutite and

U occurs in brannerite[?). Gold is known to occur,and has been mined at
Mount Muìgine. It has been detected in the Trench, but its form of occurrence

is not known (Middleton,1979). Presumab'ly it is locked up in the abundant

suìphides, e.g., pyrite.

Metal'lurgical studies in progress have the aim of recovering Mo and

Ag in addition to l,l. 0ther e'lements like Au and Cu might also be recovered.

Figure .l.4 is one of the cross sections and shows the variation of
lrJ0t(wt.%) with depth. This variation is irregular but, c'learìy, good l^10,

va'lues may occur in any of the'lithologies at Mount lrluìgine, as defined by

geo'logi sts of the exp'lorati on companies. Tungsten and Mo val ues obtai ned in
this study were also plotted against depth (see Figures 5.ì and 5.2). These

Figures show that W decreases with increasing depth while Mo increases with
increasing depth. However, there is no signifÍcant correlation between l'l and

Mo values (see Figure 5.3). Similar p'lots for Ag, Zn, Cu and Pb suggest that
Cu increases with increasing depth while the other elements (Zn, Ag and Pb)

decrease with increasing depth, but the correlation coefficients were too jow
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for these trends to be significant.

Figure .l.4 also shows that there is a slight stratigraphic control
on W0, values. This is aìso apparent when l^10, values are plotted on other
cross sections* and it is believed to be mainly due to the fact that most of
the mineralized quartz veins are concordant with the host rocks.

The Trench deposit is only about l-1/2 kilometres Nl^l of the Hill
deposit (Figure 1.3). Their proximity makes one suspect that they are very

similar - that possibìy one is a lateral equivalent or extension of the other.
However, a'll indications so far are that the two deposits are different: in

the Hill deposit, scheelite occurs at the contact of a quartz-muscovite greisen

sheet and a pyritic phìogopite schist, either as coarse disseminations within
the greisen or within numerous quartz and greisen veins'in both the schist and

the greisen. The contrasting chemical environment at the contact is believed

to have initiated precipitation of the scheelite.

In the Trench deposit, m'ineralization is closely associated with quartz

veins. The scheelite is found either within or very close to quartz vejns ìn a

succession of greenstones and banded'iron formations that have been'intruded by

apìites, microgranites, quartz porphyry and greisenized sills. These acidic
rocks and the quartz veins are thought to be differentiates of a granite at
depth (hlhittle, 19771' t4iddleton, 1979).

l.l0 Terminoloqy

In this thesis, the following terms are used with the indÍcated
meanings:

t) Mount Mulqine qreenstones - refers to all rocks at Mount Mul gi ne

which are neither BIFs nor granitic.

2) Granitic rocks - refers to ac'idic rocks and/or their altered and

metamorphosed equivalents, e.g., greisens, gneisses, rhyol ite(?).

3) Mineralization - refers to minerals (mostl y opaques) which formed

or are believed to have formed as a result of hydrothermaì activity. The term

is also used to describe the process of deposition of such minerals.

4) Gangue - refers to non-opaque minerals, except scheelite, that
occur associated with opaques.

5) Paraqenesis - refers to the order of deposition of the minerals
(and not to mineral associates, supposedìy coexisting in equitibrium as used

by blinkìer (1979)).

These cross sections, together with the remnant sampìes and sample sections
are stored in the School of Geology, University of Adelaide, under the
reference number 822.

*
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6) Primary mineral - refers to a mineral that formed directly from
a melt or solution and whose composition has not significantìy changed since
formati on.

7) Seconda neral - a mineral that formed from another mineral or
other mineraìs as a result of processes such as metamorphism, weathering or
hydrothermal alteration, i.€., a mineral which is not primary as defined
above.

t'-



il.
CHAPTER 2 : PETROLOGY

2.1 Introduction

The main aim in this chapter, is to briefìy describe the minera-
logica'|, structural and textural features of the rocks at Mount Muìgine. The

compositions of the rocks are included but discussion of trace element work is
avoided as it is the subject of the next chapter. Mineral associations
(e.g., rep'lacements and repìacement textures) grain size characteristics and

paragenetic relationships of the constituent mineraìs are all covered in
Chapter 4. More detailed petrograph'ic descriptions of the rocks have been

given by whitile (1977,1978) and Collins (tszs¡.

It is stressed that field identification of some of the rocks
generally referred to as "greenstones" (see under terminoìogy, pâgê 9/10 can

be a problem and it is suggested that this probìem might be avoided by using

more general names for the rocks. In Chapter 3, it is shown that the Mount

Mulgine greenstones are geneticaìly and compositionally similar and so the
use of general names is justifiable.

Some of the minerals that compose these rocks are difficult to tell
apart even with the opticaì microscope (the electron microprobe was used to
confirm many identifications - see Chapter 4). Their field identifications
would be even more uncertain and it is believed that this is part of the reason

why lithoìogicaì correlations between drill holes are not very good, rather
than because of facies changes.

The minerals identified in each of the 138 sample sections studied
are listed in Appendix 2. The chemical anaìyses of some of the minerals deter-
mined by the electron microprobe, are in Appendix 4.

Fifty seven rock samples (incìuding 5 sampìes of the Mount Mulgine

Granite) were prepared for whole rock and trace element analysis as described
in Appendix 3. The whole rock anaìyses and trace element data are also included
in Appendix 3.

The major element analyses were by X-ray fluo.rescence spectrography
(XRF) except for Na which was measured by flame photometry. Some of the trace
element data were obtained by XRF and others were obtained using atomic absorp-

tion spectrometry (AA). To check on the accuracy of the techniques, the ele-
ments Ba, Ni, Rb and Zn were determined by both XRF and AA in the first batch

of samples. Also, samp'les 276/102.05* and 259/84.35 whjch gave the lowest

totals were re-measured. Values obtained from both techniques generally agree

ffisthediamonddil1holenumberandthedepthinmetres(in this example, the sample is from DD¡'l ?76; 102.05 metres from the surface.
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reasonably and the repeat anaìyses of the above two sampìes show that the
reproducabijity of the XRF data is very good (see Appendix 3).

2.2 Sample selection

[,lith over sixty diamond drill cores averaging well over'100m each,
samp'ling can be a problem. It was decided at the beginning of this study,
to take samples systematically from only about '10 drill holes. The drilt
holes were selected so as to cover as much of the Trench area as possible, in
an even manner. The depth reached by the holes, their proxìmity to the ex-
posed intrusive rocks and the availability of assay and log data at the time
of sampling, were the other factors that were taken into consideration in
selecting drill cores for detailed sampìing. The drill hole location map

(Figure A-l) at the beginning of Appendix ì shows the holes from which most

of the samples were collected. In addition, the other drill cores from the

Trench area were examined in less detail and any rocks that showed "interesting"
mineraìization or some other unfamiliar feature(s) were aìso sampled.

Using the drill hole logs as a guide, samp'les v'rere selected from the

drill cores chosen such that each "d'ifferent" lithologicaì type from each drill
hole was represented. Lithological types were initially defined strictly
according to the drill hole log data and a sampìe was taken from each type,
although some "different" types appeared identical to the unaided (and perhaps

unfamiliarized?) eye. If rocks, supposed to be the same according to the logs,
ìooked different, a sampìe of each of the rocks was collected.

Since the interest in the rocks at Mount Mulgine is not just academic,

samples were finalìy selected if they also showed some mineralization. However,

since heaviìy mineralized rocks are not good representatives of the original
rocks, samples showing mineralization and rock-type samples were generally
separate.

2.3 The rock types

The rocks at Mount Mulgine fall into three distinct groups - green-

stones (meta-basalts) acidic rocks (granitoids) and banded iron formations (BIF).

According to the drill hole logs and the cross sections constructed from them,

all these rocks had been divided into as many as'fifteen lithological types.
The keys to the cross sections (e.g., Figure ì.4) show the basis that had been

used for the recognition of the lithological types during core logging.

It will be noticed that some of the lithologies are weathered or
altered equivaìents of other rocks while some of the others are minor varia-
tions of each other. It appeared to the writer that there v',as no firm and

unequivocal basis for the distinction of many of the lithologica'l types.

Further, it seems that dividing the rocks into the fifteen or so lithological
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types creates more problems than it solves. For example, the hole to hole
rock correlations on the cross sections are, sometimes, not good and this has

led to inferences of what appear to be an excessive number of facies changes

in such a smalì area. It is believed that at least part of the reason for the
poor correlations is that it is very difficult to consistently distinguish be-

tween the very similar lithoìogies.

Most of the lithologicaì types (as previously denoted on the cross
sections) were sampìed, analysed and studied in thin section. From the chemi-

cal and mineralogical compositions of the rocks (some of which are g'iven beìow)

coupled with conclusions (see page 37) drawn from trace element work presented

in the next chapter, it is proposed that for practical purposes, the rocks at
Mount Mulgine can be divided into the following six groups with the indicated
generaì names.

Greenstones

Acidi c

(
(
(

(
(
(

I . Tholei itic meta-basalts

2. High-Mg meta-basalts

3. Meta-rhyodacitic rocks

4. Granitic rocks.

5. Banded iron formations

6. Altered rocks.
BIF

The constitution of each of the first five groups wi'11 be given below.

The last group has been added to acconmodate any rock that ls so altered
(weathered or mineralized) that it cannot be confidently placed in any of the

first five groups.

2.3.1 Mount Mulgine greenstones

In this study, the greenstones at Mount Mu'lgine have been divided into
two groups - the tholeiitic meta-basalts and the high-Mg meta-basalts. This

division was based on the samples that were analysed whjch fall into two chemi-

cally distinct groups on the basis of their Ti and Mg contents. In Appendix 3,

the high-Mg meta-basalts have more than ll wt.%1490 and less than 0.95 wt.%

Ti0, while the tholeiitic meta-basalts have more than 0.75 wt.% Ti0, and ìess

than ll wt.% Ì490. Other chemical differences are in Table 2.1 which shows the

mean chemical compositions of the Mount Mulgine greenstones and also the com-

positions of typica'l rocks in each of the two groups. The more prominent

d'ifferences are higher Ti, Al, Fe, K, P, Y, Ba, Rb, Sr and Zr in the tholeiitic
meta-basaìts and higher Mg, Ca, Ni, Co, Pb, Sb, Sc, l,'l, As and Cr in the high-

Mg meta-basalts.

It should, perhaps, be reiterated that the names "tholeiitic meta-

basalt" and "high-Mg meta-basalt" are being used in a general sense. The



Table 2..l : Compositions of Mount Mul qine qreenstones

Thol ei i ti c
meta-basal ts

0xi des (wt. %)

si 02

ïi02
Al 203
Fer0r*
Mn0

Mgo

Ca0

Nar0

Kzo

Pzos

Total **

Loss on ignition

El ements ( ppm)

Ag
As
Ba
Be
Ce
Co
Cr
Cu
Ga

Li
Mo

Nb
Nd
Ni
Pb
Rb
Sb

5
88

159
12
ll
36

304
226

20
183

22
5

l0
86
49

600
95
4l
I

155
312
I I 2***

21

9l
67

Sc
Sn
Sr
V

l^J

Y

7n

*Total i ron as FerO,
**Total does not include loss on ignition

***A l4l value of 2190 ppm obtained for sampìe No. 259/30,90 was omitted in
the calculat'ion of the mean. l,'lhen this sample is included, the value
increases from lì2 ppm to 202 ppm; which is clearly deceptive.

Hi gh-Mg
meta-basaì ts

Typical tholeiitic
meta-basa'lt

Typical High-Mg
meta-basal t

(mean ) (mean ) 262/13s.0 268/1 3l .95

52.20

1.21

13.74

12.62

0.21

6. 95

8.22

0. 75

3.56

0.12

5ì.58
0.68

7 .15

t 0.90

0.24

14.95

11 .35

0.48

2.25

0.07

51.42

1.25

14.33

1 3.57

0. 2l

5 .69

9.05

0.12

3. 30

0.12

52.17

0.87

6.53

I 0.04

0.24

15 .06

12.72

0.32

1 .74

0.09

99.51 99.65 99.06 99.77

3.53 2.38 2.53 2.33

6
332

75
l3

7
57

2100
t48

12
217

9
3

l0
286

33
490
147

54
B

74
262
162

12
166
3l

212
165

20
160

36
6

t0
75

0
s56

90
37

5
250
348

50
l9

105
66

3
240
244

6
4

42

9
194

90
l5
l5
52

1620
215
l5

123
5
4

1t
257

9
34t
250
60
l0
8t

274
40

15 .9
146
497r
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high-Mg meta-basaìts, for exampìe, include rocks which, strictly, may not even

be meta-basalts. Another point that needs to be stressed is that the Mount

Mulgine greenstones (whether tholeiitic or high-Mg) are alì generally meta-

basaltic. They thus grade into each other and to emphasize this compìete

gradation, they are described together. This overlap will be more apparent'in
the discriminant diagrams in Chapter 3.

The tholeiitic meta-basalts form the ìargest group of rocks at Mount

Muìgine and the high-Mg meta-basaìt group is the second largest. Alì the rocks

that have been mapped as "meta-basalts", "meta-andesites", "meta-dacites" and

some "meta-pyroxenites (actinolite-chlorite schists)" belong to the tholeiitic
meta-basa'lt group. The rest of the "meta-pyroxenites", the "meta-olivine(l)
pyroxenites" and "phlogopite schists" belong to the high-Mg meta-basalt group.

The mineralogica'l differences between the tholeiitic meta-basalts and

high-Mg meta-basa'lts, like the chemical differences that determined them, are

mainìy differences in abundance or in proport'ions of the minerals. The possibìe

except'ions among the fol'low'ing minerals are chlorite and magnetite which were

observed in the Al-Fe-rich tholeiitic meta-basalts but usually not in the h'igh-

Mg meta-basalts. The main mineraìs that make up the greenstones studied
are quartz, actinolite, hornblende, biotite, chlorite, epidote, plagioc'lase,

K-feldspar, sphene, tremo'lite, phlogopite, talc, pyroxenes, muscovjte, sericite,
magnetite, pyrite, chaìcopyrite and pyrrhotite. Fluorite and carbonates are

often present and may be locally abundant. The minor m'inerals Ínclude apatite,
garnets, altered olivine, chrysot'ile and numerous opaque minerals, generally
believed to be part of the mineralization. A more compìete list of the minerals

that occur at Mount Mulgine is given as Table 4.1.

The high-Mg meta-basalts are mainly composed of tremolite, phlogopite,

talc and pyroxenes. The type of pyroxene determined in this study is diopside

but other pyroxenes have been reported (see Chapter 4). The tholeiitic meta-

basal ts are ch'iefly composed of act'inol i te or hornbl ende , epi dote , chl ori te,
biotite and accessory magnetite. Quartz is more common in the tholeiitic meta-

basalts than in the high-Mg meta-basalts.

An attempt to list the mineral associations or assembìages in the

greenstones led to the conclusion that a'lmost any of the above minerals may

occur together. Rather than presenting a long list of combinations of the above

mineraìs, it was decided to list all the minerals that were identified in each

of the samp'le sections that were studied. The mineral lists are the contents

of Appendix 2. From this Appendix, it will be noted that some rocks are com-

posed of only a few minerals (some are essentialìy monomineralic) whjle others

may be composed of as many as a dozen or more minerals. The abundance (volume

percent of the rock) of each of the main mineràìs varies from zero to the
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amounts indicated below - all visual estimates.

actinolite and/or hornblende

bi oti te
carbonates

Chl ori te
pyroxene

epi dote

magneti te
muscovi te

K-fel dspar

phl ogopi te
quartz

tal c
tremol i te
fl uori te
seri ci te

0-95%

0-70%

0-50%

0-40%

0-50%

0-60%

0-s5%

0-20%

0-10%

0-8s%

0-60%

0-40%

0-90%

0- 5%

0-50%

The extrusive nature of the Mount Muìgine greenstones is not in doubt

because they are generaìly fine-grained (grain size less than I mm). Indi-
vidual mineraìs, notably amphiboles, ffiôy have medium- or coarse-grained crys-
tals. As their name imp'lies, the rocks are generaììy green; the type of green

depending on the nature and relative abundance of the constituent minerals.
The high-Mg meta-basalts are very ìight green while the tholeiitic meta-basalts
may be very dark green or even bl ue because of the abundance of green-bì ue

amphiboìes. The dominant coloured amphiboles are magnesio hornblende (see

Chapter 4) and actinolite. Rocks with appreciable amounts of epidote are
yellowish and those contain'ing appreciable amounts of b'iotite rnay be brownish.

Banding is a strong feature in some of the greenstones, especiaììy
the tholeiitic ones. In the majority of cases, banding is believed to be due

to original compositional ìayering. It is so welì displayed, in some rocks,
that it is taken as evidence that at least some of these rocks were deposited

in water (Pìate 2.lA). The bands are defjned by the presence or absence of
certain minera'ls and not by mineral grain size sorting. More often than not,
biotite is involved in the banding¡ being abundant Ín some bands and hardìy
appearing in others.

Some greenstones are strongìy schistose. If such rocks are also

banded, the schistosity is usually parallel to the banding. The greenstones

dispìay a variety of textures. Porphyroblastic texture (Pìate 2.lB) is common,

espec'iaì'ly'in the high-Mg meta-basalts in which tremoìite and pyrite porphyro-

blasts are in a groundmass of fine talc and (sometimes) tlne quartz. Colloform
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texture (pìate 2.lC) was also observed in the high-Mg meta-basalts rocks as

well as in the tholeiitic meta-basalts but it is relatively rare. Greenstones

that have suffered static-style metamorphism usually display some relict tex-
ture, with no mineral aìignment (plate 2.34) while those, especiatty the
tholeiitic members, from dynamic-style domains have relict flow textures.

2.3.2 Meta-rhyodacitic rocks

There are some rocks at Mount Mulgine which are generally intermediate
between the greenstones and the granitic rocks, both in their physicaì appear-

ance and in some of their chemical parameters. These rocks are here described
as meta-rhyodacitic rocks and they comprise a group which includes the rocks

that have been mapped as "meta-rhyolites" and "meta-rhyodacites".

Two meta-rhyodacitic rock samples u,ere ana'lysed and their compositions
are reproduced in Table 2.2. The Table also contains average compositions of
basalts, rhyodacites and granites from the literature for comparison purposes.

Comparisons with unaltered rocks have to be done cautiousìy, because as shown

in the next chapter, there has been movement of the major elements in the rocks

at Mount Muìgine but even with this in mind, it is clear that the meta-

rhyodacitic rocks are unlikeìy to have been basalts or granites (rhyolites).
They are on one hand, too rich in Si and too poor ìn Ca and Mg to be meta-

basalts; while on the other hand, they are too low in Ca and Si, and too rich
in Fe and Mg to be granitic.

The present chemical composition of sample 274/154.5 is closest to
that of anhyodacitebut the compositjon of sampìe 276/128.0 is closer to that
of an andesite. In the diagrams in Chapter 3, the latter sampìe was included
among the tholeiìt,ic rocks and the former u,as grouped with the acidic (granitic)
rocks.

The meta-rhyodacitic rocks are essentialìy composed of quartz (up to
60%) and muscovite (up to 40% of the rock). Biotite, ch]orite, fluorite,
pyrite and ìess commonly sphalerite, are usualìy present and may take up to
30% of the rock volume. Other minerals may occur in minor or trace amounts.

The above percentages are all visual estimates.

The rocks are usually very fine-grained and grey in colour when fresh.
Clusters of biotite flakes may give them a spotted appearance. Their texture
is usually granuloblastic. Apparently, the meta-rhyodacitic rocks "tarnish"
relatively rapidìy to a yellowish-brown to light green colour. The ìight green

colour is presumabìy due to altered musvovite which has been called damourite

by l,Jhittìe (1977, .l978). 
The porosity of these rocks was/is probably high

(some were possibìy tuffs originatly, according to the cross sections (e.g.,
Figure 1.4). This would explain why the rocks get altered rapidly when exposed



Table 2.2 : Com sition of Mount Mul inê meta- dacitic rocks
with that of rhvodacites . qraniteS and basalts.

Sampìe No.

Oxi des (wt.%)

si 02

ri02
Al 203
Fer0r*
Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total **

Loss on ignit'ion

El ements ( ppm)

Ag
As
Ba
Be
Ce
Co
Cr
Cu
Ga

Li
Mo

Nb
Nd
Ni
Pb
Rb
Sb
Sc
Sn
Sr
V

ht

Y

7n
Zr

red

Data from Le Maitre (1976)

meta-rhyodaci ti c rhyodaci te gran i te basal t
276/128.00 274/154.s

62.02

,1 .28

15 .86

1.¡.25

0.t3
4.14

0.53

0.17

4.48

0.1 I

0

l6
5

0

2

0

0

6

0

.08

.07

.30

.37

.18

.70

.20

37

67.30

.65

65 .55

0.60

15. 04

4.16

0.09

2.09

3.62

3.67

3. 00

0.25

7l .30

0. 3l

14.32

2.85

0.05

0. 7l

I .84

3.68

4.07

0.12

49.20

I .84

15.74

10.92

0. 20

6.73

9.47

2.91

l.t0
0. 35

99.95 99.22 98.07 99.25 98. 46

4.02 3.64 1.72 0.82 I .49

4
8

107
9

l3
38

137
250

24
195

7
3

tl
88

9
658

20
42
l0
l4

377
80
13
85
67

2
'12

693
l3
80

8
85

250
23

296
9

7

34
17
33

896
l0
l0

5
80
92
60

7
68

t30

*Total iron as FetOt **Does not include loss on ignition.
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to weathering agents. It would also explain why some of these rocks are some-
times heaviìy mineralized.

2.3.3 Granitic rocks

This group of rocks comprises all the lithologies that have been
mapped as "microgranites", "quartz porphyry,' and "greisens". The granitic
rocks are very important not onìy because they are hosts to scheelite minerali-
zation in the Hiìl deposit but also because they (or their differentiates)
must be considered a potential source of W and other anomalously high trace
elements in the rocks at Mount Muìgine.

Since this study was mainìy concerned with the Trench deposit, the
Mount Mulgine Granite itself was just outside the study area; but because of
its proximity and postulated importance with regard to the genesis of the
deposits., a few samples of the granite were collected for anaìysis. The geoìogy,
geochemistry and genesis of the granite have been described in some detaiì by
Collins (1975).

Ana'lyses of granitic rocks (greisens) from the Trench area and of
"granites" from Mount Muìgine itself are given in Table 2.3, more analyses of
such rocks are in Appendix 3. There is no significant difference between the
analyses and this, plus the fact that the rocks occur close to each other,
impìies that the Mount Mulgine Granite and the granitic rocks in the Trench
area may have the same origin. This supports the general view held by most
previous workers that the greisens in the Trench sequence are sjìls which are
off-shoots of a granite at depth that is possibìy continuous with the Mount
Mulgine Granite. However, there is also a view (A.D. Gibbs, pers. corm.).
that the granitic rocks in the Trench may, like the other members of the Trench
sequence, be volcanic in origin - that they could have been originaìly rhyolites.
ThÍs view, in the ìight of the fact that the greisens are interlayered with the
greenstones and the other rocks in the Trench area, seems reasonable but it
overlooks two important facts. Firstly, most evidence points to the fact that
the Mount Mu'lgine Granite, which is cìearìy intrusive, is related to the
greisens (in fact the greisens may be part of the Granite) and secondìy, and
perhaps more important, it is unusual to find acidic and some basíc to ultra-
basic rocks'repeatedly interlayered with each other with hardly any intermediate
members; unless there were several vents tapping different magmatic chambers.

It is, therefore, reasonable to conclude that the granitic rocks are
not co-magmatic with the volcanic rocks at Mount Mulgine and further, that
they were not volcanics originally. The latter point is clear from the first
three discriminant diagrams in Chapter 3. In these diagrams, the granitic rocks
generally plot outside the delineated fields for volcanic rocks. l,Ihere they do

plot in these fields, they do not consistent'ly plot in any one fieìd'impìying



Table 2.3 : Compositions of Granitic Rocks from Mount Mul qi ne

Sampìe No.

Oxi des (wt.%)

si02
Ti 02

At 203
Fer0r*

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total **

Loss on ignition

El ements ( ppm)

Ag
As

^ (XRF
ou( 

RR

Be
Ce
Co
Cr
Cu
Ga

Li
Mo

Nb
Nd
.,. (xnrnt( 

RR

Pb

*o 
[ 

*ll
Sb

Sn
Sr
V

t¡l

Y

Sc

7n

Zr

XRF
M

(
(

*Total i ron as FerO,
**Does not i ncì ude I oss on i gn'i ti on .

Trench deposit Hill deposit

259/1 3s. I 0 ?52/1 38.67 268/106.70 .l85/n49
10/'\'120

72.?7

0. 37

15.23

3.86

0.06

1.22

1.20

0.23

5.25

0. t4

80. 76

0.03

I 3.03

I .65

0.04

0.l l
0.6 3

0.56

3.17

0.01

70.76

0.29

t5.38
2.75

0. 05

I .18

2.'t6
2.62

4.80

0.1I

74.66

0.22

13.34

I .89

0. 04

0.36

1.47

4.00

3. 60

0.08

79. 00

0.14

I 4.01

1.22

.00

.31

.71

.19

.42

0

0

0

0

4

0 .02

99. 84 99.99 100. I 0 99.65 I 00.02

3. 70 2.27 2.52 1.22 2.26

3
209
556
580

9
58
il

200
85
23

490
12
I

24
ì0
1l

4
683
760

25
6

l0
<5
5B

280
4

45
49

ì50

2
25
76
60

7
ìl

4
240
168
l9
23
94
28
I

22
23
41

254
290

40
4

<5
45

7
ì0
il
3t
32
50

9
129

1220
1240

9
72

7
244
208

24
136

8
8

24
l0

7

tlt
536
560.l95

6
l0

203
53

120
5

65
72

t54

4
47

0
213
l4
l8
33

3
8

l4
9

46
211

133

<5
3

<5
200

21
<10

5
50

0.5
I

875

5
l5

0
179
129
23
68

7
17

6
4

7
435

86

I
5

326

55
4

<5
l6
25
40

6
26
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that their presence within these fields is onìy incidenta'l (compare Figures 3.2,
3.3 and 3.4)

The granitic rocks in the Trench area are essentiaìly composed of
quartz and muscovite. In sections 264/103.10 and 264/145 onìy these two

minerals v'Jere observed. Quartz occupies from 0-90% and muscovite from 10-90%

of the granitic rocks. In other samp'les additional minerals were observed.
Plagioclase feldspar may make up to 20% of the rock and K-fel'dspar, which is
more common, may take up to 30% of the rock vo'lume. Biotite or phlogopite is
often present as well as fluorite and minor quantities of chlorite and sphene.

Garnet and apatite may also be present. In sampìe 88/64 (from the Hill deposit)
apatite occupies about 10% of the rock and the rest is muscovite with trace
fluorite. The opaque minerals generally constitute less than 2 volume percent

of the granitic rocks, and include pyrite, molybdenite, sphaìerite, pyrrhotite,
chalcopyrite, chaìcocite, tetrahedrite, rutile and ilmenite. Trace scheelite
was observed in one or two sampìes.

The acid rocks are leucocratic and fine- to medium-grained. Some have

a schistose appearance ("f'luxion structured" according to l^,hittìe, 1977,1978)
due to the alignment of muscovite flakes. The muscovite flakes are sometimes

wrapped around quartz megacrysts or quartz pockets. In most cases, the musco-

vite appears later than quartz. Under the microscope, the texture is granitic
(granu'lar) but in some samples it is porphyroblastic with quartz megacrysts in
a groundmass of very fine muscovite (sericite) and fine quartz.

The "granite" samples from the Hil'l deposit have the same m'inera'logy

as the Trench greisens, the onìy difference being that they have more feldspars
at the expense of quartz and muscovite, i.ê., they are not as greisenised as

the Trench "microgranites". Also, they contain ilmenite which was not observed

in the Trench greisens and some of the muscovite has cìear'ly replaced biotite.

The main aim of collecting samples of the Mount Mu'lgine Granite was to
find out what type of granite it is. If the granite classification scheme pro-
posed by Chappell and l^lhite (1974) is applicable to altered Archaean granitic
rocks, then those at Mount Muìgine would be mainly S-type. Sampìe ì85/n49,
however, would be l-type. Since most of the samples anaìysed are greisens and

the greisenization process involves a breakdown of plagioclase and subsequent

loss of Na and Ca, the abundances of which are crucial to the classification
scheme of Chappelt and tlhite (1974), it is ìikely that all the granitic rocks

at Mount Nütgine were original'ly l-type granites which have since developed an

S-type character through alteration. This would agree with Collins' (1975)

thesis that the Mount Muìgine Granite formed from "pre-existing granitoid or
gneissic rocks" and aìso with the fact that the granite is associated with W

and Mo mineralization. Tin mineralizatjon usualìy occurs associated with S-type



Plate 2. lA

P'late 2. I B

Plate 2.lC

Strong banding in a quartz-veined phìogopite-epidote-tremo'lite
schist, believed to be due to originaì compositional layering.
Such layering implies deposition in water. The black streaks
are iron staining due to solution actìvity. Note that the
grain size (best illustrated by opaques) increases downwards

(arrow).

Sample No. 264/67.75, transmitted I ight.

A tremolite-talc schist showing porphyroblastic texture. The

porphyroblasts are euhedral tremolite and pyrite (opaque). The

groundmass is main'ly taìc.
Sample No. 259/123.32, transmÍtted lìght.

Colloform texture. The fine laminations are composed of cherty
silica. The opaques at the base of the laminations are fram-
boidal pyrite grains. The white mineral on the other side of
the opaques is quartz. The white substance in the centre and

lower left hand corner is the mounting medium or the microscope
glass sìide.
Sample No. 268/50.34, transmitted light.
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Plate 2.2A

Plate 2.28

Plate 2.2C

Banding in a banded iron formation.
Sample No. 276/88.25, transmitted ìight.

MRB = Microband ((ì rrn wide)
LB = Large band (= 3 mm wide)

MsB = Mesoband (> 5 run w.ide).

Quartz vein illustrating the relative coarseness of minerals
found in the ve;in compared to other minerals in the rock.
Sampìe No. 276/124.85, transmitted light.

Ac = actinol ite
Py = pyrite

"Meandering-type" (tolde¿) quartz veins. The veins were

fractured during folding and the paralìel fractures are
generaìly perpendicular to the main line of stress (arrows).
Greenish mica (damourite?) was forced into the fractures.
Sampìe No. 251/139.4, transmitted light.
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Plate 2.34

Plate 2.38

Blastoporphyritic (relict) texture - coarse largely altered
amphiboìe megacrysts can still be seen in a groundmass

of fine talc and quartz.
Sampìe No. 252/50.20. Transmitted light, crossed poìars.

Complex veining illustrated by a collection of half-cores
from different drill holes.
The half-cores are from DDM 259,275 and 3.l3.
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granites (Chappell and t^lhite,1974), and there is very little Sn at Mount

Mu'lgine. Collins (.1975) also found both S- and I-type granites at Mount

Mulgine and inferred that the S-type (a muscovite granite) was aìso l-type
because it appeared to have formed from the residual liquids of the l-type
(a muscovite-biotite granite). Perhaps the muscovite granite is just an

alteration equivalent of the muscovite-biotite granite.

2.3.4 Banded iron formations (gtfs)

The banded iron formations constitute a relativeìy small but promi-

nent group of rocks at Mount Mulgine. They form the main stratigraphic marker

horizons and, together with the granitic rocks, are the only rocks that were

observed exposed in the Trench area. Faults at Mount Muìgine have been inferred
from the discontinuity of BIF beds on the surface.

Two BIFs were analysed and their compositions are reproduced in
Table 2.4. Mineralog'icalìy, they are essentially composed of magnetite and

quartz (each of these minerals may constitute up to about 50 volume percent of
the rock). Other minerals including amphiboles, sphene, chlorite, biotite,
epidote, carbonates, pyrite and chaìcopyrite are usual'ly present. Garnets

have also been reported (l^lhittle 1977, 1978).

The BIFs were originaìly chemical sediments and although they now

appear to have been comp'letely recrystallized during metamorphism, they retain
initial bedding. The bedding is defined by layers of magnetite or quartz
grains giving the BIFs a strongly banded appearance (p'late 2.2A). In those

rocks in which banding is weìl dispìayed, three types of bands can often be

distinguished as labelled in Plate 2.2A. Large bands (LB) would be about 3 mm

across and are predominantìy composed of either quartz or magnetite (where one

mineraì dominates, the other is subordinate). Larger bands, here called meso-

bands (¡ls g) also occur and are at least 5 rrn across. The mesobands are compo-

site bands of large bands and microbands (Mng) and usualìy contain bands of
other mineralS, ê.9., biotite. Finally, there are microbands which are less

than I mm across and are composed of magnetite.

According to Whittte (1977,1978) the BIFs are of the type which form

in a volc4nogen'ic environment by the alternating chemicaì precipitation of
exhalative silica and iron oxides and the accumulation of clastic micaceous

detritus. The microcrystatline cherty silica was converted (recrystallized)
to fine-grained granuloblastic quartz intergrowths.

2.4 Veininq within the rocks

Veining is a very conspìcuous feature in all the rocks at Mount Muìgine.

By far the vast majority of the veins are quartz veins.'In thin section under



Table 2.4 : Compositions of Mount Mulgine BIFs

Sampìe No.
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the microscope, it is cìear that other minerals aiso form veins. Carbonate

adularia, fìuorite, pJrite, chìorite, pyroxene, muscovite, sphene, sphaìerite,
and sericite veins have all been observed. In each of these veins, the
mineral after which the vein is named occurs either alone or with relatively
minor quantities of other mineraìs.

The minerals in the veins or along the vein margins are usualìy coarser
than those in the enclosing rocks and relative'ly fresh ìooking (plate 2.28).
This is believed to be either due to recrystallization or to later crystaìliza-
tion from the siliceous fluids that gave rise to the veins. With the exception

of quartz veins, all the other veins are small; the widest among them would be

about 0.5 nun across. The quartz veins observed have widths of up to about half
a metre. The folìowing remarks, some of which are generalìy true for al'l veins,
refer specificalìy to quartz veins.

In welì mineralized sections, veining averages about 15-20% of the total
rock volume (Middleton, 1979) and the amount of veining is generally propor-

tional to lrl and Mo mineralization. The smaller veins, which generalìy occur

further away from the intrusive rocks, carry more scheeljte while the larger
veins, which are often closer to the intrusions, carry more molybdenite. This

distribution of scheelite and molybdenite may be due to physico-chemical fac-
tors (e.g., the fact that l,l tends to form oxides while Mo usualìy forms sul-
phides, or the availability or activity of elements such as Ca) but in Chapter 5

it is suggested that this zoning may be due to the minerals forming at different
times.

As Plate 2.38 attempts to show, the veins can have a wide variety of
attitudes and relationships to one another, so the veining is somet'imes complex.

The majority of the veins are concordant with the schistosity or banding. 0thers

are clear'ly transgressive and others have pinch and swell (boudinage-type)

structures. Pyrite is often concentrated or deposited at the necks of the

"boudins". The complexity of the veining in the rocks at Mount Mulgine is
believed to be partly due to different generations of veins superimposed on

one another as well as being due to folding.

The, "meandering" form of some veins may be due to folding; i.e., the

"meanders" may, in fact, be miniature folds; results of compression. In

sample 251/139.4, there is evidence that this is the case because quartz in

the "meandering" veins is fractured and the fractures are generalìy paraììel
to each other and roughly perpendicular to what wouìd have been the ma'in direc-
tion of stress (Plate 2.?C).

Some of the larger veins have "xenoliths" of the host rocks within them;

and this makes it appear as if some of the host rocks were assimilated within
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the larger veins.

The reìationship of the veins and mineralizatÍon has alréady been

mentioned. Not all veins are mineraìized, however, and some are clearly
barren even when the host rocks are mineralized. This is thought to be due

to different generations of veins.

tlhittle (1978) observed that in DD70, at a depth of approximateìy 140m,

the epigenetic quartz-pyrite veins contain more rarer element-bearing phases

(e.g., fluorite, occasional tourmaline and scheelite) and that below this
depth, the veins rapidly merge with the "fluxion-structured" greisens. He con-

cìuded that the veins and greisens merge into a hidden cupola below and to the

west of DDM70.

2.5 Metamorphism and hydrothermal alteratìon

2.5 .1 Metamorphi sm

The rocks at Mount Mulgine have suffered dynamothermal meta-

morphism and they reached medium grade. Atthough cordierite and staurolite
(the positive indicators of medium grade metamorphism, l^linkler, 1979) were not
observed and have not been reported, the presence of hornblende and calcic
p'lagioclase (An >ZO, Coìlins,1975) indicate that medium grade (the equivalent
of amphibolite facies) metamorphism was attained. The absence of cordierite
and staurolite is most probabìy due to inappropriate bulk composÍtion of the

rocks (these rocks are not aluminous enough). The presence of cl'inopyroxene
(diopside) and forsterite would also indicate at least medium grade metamor-

phism (l,Jinkìer, 1979, p.82). Diopside and altered forsterite which were

observed in some of the more Mg-rich rocks (see Chapter 4) are considered to
be originaì constituents of the rocks and not products of metamorph'ism. This

is because altered forsterite was observed in one sampìe 22/65.15, which is of
an ultramafic (in which forsterite would have been one of the predominant

original constituents) and a'lso because metamorphìc reactìons that result in
the formatjon of diopside (e.g., see Winkler,1979, p.165-.166., Spear, l98l)
take place at temperatures much higher than those that appear to have prevai'led

at Mount Muìgine during metamorphism (see below). Hence the altered forsterite
and diopside cannot be used as indicators of metamorphic grade in this case.

The conditions, of metamorphism were estimated from mineral
assemblages and compositions but they remain tentative because of uncertainty
about whether some of the minerals are primary* or secondary* and about the
possibility that some of the minerals used, although primary, ffâV have formed

after metamorphism. The peak metamorphic temperature is estimated to have been

about 500oC (less than 550oC almost certainly) for the following reasons:

*see page 9/l 0 for ',def,ini ti ons" .
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a) Chrysotile was observed in some of the rocks. According to
Deer et al, (t980), serpentine minerals cannot form above 500oC.

b) The presence of chlorite in contact with quartz and the absence

of cordierite indicates the temperature did not exceed 550oC, assuming a 5 kb

pressure or 500oC at 2 kb (Fawcett and Yoder,.l966). otherwise the folìowing
reaction would have taken place:

chlorite + quartz + ¿¿1c + cordierite + vapour

c)* The mean temperature for sulphur isotope fractionation between co-
existing pyrite-pyrrhotite pairs is about 505oC (see Chapter 6).

d)* Ttre maximum indicated temperature, from fluid inclusion studies
(Chapter 5) assuming a pressure of 2 kb at the time of fluid entrapment is
about 500oC.

e) Finally, and perhaps even more important, no singìe line of evidence

was found to suggest that the temperature would have exceeded 550oC.

The estimated peak metamorphic temperature is in contrast with
that est'imated by Colìins (1975). He states (p.108) that the maximum tenpera-
ture during reg'iona1 metamorphism "was slightìy greater than 650oC, perhaps

about 6750C." But at temperatures of about 580oC (depending on the pressure),
muscovite wouìd react with quartz, in the presence of plagioclase, to give

K-feldspar, vapour and an AlZSi0U mineral (and this would indicate the beginning

of high grade metamorphism, hlinkìer, t979). If Coll ins' estimate is coryect,
then all the muscovite in contact with quartz would have to be secondary.

Collins'evidence for his temperature estimate is not clear to the writer. 0n

page 49, he states "The occurrence of epidote and clinozoisite in the meta-

dolerite and their absence (emphasis, mine) in the amphibolites suggests that
the breakdown of epidote can be used to place limits on the temperature-pressure
condit'ions of the metamorphism. The temperature of the metamorphism is around

700oC and rock'pressures of the order of 6 to I kilobars are indicated for the
breakdown of epidote in similar rocks of the t^liììyama Complex (Binns, 1964)".

Epidote is a very common mineral in the amphibolites at Mount Muìgine
(Chapter 4) and its "breakdown" was not recognized in this study.

The pressure of metamorphism was estimated by sphaìerite
geobarometry (Chapter 6) and tire Sit4 content of phengitic muscovites
(Chapter 5).'Although these methods have their limitations, a minimum

pressure of 2 kb, indicated by both methods, is considered reasonable. 0n

the other extreme, the pressure is unlikeìy to have exceeded about 4 kb.

*Mineralization is considered to have been essentially contemporaneous
with metamorphism (see "ore genesis" in Chapter 7).



23.

It has long been known that the composition of amphiboles,

although primarily dependent on bulk rock chemistry, is aìso dependent on

metamorphic grade (e.g., Leake, I 965. , Binns, ì969. , Spear, I 981 ). Since

amphiboles may occur in rocks of ìow, medium or high metamorphic grade,

attempts have been made to use amphiboìe composition as an indicator of the

grade of metamorphism.

For proper identification of the type of amphiboles that occur

at Mount Muìgine, a few electron microprobe analyses of the amphiboles had

been performed (see Chapter 4). It was decided to use the limited data that
had thus been obtained to check on the grade and conditions of metamorphism

stated above.

Figures 2.1 and 2.2 confirm that the Mount Mulgine rocks reached

the amphibolite facies (lower amphibolite facies, according to Figure 2.2).
Such diagrams, however, have an inherent uncertainty, mainìy due to the fact
that it is difficuìt to distinguish the effects of bulk rock composition from

those of metamorphism, on the hornblende composition. This can be done through

experimental work similar to that of Spear (lgel), who inyestigated the varia-
bility of hornblende composition with temperature (T) pressure (P) and oxygen

fugicitt 1fO2) in a rock of single bulk composition.

From Spear's (.l981) diagrams, the elements in hornblende which

show the greatest variation with T, P and fO^ (beìow about 700oC and 3 kb) are

Na, Ti, K and Al. These elements are theref6re, the most useful in determining

these parameters. Their cation proportions (except K) have been used on

Spear's (lg8l) Figures 3, 4 and 5, parts of which are reproduced here as

Figures 2.3,2.4 and 2.5 respectively. The cation proportions of Al, Na and

Ti in the hornblendes analysed (see Appendix 4) vary from l.l3 to 1.48 for Al,
from 0..l9 to 0.28 for Na and from 0.04 to 0.06 for Ti. l,'lhen these values are

applied to Figures 2.3,2.4 and 2.5, the conditions under which the hornblende

formed are as follows:

Temperature : about 545 - üzo} (using Na values)
and 550 - 6l0oC (using Ti values)

Pressure : the maximum pressure was 3.9 kb.

.0xygen 
fugacity : Log fO, varied from -.l1.4 to -10.0.

The pressure is within the range previous'ly estimated but the

temperatures are s'lightìy on the high side. There ar€ two main reasons why

the conditions thus obtained would not be expected to agree closely with those

previously estimated. Firstly, there is evidence (see below and Chapter 3)

that most elements at Mount Mulgine have been mobi'le. Secondly, and even more



Fiqure 2. l

Figure 2.2

Titanium and Na and K in amphiboles (in formula units).

I - area of granulite facies.
II - area of amphibolite facies.
III - area of regressiveìy altered amphiboles (from the

amphibolite facies).
(After Zakrutkin and Grigorenko, 1967).

Frequency histograms of Ti content in aluminous hornblendes

from meta-basic rocks, grouped according to metamorphic

grade.

- epidote amphibolite facies
- lower amphibolite facies
- higher amphibolíte facies
- granulite facies.

(Atter Binns, l9 )
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Figure 2.4

Sodium and Ti cation proportions of amphibole synthesized
directly from basaìt, pìotted as a function of temperature
of experiment.

Pfrrio = 3 kb,

Quartz-fayalite-magnetite (QFM) buffer.
(Atter Spear, l98l).

Titanium cation proportions of amphiboles synthesized
directly from basalt plotted against tog fO, of
formati on.

T = 7500C

P'uiO = 3 kb

(After Spear, 1981).
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important, the bulk rock chemistry and the conditions under which Spear's
(.l98t) experiments were conducted are unlikely to have been naturaììy dupìi-
cated at Mount Mulgine. Differences in these variables pìus experimental

uncertainty (see Spear, l98t) are enough to expìain any such discrepancies.
Hence, it can be generally stated that the hornblende composition is consis-
tent with the grade and conditions of metamorphism as previousìy estimated.

Metamorphism was due to both heat and stress and the latter.
resulted in some rocks becoming strongìy sch'istose. In areas of low strain,
the rocks are more massive and retain relict textures of some presumably

primary minerals (see Plate 2.34).

Retrograde metamorphism has also affected the rocks and this is
indicated by the abundant epidote after plagioclase, chìorite after bíotite
and actinolite and hornblende after pyroxene.

2.5 .2 Hydrothe rmal alteration (K-metasomation)

Superimposed on both the prograde and retrograde metamorphic

changes, there has been extensive hydrothermal alteration, the main effects
of which were mineralizationincluding carbonit'ization and K-metasomatism of
the rocks.

When the chemical compositions of the Mount Muìg'ine greenstones

are compared with those of similar rocks from other areas (see Table 3.1) ttre

most striking difference is that the Mount Mulgine rocks are extremeìy rich
in K. This is due to K-metasomatism which resulted in intense phìogopitiza-

tion. The very low Na values have resulted from the same process.

Fluid inclusion leach analyses (see Table 5..l) show that the

metasomatizÍng K-rich fluids were also rich in F, Mg and Fe as well as Ca and

Na, and the presence of stilbite in cavities (Chapter 4) implies that Al must

have also been present, although it was not detected in the fluid inclusion
leaches. The extensive phlogopitization that resulted from the hydrothermal

alteration is thus understandable.

Although relatively uncommon, volcanic rocks in which there is
an enrichment of K at the expense of Na have been reported. l^lilson (1970)

found sapphirine-bearing pyroxenites in the Quairading area of l,l. Australia
with considerably more K than Na. Scott (1966) made similar observations in

the Tertiary ignimbrite sheets of east-central Nevada. Both authors attributed
the high K values and low Na values to K-metasomatism.

The relationship is believed to be due to an alkali ion exchange

in which, under the correct conditions, a permeating K-rich aqueous solution
causes the exchange of Na for K in the plagioclase lattice, resulting in the



Fiqure 2.5

Figure 2.6

Aluminium cation proportions of amphiboìes synthesized
directly from basalt plotted against Pttrid of
formati on .

| = 7000C

QFM buffer.

(After Spear, l98t).

The Mount Mulgine rocks are very enriched in Rb and K

and this is believed to be due to the same metasomatic

process (see text).
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expulsion of Na. 0rville (ì963) demonstrated experimentaìly that this exchange

can take pìace. However, there is no significant comeìation between K and Na

values at Mount Mulgine.

Normal weathering may be responsible for the removal of Na and,

in the Mount Mulgine case, Ca also. Typical weathering products such as

carbonates indicate that weathering has been operative in these rocks.

K-metasomatism may aìso explain why the rocks at Mount Mulgine

are also rich in Rb. The Rb values are at ìeast an order of magnitude higher
than would be expected in such rocks. Figure 2.6 is a pìot of Rb against KrO.

The correìation coefficient is 0.8274 for the sample points plotted and it can

be generaì'ly stated that Rb is proportional to K. The two elements are chemi-

calìy similar and it is believed that the same process was responsible for
their enrichment. Potassium and Rb vaìues general'ly increase with depth and

this is consistent with the hydrothermal flu'ids being associated with or
derived from the inferred granite at depth. The increase'in K and Rb with
depth may aìso be due to surface leaching and ideally, the variation of these

elements with lateral distance from the granite would be more jnformative

about whether the K-Rb-rich solutions were associated with the granite.
However, the lateral distance from the granite is difficult to determÍne when

the lateral extent of the granite itself is unknown.
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CHAPTER 3: TRACE ELEMENT GEOCHEMISTRY AND THE ORIGINAL NATURE OF THE ROCKS

3. I Introduction

Prograde and, later, retrograde metamorphism coupìed with hydro-
thermal alteration (see Chapter 2) and mineralization, have modified the

original rock compositions at Mount Mu]gine¡ so much so that it is now very
difficuìt to tell the original nature of the rocks. Primary mineralogies and

textures have generaìly been destroyed and there has been movement of the

major elements during the above processes. This is apparent when the whole

rock analysis data (Appendix 3) are compared with anaìyses of other similar
Archaean rocks in the literature (see Table 3..|). For exampìe, comparing

the Mount Mulgine greenstones with other Archaean greenstones from t,'lestern

Australia (e.9., Hallberg and Williams,1972) and also with Archaean green-

stones from the Canadian shield (e.9., lrlilson et a1, ì965) it is clear that
the foìlowing major element movements must have taken place at Mount Muìgine:

K, Mg, Fe, S'i and possibly Mn were added whiìe Na, Al, Ca and P were removed

from the Mount Muìgine greenstones. It is only Ti which seems to have been

relativeìy immobi le.

Thus whole rock major element geochemistry aìone cannot be confi-
dently used in attempting to determine the former identities of the rocks.

l,lith such altered rocks, whole rock trace element work can supply'information
not onìy about their origìnal identities, but also about their environment(s)

of formation (see below). It was with this in mind that the concentratìons
of Ba, Cê, Ga, Nb, Nd, R.b, Sc, SF, Y and Zr were measured and this chapter

concerns itself mainly with discussion'of the implications of these trace
element data. .Many other trace elements were analysed in order to determine

their abundance and/or variations with depth, rock type etc. These other
trace elements are discussed elsewhere in the thesis. In a11,25 trace ele-
ments were analysed for in 57 rock samples the analyses are listed in
Appendix 3. Average concentrations of the elements in the various groups of
rocks are in the Tables in Chapter 2.

3.2 Generaì considerations

Much of the modern understanding of Archaean geology has been through

the chemistry of the rocks and most workers dealing with Archaean rocks have

adopted the geochemical approach (e.g., Hart et al,1970¡ Jahn et al,1973;
Condie, .l976; 

Sun and Nesbitt, .l977). 
Consequently there is now a considerab'le

amount of Archaean geochemical data (e.g., see Windley and Naqvi, 1978).

In the last decade the use of minor and trace element geochemistry

in the study of volcanic rocks has been well established as a tool for dis-
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criminating between parent magma types and a'lso between different tectonic
regimes (Pearce and Cann, 

.l97'l , .l973; Floyd and Winchester, 1975; l,ljnchester
and Floyd,1977; Pearce, 1980). The elements most corrnonly used are Ti, Zt,
Y, Nb, Gô, Ce and Sc and some major elements (notab'ly Si, K and P). Based on

the abundances of these elements in known rocks of certain origin, the above

authors constructed discriminant diagrams which have since been used exten-
sive'ly in research involving volcanic rocks. A'lthough most of the diagrams

were based on fresh (unaltered) rocks, the same diagrams have been shown to
be applicable to varìously altered and metamorphosed volcanic suites ìncluding
Archaean basalts, because most of the elements involved are now known to be

"immobiIe" during post-consolidatjon processes (e.g., Floyd and l,linchester,
r e78).

3.3 Classificatìon of the volcanic rocks at Mount Mulqine

Irvine and Baragar (197.l) presented a classification system for
common volcanic rocks which has been widely accepted. Their classification
schene, reproduced here as Figure 3.1, is based on chemical compositìon and

is therefore applicable to metamorphosed and/or cryptocrystallìne rocks for
whi ch c'lass jf jcation by conventional mineralogica'l systems is impossible.

SUBALKA LINE ROCKS ALKA LI N ROCKS
THOLEIITIC EASALT SERIES ALKALI OLIVINE BASALT SERIES NEPHELINIC. LEUCITIC

on<l ANALCITIC ROCKS

CALC-ALKALI SERIES

soorc
SERIES

POlassrc
SERIES

PERALKALI N E

ROCKS

Ponteller¡re
Commendile

Thole¡it¡c
Picrile - bosoll

Olivine
r holeiile High-olumino

bosolt

TholeiiÌe

Ouor?z 1tþle¡iÎe High-olumino
ondesile -

Andesi te
Tholeiilic
ondesile
lc e lond tlc

Doc ite

Rhyolile

Alkolic
p¡crite - bosoll

Ankoromile
Nephel I nlte

M€lihtr nephel¡n¡l?Alkoli
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Wyomingilc

M ugeorite
lÈpheliæ mug€rite
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Lârclle tr¡iton¡t?Benmorite
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Phonolitc

K-rich lrochyte
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Figure 3..l: General classification scheme for the common yolcanic rocks. The
lines joinìng boxes serve to outline common associatjons. The rocks indjcated
by smal'l print within the boxes are variants of the main rock. (After lrvine
and Baragar, 1970).
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Foìlowing Figure 3.1, the first major task was to determine to which

of the three major divisions the rocks at Mount Muìgine belong. This was done

using some of the diagrams of l^linchester and Floyd (1977), reproduced here as

Figures 3.2-3.4. Figures 3.2 clearly shows that the Mount Mulgine greenstones

are sub-alkaline basalts, possibly associated with a few low-silica andesites.
l,Jhether the rocks that plot in the andesite field were all originalìy andes'ites

is difficult to decide at this stage because the rocks at Mount Mulgine are

known to have been silicified as evidenced by quartz veins and pockets of quartz
grains in the rocks. So, some of the rocks that appear as andesites on the

diagram may have been basalts which were silicified, aìthough great care vvas

taken to ensure that the samp'les analysed did not contain any epigenetic (intro-
duced) quartz.

In Figures 3.3 and 3.4, the vast majority of the Mount Muìgine green-

stones again pìot in the sub-aìkaline basalt/andesite field. A few sampìes,

however, plot'in the alkali basalt field. The few samples that appear as alkalj
basalts on these diagrams clearly do so because of their high Nb/Y ratios.
Finlow-Bates and Stumpfì (198.l) have shown that the "immobile" elements Y, Sc

and Nb may be "extremely mobile" during alteration. Since the Mount Muìgine

rocks have been metamorphosed and hydrothermaìly altered (see Chapter 2), and

the number of samples (only 4 in Figure 3.3 and 2 in Figure 3.4) is small com-

pared to the total number of volcanic rocks analysed, it is likely that the

alkal'i nature of the few samp'les may be apparent rather than real.

The fact that the granitic (acidic) rocks do not consistentìy p'lot in
any one field in Figures 3.2-3.4 was interpreted to mean that the granitic rocks

are not, genetical'ly, part of the volcanic suÍte. If all the rocks in the Trench

area at Mount Muìgine were volcanics originally, then, assuming the granitic
rocks were rhyolites, one would expect more rocks to pìot as andesites, dacites

or rhyodacites. Such rocks would be products of the basalt+rhyolite differen-
tiation. But no rocks plot ìn the dacite or rhyodacite fjelds in Figures 3.3

and 3.4.

In the previous chapter, sampì es 276/128.0 and 274/154.5 (the samp'le

points are ìabeìled in Figure 3.2) were considered as meta-rhyodacitic rocks.
Such rocks are not common at Mount Mulgine but their occumence and their inter-
'layering and gradationaì relationships with the meta-basalts shows that in some

cases, there may have been differentiation among the volcanics from basalts to
dacites or possibìy rhyodacites. But such differentiation would have been rare
as evidenced by the relatively low abundance of the "intermediate" rocks in
this type of differentiation. It is possible that the meta-rhyodacitic rocks

are crustaì melts and not differentiation products (¿. Foden, pers. comm.)
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So far, the following are the apparent facts about the rocks in the

Trench area at Mount Mulgine.

a) The volcanic rocks are mostly sub-aìkaline basalts.

b) The granitic rocks (now largeìy greisenized) are not volcanic
in onigin. (fnis point was also argued in Chapter 2; see page l7).

c) There may have been differentiation among some of the volcanics
leading to the formation of andesites and the rocks described as meta-

rhyodacitic (in this study). The paucity of these differentiation products

and general lack of other rocks (e.g., dacites) impìies that such differen-
ti ati on v'Jas rare.

The next step was to investigate whether the sub-alkaline rocks are

tholeiitic or calc-alkalic (see Figure 3.1). Most distinctions between

tholeiitic and calc-alkalic rocks (e.g., Irvine and Baragar, l97l) involve

major elements (e.g., Nd, K, Mg, and Al) which, as aìready pointed out,
were very mobile in the rocks at Mount Mulgine. Such distinctions are there-
fore generaììy inapplicable to the rocks at Mount Mulgine. As a first
approach the method of Miyashiro (1974) has been used in an attempt to deternine

whether the rocks under investjgation are tholejitic or calc-alkalic. Although

this method also involves major elements (Fe, Mg and Si), it was preferred

because all these elements are enriched in the rocks at Mount Muìgine and so

their ratios are unlikeìy to have changed much since the formation of the

rocks. The method involves pìotting S'i0, vs FeO/Mg0 (see Figure 3.5) and then

comparing the sìope of the trend obtained with the slope of the broken line
in Figure 3.5. Calc-alkalic rocks have trends with steeper gradients than that
of the broken line whose equation is Si0, = 6.4 x FeO/MgO + 42.8 (Miyashiro,

1974) whi'le tholeiitic rocks have trends with lower slopes than that of the

line. The Mount Mu'lgine greenstones do not show a clear trend but the reg-

ression line in Figure 3.5 can be taken as an approximation of this trend. The

rocks have a tholeiitic-type trend. They lack large-scale Si0, enrichment

which characterizes calc-alkali differentiation. It should be noted that the

XRF ana'lyses give onìy totaì iron as Fer0r. An approximation of FeO was ob-

tained from the equation FeO = X - Fet0, where x is the weight percent total
iron'and Fer0, = TiOr(wt.%) + 1.5 (see Irvine and Baragar, ì971, p.526).

The tholeiitic nature of the rocks shows more clear'ly on the Floyd

and l,.linchester (1975) diagrams, reproduced here as Figures. 3.6-3.10. Some

of the more obvious facts expressed diagramatically in Figures 3.6-3.ì0 are

( Fl oy¿ and l^li nchester, I 975 ) :
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a) In these diagrams, the rocks are characterised not on'ly by the
specific delineated fields (many of which overlap anyway), but also by trends
displayed by the rocks as a group. The "proportional" trend (or nearly con-

stant Ïi}r/Zr ratio) in obtained Figure 3.6 is characteristic of thoìeiitic
basalts. (Alkali* basalts would have a "horizontal" trend on this diagram).

0n the TiO, vs Y/Nb diagram (figure 3.7) the Mount Mulgine rocks show a "hori-
zontal" trend which is what would be expected of tholeiitic rocks. (Rlfal'i
rocks would dispìay a "vertical" trend on this diagram).

The Ti0, vs 7r/Pr05 plot is supposed to be generalìy similar to the

Tì0, vs Y/Nb diagram, its advantage being that the variables Zr and P,OU are

nearìy aìways determined in rocks whereas Y and Nb are not always readiìy
available. The two diagrams are supposed to be similar because the Lr/Pr}U
ratio produces a similar discrimination relationship as the Y/Nb ratio.
However, the trends displayed by tholeiitic rocks in both diagrams are not

as "sjmilar" as would be anticipated. As just mentioned, the tholeiitic rocks

show a "horizontaì" trend on the TiO, vs Y/Nb plot but in the Ti0, vs 7r/Pr}U
diagram, the same rocks show considerable variation resulting in no consistent
trend. In the latter diagram, the Mount Muìgine volcanics do not show a well
defined trend (see F'igure 3.8) and this is consistent with their tholeiitic
nature as already indicated by Figures 3.6 and 3.7. (Rltali rocks would

display a "vertical" trend, as expected, on the Ti0, vs 7r/Pr}U plot).

One feature worth noting at this stage which Figures 3.7 and 3.8 have

in common, but which is generaìly lacking in the other d'iagrams'in this group,

is that in addition to the BIFs and acidic rocks, some greenstones (mostly the

high-Mg meta-basalts) plot outside the delineated fields. This is considered

to be due to the fact that the elements may have been mobile. Earlier in this
chapter it was shown that P is depìeted in the Mount Mulgine greenstones and

it was also suggested the Y and Nb may have been mobile. In the next chapter

some evidence is given which suggests that even Ti may have been mobiìe, at
least ìocal ly.

*
In these diagrams, the tholeiitic rocks are compared with alkali basalts
(and not with calc-alkali basalts) because there was insufficient data on
calc-alkali rocks for these rocks to be included in the diagrams (floyd
and Winchester, ì975). Thus the diagrams confirm that the rocks are not
alkaline and also that they are not calc-alkalic (by impìication).
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In the Pr}U-7r diagram (figure 3.9), like in the Ti}r-7r diagram

(Figure 3.6), the Mount Mu'lgine rocks show a "proportional" trend which is
what wou'ld be expected of tholeiitic rocks. (In this case, alkali rocks would

also have a "proportional" trend but the alkali and thoìeiitic fields in this
diagram are reasonably separate).

Finally, the Nb/Y-7r/P205 diagram (Figure 3.1) which ideally gives

the best discrimination between tholeiitic and alkali basalts, should show a

"horizontal" trend for tholeiitic rocks. (Alkali rocks wou'ld have a "vertical"
trend). The "horizontal" trend does not show up well in Figure 3.10, perhaps

due to the mobiìity of the elements mentioned above, but as in Figures 3.6-3.9,
the tholeiitic nature of the Mount Muìgine greenstones is clear.

b) The TiO, (wt.%) values for the greenstones analysed are all less
than 1.8/" except for four samples with TiO, va'lues of 1.80%, 

.l.9ì%, 
1.96% and

2.33%. (The majority of alkali rocks would have Ti0, values greater than 1.8%).

c) The Y/Nb ratios are all much greater than one and there is a

wide scatter of points on the TiO2-YlNb diagram (figure 3.7) and this is con-

sistent with the tholeiitic nature of the rocks. (The Y/Nb ratìo for alkali
rocks is less than one and consequently they woul.d not show such a wide scatter
of points on the Ti02-Y/Nb diagram).

d) All the Mount Mulgine greenstones analysed have much less than

150 ppm Zr and, wíth the exception of two samples, they a1l have less than

0.25% PZ}S. Again, this is what would be expected in tholeiitic rocks. The

majority of alkaìic rocks would have more than 0.25 wt.% PZ}S and more than
'150 ppm Zr).

3.4 Tectonic settin of the rocks

Figures 3.6-3.10 also attempt to distinguish between continental and

oceanic basalts but as can be seen and as Floyd and I'linchester (.l975) c'learìy
po'inted out, the diagrams do not effectively discriminate between rocks from

the two types of environment because there is considerable (sometimes comp'lete)

overlap of the deìineated fieìds in the diagrams. Other diagr"ams are available
which discriminate between rocks from different tectonic settings but before

these are introduced, there is a further po'int about Figure 3.6 worth noting.
Among the Floyd and t¡linchester (.l975) diagrams, Figure 3.6 is the only one in
which several sampìes pìot as alkali basalts. In fact, seven sampìes pìot in
the continental alkati basalt field. Floyd and Winchester (.l975) found that
ocean island tholeiites were almost entirely responsible for the high Ti and

Zr "intrusion" into the oceanic alkali basaìt field. In this case, the "intru-
sion" does not extend as far as the oceanic alkali basalt field, but it is
likely that this is the explanation for the seven points that "intrude",the
continental aìkaìi basalt field. If this is true, it would impìy that there
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are some oceanic island-type thoìeiites among the rocks at Mount Mulgine.

The Ti0Z-KZ0-P205 diagram of Pearce et al (lgZS) is reputedly very
effective in discriminating between oceanic and non-oceanic basalts. Unfor-
tunately, most of the rocks in this study are extremely enriched in K (see

Chapter 2 and Appendix 3) and depleted in P which renders this diagram (and

any other diagram involving K) virtually usetess for most of the rocks at
Mount Muìgine. However, a few of the sampìes analysed do not appear to show

K-enrichment. It was decided to use these few samples, hop'ing that they are

more representative of the originaì unaltered rocks.

Since, for almost all Archaean rocks in the literature, the KrO va'lue

is always much less than l, it was decided to use those of the Mount Mu'lgine

greenstones which have KrO values less than I wt.% (Appendix 3). As a further
constraint, again based on data in the literature, it was decided to plot onìy

those samp'les in which the Nar0 content is either greater than or about the

same (!20%!) as the KrO value. After applying the above two constraints only

four samples survived. These are 268/22.14,259/42.9,256/108 and 269/130.3,

and they are p'lotted on the Ti02-K20-P205 diagram of Pearce et a1', (lgZS), rep-

roduced as Figure 3.1.l. Two of the samples pìot well within the oceanic basalt
field, one pìots in the continental basalt field, and the fourth samp'le plots
at the boundary between the two fields. Accordìng to Pearce et al, (lg7S), the

effect of alteration and metamorphism is to move the samp'les from the oceanìc

field into the continental field. The authors emphasize that if an altered
sample p'lots in the oceanic basalt field, then it is un'likely to have a non-

oceanic origin. Thus it is possible that both the Mount Mulgine samples that
falì outside the oceanic basalt fjeld do so because of metamorphism or altera-
tion. Therefore, according to Figure 3.1.l, the Mount Mulgine greenstones are

probably oceanic in origin.

In the last decade the most frequently used discriminant diagrams,

as far as paìaeotectonic setting is concerned, have been the Ti-Zr-Y and Ti-Zr
diagrams of Pearce and Cann (1973), wh'ich are reproduced here as Figures 3.ì2
and 3.'13 respectively. In both figures, the Mount Mu'lgine greenstones pìot
in fields A, B and D, implying that they are either ocean floor basalts or

low-K tholeiites. Field D in Figure 3..l2 is that of within plate basalts, which

include continental and ocean island basalts.

*According to Nicholls and Islam (1971) differences of not more than
20% should not be considered sign'ificant in comparing whole rock
data.
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Useful as it may be, several authors have demonstrated that the
Ti-Zr-Y diagram has its weaknesses and should, therefore, be used with caution.
As early as 1975, Floyd and Winchester (.1975) noted that there were cases where

clearly continenta'l tholeiites pìotted in the ocean-floor field of the diagram,

and this ìed these authors to suggest that the ocean-floor field of the Ti-Zr-Y
diagram "represents not only ocean-floor basalts but all tholeijtic basa'lts

formed in a rifting environment (mid-oceanic ridge, continental rifting) from

relatively primitive magmas characterised here by low Ti, Zr and Y values".
This was confirmed recently by Holm (1982) who concluded that the diagram does

not recognise continental tholeiites after demonstrating that about 50% of all
truly continental rocks pìotted in the ocean-floor basalt field and that none

of the rocks plotted in the within-plate field, which is where all continental
basalts would be expected to pìot.

t^lood et al (1979) pointed out that the Ti-Zr-Y diagram does not dis-
tinguish between magma types erupted at tectonicaìly anomalous ridge segments

(e.g., hot spots) and Prestvik (.l982) confirmed this by showing that basalts
from anomalous oceanic ridges tend to pìot as within-plate basalts.

The main point, from the two preceding paragraphs, is that the

Ti-Y-Zr diagram can onìy be used as an indicator (not as proof) of origin, and

that other factors need to be taken into consideration before the tectonic
setting can be determined. This is attempted in the brief discussÍon at the
end of this chapter.

Most of the rocks in the high-Mg meta-basalts'group and a number of
samples in the tholeiitic neta-basalts' group (see Chapter 2) should, strictly,
not have been plotted in Figures 3.12 and 3.13 because they do not fulfil the

conditions 20 > CaO + MgO > 12%, set by Pearce and Cann (tSZa¡. They were

pìotted anyrvay to emphasize that the rocks in the two groups are not s'ignifi-
cantly different. For the same reasons, the acidic rocks and BIFs should never

have been pìotted in Figures 3..l2 and 3.13. These were p'lotted to reÍterate
the point that they are of a different nature from the greenstones.

The data were also p'lotted on another Ti-Zr diagram after Pearce

(1980), which is shown as Figure 3.14. Most of the Mount Mu'lgine greenstones

pìot in the Mid-Oceanic-Ridge-Basaìt (MORB) field. Most of thê high-Mg meta-

basalts p'lot in the Arc Lavas' field which is consistent with Figures 3.12 and

3..l3 since low-potassium tholeiites are the same as tholeiites of island arc

series (¿ahn et al,.l973).

Summarising, the chemistry of the Mount Mulgine Archaean greenstones

suggests that they formed 'in a MORB-type orisland arc-type environment. But
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since a few samples plot in the within-plate fields in F'igures 3..l2 and 3.14,

and since it is known that continental tholeiites do not always pìot in the

wìthin-pìate fields as would be expected, there is a real possibility that the

rocks under investigation formed in a contìnental environment.
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(Mount lilul gine greenstones

3.5 Rare Earth Element (REE) patterns

For a more complete characterization of the rocks, an attempt was

made to determine the REE patterns. Since Ce and Nd were the only REE deter-
mined, and the Nd values were not considered reliable (see below) it was

decided to use the elements Ba, Nb,7y, Ti and Y to approximate the REE

patterns displayed in Figure 3.15. Sun et al (lglg) have shown that these

elements and others (e.9., Rb, Sr, P and K) can be used to predict the generaì

shape of REE patterns. The latter four elements were not used because they are

either depleted (Sr, P) or extremeìy enriched (Rb, K) in the rocks at l.lount

Mul g'ine.

The data for the elements used in approximating the REE patterns was

chondrite normalised using the following chondritic abundances, a'l'l in parts
per mil I ion.



35

K

Rb
Ce
Nd

Ba

Nb
7r
Y

Ti

430
Mason (t97t )

Sun and Nesbitt (1977)

Ahrens (1970)

Figure 3..l5 also includes REE patterns for MORB, both the "normal"
(depleted) and the "plume" (enriched) types of M0RB. Cìearly, the Mount Muìgine
greenstones have flat chondrite normalised patterns for the middle and heavy

REE. Such patterns are typicaì of MORB (Sun et a'|, ì979). The difference
between "normal" type M0RB and "pìume" type MORB is in their ìight rare earth
element (LREE) patterns. "Normal" MORB have relativeìy smooth LREE dep'leted
patterns, while "plume" MORB have reìatively irregular LREE enriched patterns
(figure 3.ì5). Although for many elements there were either no data or the

data were unreliable, resulting in lack of detail for the REE patterns of the

Mount Muìgine rocks, it is still obvious that these rocks are more like "plume"
MORB than the "normal" MORB.

It has been suggested above that the Nd values should be regarded

with suspicion. The same is true for Ce values. Th'is is because their values

are only slightly above their XRF detection limjts. The mean values for Ce and

Nd in the greenstones are l0 ppm and ll ppm respectiveìy. The XRF detection
limits for these elements are in the range of 8-15 ppm for Ce and 4-8 ppm for
Nd. Also, Nd values often exceed Ce values in the same sample. This might

also be due to the imprecision involved in their determination because inspec-
tion of data in the literature shows that Nd values are almost aìways ìess

than Ce val ues.

3.6 Comparison with other rocks

This study or any other study involving altered rocks of unknown

origin, would not be complete without some detaiìed comparisons with other
rocks. This has partly been done a'lready for the major eìements and the con-

clusion reached was that K, Mg, Fe, Si and minor Mn were added to, while Na,

Ca, Al and P were subtracted from, the greenstones at Mount Muìgine. This'is
evident when the Mount Muìgine greenstones are compared with other Archaean

greenstones as is done in Table 3.1.

In generaì, the same major element movements can be seen to have

taken place even when the Mount Mulgine rocks are compared with "modern" rocks.
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Notes for Table 3.1

**r(

Col umn

*

**
Total i ron as Fer0,

"Total" does not include loss on ignition.

A l,l value of 2ì90 ppm (tne f¡ighest obtained in this study -
in sample 259/30.90) was omitted in the calcuìation of
the.mean. l^lhen the sample is included the mean value
increases from 130 ppm to ì86 ppm. Such a high mean

value would be deceptive.

Average of 36 Mount Muìgine greenstones (meta-basalts).

Average of 123 basalts from the Kalgoorlie-Norseman area,
l^1. Austral i a (Haì ì berg , 1972) .

Average of 32 depleted Archaean tholeiites (Condie, ì976).

Average of 53 Archaean basalts and 20 Archaean andesites
from the Canadian shield (l^lilson et al, .l965).

Average of tholeiitic basaìt from island arcs (Jakes and

White, I 971 ).

Average of 33 basalt samples dredged from greater than
I km on the Mid-Atlantic Ridge (Melson and Thomson, l97ll).

Average for oceanic tholeiitic basalt (Engel et al, .l965).

I

2

3

4

5

6

7



Table 3..l : Como arison of Mount Mulq ine Greenstones with simi lai Archaean

and "modern" rocks.

"Recent"
rocks

0cean
fl oor

7

Oxi des (wt.%)

si 02

Tio2
Al 203
Fer0r*
Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total **

Loss on ignition

Elements(ppm)

As
As
Ba
Be
Ce
Co

Cr
Cu
Ga

Li
Mo

Nb
Nd
Ni
Pb
Rb
Sb
Sc
Sn
Sr
V

l/{

Y

7n
Zr

49. 3

1 .49

17.04

8. 8l

0.17

7 .19

11.72

2.72

0. l6
0. l6

98.76

t4

32
297

77

9

<30

97

<0

6l

130
292

43

95

Mt. Mulgine
Greenstones

0ther
Archaean Greenstones

Isl and
arc

I 2 3 4 5 6

1.02

il .36

12.00

0.22

9.84

9. 35

0.65

3.09

0.t0

51.98 5t.40
0. 90

I 4.80

10.60

0.21

6.70

10. 70

2.70

0.1 I
0.1 3

5l .4
.l.9

l4.B
10.4

6.7

10.7

2.7

0.lB

50.8

1.02

14.6

il.6
0.19

6.8
9.4

2.7

0.26

0.20

5l

0

l5
9

0

6

l1

2

0

0

.60

.80

.90

.78

.17

.73

.74

.41

.44

.il

49.2

I .39

15. I
9. 40

0.16

8.5 3

11.14

2.71

0.26

0. l5

99. 6t 98.32 97.28 97 .s7 99.68 98.74

3.l l

44
953
198

17
195

17
4

l0
't58

43
560
il4
46
I
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?94
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]B

il8
54

5
176
1?9

12
t0

l6l

9
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395
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112
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However, when the other Archaean rocks are compared with "modern" rocks, sone

relationships appear reversed. Thus while K and Mg are enriched in the Mount

Mulgine rocks relative to both the other Archaean greenstones and the "modern"
rocks, the two elements are generally depìeted in the other Archaean green-

stones relative to the "modern" rocks. Na and P values in the other Archaean

greenstones are about the same as those in "modern" rocks but as said above,

they are depìeted in the Mount Muìgine greenstones.

The main point here is that the major elements whose concentrations
in the Mount Mu'lgine greenstones differ markedly from their concentrations'in
comparable rocks are K, Mg, Na and P. These elements would therefore have been

the most mobile of the major elements in the volcanic piìe at Mount Mulgine.
K-metasomat'ism, resulting from hydrothermal alteration, has aìready been men-

tioned as the cause for K enrichment and Na depìetion. In fact, it is believed
that all element movements (additions, subtractions, redistributions) were

largely due to hydrothermal activity. 0ther pr.ocesses like weathering would

also have aided in element transfer.

Trace element data is generally scanty in the literature as indicated
by the gaps in Table 3..l, but assuming the data available are representative,
the folìowing interpretations may be made. Zn, Ba, Cu, Cr and Rb are enriched
in the Mount Muìgine greenstones relative to both recent and other Archaean

rocks. The latter two elements are extremeìy enriched in the rocks under inves-
tigation; the very high Cr values must be partìy due to contamination from the

chrome-steel grinding vessel that was used in preparing the samp'les for analys'is
and, as suggested by evidence given on page 25, Rb, is beìieved to have been

introduced, together with K, during metasomatism. Cobalt and, to a 'lesser

extent, Ni are depleted in the Mount Mulgine greenstones compared with other
Archaean greenstones. Compared with "modern" rocks, Co and Ni appear enrìched

at Mount Mu'lgine. Vanadium in "modern" rocks is about the same as in the Mount

Muìgine greenstones but it appears sìightly enriched in the other Archaean

greenstones.

The "immobile" elements Ce, Y and Zr have about the same abundance in
the Mount Muìgine greenstones as in other Archaean greenstones, but relative to
"modern" rocks, Zr and Y are depleted while Ce appears enriched. There is
slightly less Sr in other Archaean greenstones but the element has about the

same abundance in "modern" (except isìand arc) rocks, all compared to the Mount

Mulgine greenstones. Finaìly, Li is extremeìy enriched in the greenstones at
Mount Mulgine compared with ocean floor basalts.
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The above comparisons are sumn¡arised in the followÍng Tabl e 3.2.
Note that the Table does'not compare other Archaean greenstones with modern
rocks (tt¡is is done in the text).

TABLE 3.2

0ther Archaean
Greenstones

"Modern" rocks

3.7 Conclusions and discussion

Before attempting a discussion about the points raised in this
chapter, the apparent interpretations about the Mount Mulgine rocks in the
Trench area are first recapitulated and listed below.

a) The greenstones are mainly tholeiitic meta-basalts. It appears
there was minor differentiation in the volcanic pi'le, leading to the forma-
tion of andesitic rocks and, in extreme (rare) cases, rhyodacitic rocks.

b) The granitic rocks (concordant with the greenstones and mos¡y
greisenized) are not part of the volcanic suite i.e., they are not volcanic
in origin.

c) Taking into account the effects of hydrothermal alteration, the
greenstones are similar to other Archaean greenstones in the yilgarn block
(e.g., see Figure 3.2) and in other parts of the wor.ld.

d) The greenstones most resemble present day island arc thoìeiites
and/or mid-oceanic-ridge-basaìts (tf¡e "p]ume" type MORB, according to the
approximated REE patterns). REE patterns of ridge basalts and island arc
tholeiites are genera'lìy quite similar (Jahn et al,.l973).

The above fÍndings are generaìly consistent with the conclusions of
other workers on Archaean greenstones in ldestern Australia (e.g., Halìberg and
[,Ji]liams, 1972; Hatìberg, lgTz) and in other parts of the world (e.g., viljoen
and Vilioen, .l969¡ 

Naqvi et al,.l98'l¡ Sims and Peterman, ì9Bt). The Archaean
greenstones in most parts of the earth also contain rocks of calc-alkaline
affÍnity but the majority are tholeiitic.

The Mount Mulgine greenstones that have been described as high-Mg

Mount Muì gine Greenstones

en ri ched dep'leted about the same

K, Mg, Fe, Si Mn?,
Ba, Cu, Cr?, Rb, Sr

Na, Ca, Al
P?, V, Co,

Ni

Zn, Ti , Ce, Y

7r

K, Mg, Fê,
Ba, Cu, CF,
Ni , Ce, Li

Mn t
Co t

Si,
Rb,

AItTi, Zr, Y

Ca, Na, P

V, Sr, Zn
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meta-basalts in this study are, chemically, the equiva'lents of the high-Mg

basalts (ultramafics) described by Hallberg and tlilliams (1972), although quench-

textures were not recognised in the rocks in this study. The same authors also

noted a sometimes compìete compositional overlap between tholeiitic basalts and

the high-Mg basalts and stated (p.195) ttîat the "relationships, if any, between

these two groups are not yet fu'l'ly understood". Despite this, the authors con-

cluded in their abstract "It is believed that the mafic and ultramafic associa-

tions represent two distinct magma sources".

Fractional crystaìlization of olivine and pyroxene could account for
the observed differences between the high-Mg meta-basalts and the tholeiitic
meta-basaìts, without invoking the former presence of "two d'istinct magma

sources". The fact that the rocks are interlayered and grade into each other

favours a common source.

Figure 3.16 is a plot of Ni vs MgO and it strongly supports the inter-
pretation that there was fractional crystallization leading to differentiation.
Olivine is usually the first phase to crystallize in a cooling basaltic magma

and Ni is incorporated in the olivine lattice. Thus when there is fractional
crystaìlization of oìivine (forsterite), high Mg values are accompan'ied by

high Ni-values, and this leads to the trend disp'layed in Figure 3.16 which is
a typica'l trend for this type of differentiation (e.g., Sator 1977).

There appears to be two trends in Figure 3.16 (see arrows). One is
steep and almost vertical and the other flatter. These two trends are also

displayed on the Cr vs MgO diagram (Figure 3.17). The almost vertical trend

would most probab'ly represent fractional crystaìlization of olivine and (clino)
pyroxene. Sato (1977) has shown that the Nj content of both magma and olivine
decreases marked'ly by 50% after fractionaì crystaìlization of 6-12% olivine
and this would exp'lain the steep trend. Since the steep trend also shows clearly
on the Cr vs MgO diagram, and Cr is usual'ly found in pyroxenes, the initial
fractional crystallization must have involved pyroxene or some other Cr-bearing

phase €.9., chromite which was observed in this study (Chapter 4). The flatter
trend probably represents fractional crystall'ization of olivine and pyroxene

plus some other phase (e.g., plagiocìase).

The REE patterns (Figure 3.15) for the two groups of meta-basalts are

almost parallel and the tholeiitic meta-basalts have higher REE contents. These

two facts arè also consistent with fractional crystallization and hence differen-
tiation producing the two groups of rocks.

Since, from the above d'iscussion, it has been fairìy well established

that there was differentiation at Mount Mu'lgine, the meta-rhyodacitic rocks have

been also interpreted as differention products of a largeìy basaltic magma.



500

400

300

to0

6000

5000

4000

2000

tooo

aa

Ni vs MgO
X

¡o ¡
oa

to t5
MgO (wt.o/"|

Figure 3.17.

Cr vs MgO

X

X HIGH Mg META-BASALT
. THOLEIITIC META-BASALT

20

X

-1,
x XXx

X

200

E
o-g
z.

a

X
¡O

t a..t¡

tr
a

a
o

o 5

X

3000
Eô-ci

()

X HIGH Mg META-BASALT

o THOLEIITIC META-BASALT

X

X

{X

*'l
XX

ot? ¡
a

a

5o
o lo 15

MgO (w1.%)

Figure 3.16.

aa

20



39.

Another possible explanation is that they had a different felsic magma source.
But again, the interlayering and gradational relationships with the basaltic
rocks does not favour this 'different-magma' hypothesis. The felsic magma

wou'ld, presumably, have a crustal source while the mafic magma would be mantle
derived. As implied earlier, it is difficult to visualize the two magmas being

tapped in the same place. Giles and Halìberg (1982) reached similar conclu-
sions for the felsic rocks (rhyodacites, dacites) in the Archaean l,lelcome ï^lell

Vol cani c Compl ex, l^lestern Austral i a.

As already noted, J. Foden (pers. comm.) suggested that the meta-

rhyodacitic rocks may be crustal melts. This means they would have been crusta'l
rocks (rather than magmas) prior to being melted and brought to the surface by

the hot ascending basa'ltic magmas. This is a strong possibility and is con-

sidered more p'lausible than the "different-magma" hypothesis which, as inter-
preted by the writer, would require a felsic magma to have been present in the

"right p1ace at the right time." Both these alternative interpretat'ions are

supported by the fact that among the rocks analysed there are virtually none

with SiO, contents in the 56-67 wt.% range. Such rocks would be expected if
the meta-rhyodacitic rocks are differentiation products as suggested.

The close similarity between Archaean greenstones and ocêôn floor
basalts especiaììy island arc volcanics, has been pointed out by many workers
(e.g., I'lilson et al , 1965; Glickson , 1971; White et al , 1971; Jahn et al , 1973;

Condie,1976) and, applying the we'll known uniformitarian principìe, it has been

suggested that Archaean greenstone belts may represent ancient oceanic crust
(Hart et al, 1970; hlhite et al, l97l) and an attempt was made to extrapolate
modern plate tectonic theory back to the Archaean. The multipìe nature of
Archaean volcanic belts, for examp'le, was explained in terms of "thin-pìate
tectonics". The Archaean lithospheric pìates are thought to have been thin and

incapable of maintaining "large-scaìe mechanical integrity" (Hart et al, 1970)

and so they broke up into many small plates each having a subduction zone for
one boundary.

Even in the early seventies, however, some workers were sceptical
about direct comparisons of the present with the Archaean, not on'ly because of
the time differênce, but also because other factors, ê.9., BIFs and ultramafic
flows, found in the Archaean, have no known modern equivalents (¡ahn et a'|, 1973)

and some recent rocks l'ike ophiolites and sheeted dykes are unknolvn or remain

unrecognised in the Archaean (Hallberg and l,lilliams, '1972; McCall, l98l).

Pearce et al (1977) have shown that most Archaean volcanic rocks are

unìikeìy to be exact anaìogues of modern island arc rocks and support for modern

plate tectonic theory as an answer to Archaean problems has declined and rifting
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(gravity tectonics) has gained preference (Baer et al, l97B).

The modern majority vieu, summarised by McCall (1981) is that the
Archaean gìobe had shallow seas and sma'll shoal-like emergent land areas.
Large oceans with deep subduction at their margins are a feature of not more

than the last .l000 m.y. Vertical (rather than horizontal) tectonics are thought
to have predominated in the Archaean and resulted in ìong, narrow and shalìow
rifts (not unìike modern intracontinental rifts) which became depositories for
volcanic and other sediments and aren presently, the greenstone belts. The

interpretation that the rifts were shallow is based on lack of eyidence for
deep water (i.e. , pelagic sediments) but they must have subsided (with deposi-
tion match'ing subsidence) to accommodate the very thick sequences recorded in
the Archaean. Models in which the Archaean rifts are visualised as back-arc

or intracratonic shallow rift basins are the most favoured (Glover and Groves,

l98l) and it is still true that there is no single all-embracing mode'l for the

Archaean (similar to the pìate tectonic theory for the Phanerozoic) which is
generaì ìy accepted.
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CHAPTER 4 : MINERALOGY

4. I Introduction

In th'is chapter, more detailed descriptions of the occurrence of the

minerals identified are given. These minerals are listed in Table 4.1. l^lhile

making no claim to comp'leteness, Tabìe 4.1 also contains minerals which have

not been identified in this study but which have been reported by prev'ious

workers and are known to occur in, or associated with, the Mount Mu'lgine

deposits. This will give a more complete picture of the variety of minerals

that occur at Mount Mulgine.

As already mentioned, the electron microprobe was used for the identi-
fication of some minerals and for confirmation of the identity of others.

There were a few cases when minerals, aìready positive'ly identified us'ing the

optical microscope, were also analysed on the electron microprobe to determine

their chemical compositions.

For comp'leteness , a'l ì quanti tati ve el ectron mi croprobe analyses are

included in Appendix 4, although some of the analyses (or their averages) also

appear jn the text. The measurement cond'itions of the electron microprobe are

al so i ncl uded 'in Appendi x 4.

In most mineral descriptions in the lìterature, adjectives like

"common", "rare" etc. are used free'ly and sometjmes the reader is left wondering

how common, "common" is or when it is proper to describe a mineral as "rare",
for instance. In this chapter, and on'ly in this chapter, an attempt has been

made to qualify these terms. The following arbitrary scheme, which makes the

f requency descri pti ons sem'i -quant'itati ve, wi I ì be fol I owed in thi s chapter.

Fre
range

q
(
uency
percent) adj ecti ve ( s )

>70

4s-70

20-45

5-20

2-5
<2

abundant

very common

common

fairìy common

sparse

rare

',¡,lhat this means for exampìe, is that a mineral will onìy be described

as "abundant" in these rocks onìy if it was observed in more than 70% of the

sect'ions studied. It is important to remember that these terms will on'ly be



Table 4.1 : Mìnerals at Mount Mulgine (in al phabetical order)

Actinol ite
Adul ari a

Al bi te*
Andradi te
Ankeri te
Anthophyì I i te**
Antimony

Apati te
Arsenopyrite
Beryl *

Biotite
Bi smuth

Bi smuthni te**
Bowl i ng'ite ( I )-al tered ol i vi ne

Brannerìte(l)
Cal ci te
Chal coci te
Chal copyri te
Chert

Chlorite
Chromi te
Chrysocolla (Maitland, l9l7)
Chrysoti I e

Corundum**

Covel I i te
Cummingtonite*

Damouri te*
Di opsi de

Dol omi te
Enstati te*
Epidote ( cl i nozoi si te*)
Ferritungstite (Middleton, 1979)

* t{hi tt'le (1977** Collins (1975

Fl uori te
Gal ena

Gal enobi smutì te
Gersdorffi te
Goethite*

Hematite (marti te*)
Hornbl ende

Huebneri te
I'lmenite (ìeucoxene*)

Kobel'l i te- ti nti nai te
Lamproboìite(?)*
Magneti te
Marcasi te
Mi crocl i ne

Millerite*
Molybden ì te
Monazi te**
Muscovi te
0livine**
0rthocl ase

Pentl andi te
Phl ogopite
Pyrargyrite
Pyri te
Pyrrhoti te

Quartz
Ruti I e

Saussuri te
Scapol ite*
ScheeJ i te
Seri ci te
Spessarti te

Sphaì eri te
Sphene

Spi nel **
Stibnite
Sti I bi te
Sti I pnomel ane*

Ta'l c

Tetrahedri te- tennanti te
Topaz*

Tourmal ine*
Tremol i te
U'l'lmanni te
Zi nnwal di te*
Zircon (Baxter, 1978)

1978 )
)

Minerals reported but not observed in this study.
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used to refer to frequencies of occurrence of the minerals in the samp'les

studied and not to the volumes the minerals occupy in the rocks. The mineraì
sphene, for example, is very common according to the above scheme but'its volume

percent in the rocks is very small. Volume percentages of some minerals are

given in Chapter 2. It is also worth noting that derivative words such as

"abundance", "commonly" etc. have not been qualifjed and have nothing to do with
the above scheme. Statements such as "Huebnerite (rare) is commonly associated

with scheelite (which is fairìy common)" are not ambiguous and should not be

confusi ng.

In the following mineral descriptions, minerals which may easi'ly be

confused (i.e.,,mistaken for one another) are stressed and an attempt is made to
describe how they can be distinguished, if this is possible, without hav'ing to
use the microprobe. This, hopefuììy, wilì save future researchers some time in
mineral diagnosis.

A generalised paragenetic sequence of the minerals identifíed in this
study is shown in the following Figure 4.ì. The figure is divided into three

arbitrary columns labelled "early"r "intermediate" and "late". In the left-
hand and middle columns, minerals which are considered to be primary are indi-
cated with a'line beginning at the left-hand boundary of each column and

secondary minerals are indicated with a l'ine starting from about the middle of
each column. Broken lines indicate possible but uncertain extent of the

mi neral s .

Genera'11y, "early" minerals are those that were either constituents
of the original rocks or were produced during metamorphism (both prograde or
early retrograde). The boundary between prograde and retrograde metamorphìsm

is not cìear in detail and hence the timing of minera'lization in relation to
peak metamorphic conditions is uncertain. "Intermedjate" primary minerals may

have been affected by deformation and metamorphism because hydrothermal deposi-

tion of minerals (including hydrothermal aìteration) and retrograde metamorphism

partìy overlapped. The "late" minerals include repìacement minerals including
supergene alteration products.

Figure 4..l : Generalised Paragenetic Sequence

Mineral ization

Actinol ite
Adul ari a

Andradi te
An keri te
Antimony

Apati te

Early Intermedì ate Late
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Figure 4.1 (cont'd)

Mineral izati

Arsenopyri te
Bi oti te
Bi smuth

Bowling'ite(?)

Brannerite(i)
Cal ci te
Cha I coci te
Chaì copyri te
Chert

Chl ori te
Chromi te
Chrysoti 'le

Covel I i te
Diopside

Dol omi te
Epi dote

Fl uori te
Gal ena

Gaì enobi smuti te
Gersdorffi te
Hematì te
Hornbl ende

Huebneri te
Ilmenite
Kobel I i te-ti nti nai te
Magneti te
I'larcas i te
í"li crocl i ne

Molybden'ite

i'luscovi te
0livine
Orthocl ase

Pentl andi te
Phl ogop i te
Plagioclase feldspar
Pyrargyrite
Pyri te
Pyrrhoti te

Earìy Intermedi ate
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Fiqure 4.1 ( cont'd )

Minera i zat

Quartz
Ruti I e

Saussurì te
Scheel i te
Seri ci te
Spessarti te
Sphal eri te
Sphene

Sti bnite
Sti I bi te
Tal c

Tetrahedri te- tenn anti te
Tremoì ite
Ul I manni te

4.2 Tungsten minerals

Scheelite and huebnerite (the manganese member of the wolframite
series) are the onìy !'l minerals that were identified during this study. Ferri-
tungstìte has also been reported'in the Hill deposit greisens (Middleton,1979).

Huebnerite has been observed in only three drill cores - DDl4 62,251
and 259 (Middleton, .l979). A sample containing huebnerite was colìected from

DDM 251. It occurs as relativeìy coarse grajns or aggregates of grains sometimes
t

exceeding I cm' in surface area. It is a very dark brown colour and has clearly
been partialty replaced by scheeìite (Plate 4.lA). This repìacement is obser-

vable even in hand specimen. The huebnerite contains less than 2% FeO (Table 4.2)

and is rare.

Scheelite, economicalìy the most important mineral at Mount Mulgine, is
fa'irly common, having been observed in about 17% of the samples studied. It is
usualìy coarse enough to be easily identified in hand specimen, with the'largest
patches often exceeding ì cm in their longest dimension. The quickest and

easiest way to identify coarse scheelite is to wet the sampìe. The mineral then

"stands out" looking creamy-white against quartz which is transparent to trans-

lucent when wet. Where it occurs within the host rocks, it is usually much finer
and in this case, it is easier to identify it using a short wave ìength UV ìamp.

The scheelite at Mount [4ulgine fluoresces a clear whitish-blue colour; an indi-
cation that it does not conta'in any significant Mo which is often found in the

scheelite lattice. The scheelite analyses (Table 4.2) show that it is almost

pure CaW04 and confirm that there is very little or no Mo in it. All the other

e



Table 4.2 : Scheelite and Huebnerite analyses

(concentrations in wt.%; n.d. means not detected).

Sample No.

Anaìysis No.

Pzos

si02

Ti 02

Crr0,

Fe0

Mn0

Mgo

Ca0

Ni0

Scro,

wog

Sn0,

MoO,

Nb205

Tar0U

uoz

Total

HUEBNERITESCHEELITE
5l/'t08.70 251 /64.70 2s1/ 64.70 251/64.70268/35:84

5 I 22 I

0.17

n. d.

n. d.

n. d.

n.d.

0.1I

n. d.

18.95

n. d.

0.03

82.79

0.10

n. d.

n. d.

n. d.

n. d.

0.16

n. d.

n. d.

n. d.

I .63

21.57

0.20

0.04

n. d.

n.d.

79.52

n. d.

n. d.

n. d.

n. d.

n. d.

0.17

n. d.

n. d.

0. 08

't .3'l

2'l .80

0. 16

0. 04

n. d.

n. d.

78.49

n. d.

n. d.

n. d.

n. d.

n. d.

0.14

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

19.36

n. d.

n. d.

83. 23

n. d.

0.24

n. d.

n. d.

n. d.

0.22

n. d.

n. d.

0.04

n. d.

n. d.

0.01

18.94

n. d.

n. d.

82.41

n. d.

n. d.

n. d.

n. d.

0.19

I02.t5 I 03. l2 1 02. 05102.97 I 0 I I I
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elements analysed for, together constitute less than 0.65 wt.% of the

scheelite (see Appendix 4).

Scheelite may be too fine to be seen or identified in hand specimen

in which case a microscope must be used. To a casual observer or someone not

familiar with its appearance, schee'lite may look very much like epidote or

sphene under the microscope in both transmitted and reflected light. In

ref'lected light, it may look like many transparent minerals, e.9., carbonates

and f'luorite. So, erroneous identifications are possible. Indeed, this is
what happened in the early days of this study; the minerals identified as

scheelite and wolframjte in an interim report on this project, dated February

1982 (Pìates 6,9 and l0 of the report) are sphene and rutile respectively.

Due care must be taken in the identification of scheelite under the

microscope because the similar-looking minerals, epidote and sphene are very

common in the rocks at Mount Mulgine. þlhat is more, epidote is often found

partialìy replaced by scheelite (Plates 4.lB and 4.2A). In sample 259/84.35,

scheelite also grades into and appears to have partially replaced sphene.

In cases where there is'a strong possib'ility of erroneous identifica-
tion, then factors like grain size, relative abundance and distribution within
the rock will be of great he'lp in positive identification short of microprobe

analysis. Scheelite grains are usually reìatively coarse and few in number

(less than 5 grains in most thin sections) and are almost aìways found within
or c'lose to (quartz) veins.

The association of scheelite and quartz veins has already been men-

tioned. This association is dispìayed in Plate 4.lC. In one sample (5.| /89.20)
scheelite forms a vein without other minerals and in sample 268/140.55, which

does not contain quartz, scheelite was observed in a carbonate vein.

Apart from quartz, epidote and huebnerite, scheelite does not appear

to be c'losely associated with any one mineral or group of minerals. Thus it
is not confined to any one rock type a'lthough it is noticeably scarce in the

acidic members. Schee'lite was observed with inclusions of many minerals in-
c'l udi ng pyri te , chal copyri te, spha'leri te , arsenopyri te, tetrahedri te , kobel I i te-
tintjnaite and gangue minerals such as quartz, carbonates and phlogopite.

Some scheelite grains show undulose extinction, interpreted to be due

to strain*. In some cases, the mineral has responded to stress by fracturing
and gangue minera'ls and moìybden'ite have been observed in fractures extending

into the scheelite. Soft minerals'like molybdenite may have moved into the

fractures during deformation but it is also possible that they are later than

scheelite. More wil'l be said about scheelite later, in the discussion on ore

genesi s.

In a few cases, the undu'lose extinction seems to be due to rep'lacement.
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4.3 Antimon.y and some antimony- bearinq mineral s

Native Sb was observed in only one sample and is therefore rare.

Initially, it was suspected to be dyscrasite (which it resemb'les very much

in incident'light), because of its high reflectance but electron mìcroprobe

analysis showed that it is a'lmost 
.l00% 

Sb with only minor amounts of As and

Bi. It is associated with chalcopyrite and tetrahedrite and appears to have

part'ia1ly replaced the 'latter mineral.

Five Sb-bearing phases were identifjed. Tetrahedrite and stibnite
wi l'l be d j scussed here and the rest (ul'lmani te, pyrargyrite and kobel I i te-
tintinaite) wilt be described in other sections to follow.

Tetrahedrite is common in the rocks at Mulgine and is the fourth

most frequently observed opaque mineral. It occurs most'ly as discrete fine
grains, the ìargest of whjch would be less than about 0.2 mm. The grains

are usually scattered throughout the rock but in a few cases, they were ob-

served grouped together. The minerals most common'ly associated with tetra-
hedrite are arsenopyrite, pynite and chalcopyrite and all three have been

observed partia'lly replaced by the tetrahedrite (P'late 4.3C). Tetrahedrite

is genera'lly free of inclusions but in one sample,264/116.27, it has inclu-
sions of kobellite-tintinaite and appears to have partia'lly replaced them.

TetrahedrÍte grains were observed in fluorite.

The analysed tetrahedrites (faUte 4.3) contajn up to 4% 7n, 5% Fe

andì3% Ag. One of them had about 9% As and is therefore class'ified as

tetrahedri te-tenn anti e.

Stibnite, although sparse, is one of the few opaque minerals that
sometimes occurs coarse enough to be identified in hand specimen. Its
crystals or crystal aggregates sometimes span several centimetres. The

occurrence of stibnite ciystals means that the temperature of formation

must have been'less than 556oC its melting point (Vaughan and Craig,1978).
The stibnite is associated with arsenopyrite, chalcopyrite, pyrrhotite and

tremolite gangue. Pyrrhotite was found as inclusions ìn stibnjte and also

stibnite inclusions were found in pyrrhotite. Two of the four samples in

which stibnite was observed do not contajn quartz but they contain silica
in the form of chert which is involved in colloform texture. Chert is also

sparse and its occurrence with stibnite in the same samples rnakes one wonder

whether the two might be geneticaìly associated. It may well be a coinci-
dence.

In samp'le 3lB/58.4 stibnite was observed c'learìy folìowing frac-
tures within quartz. This need not imply that it is later than quartz - it
may have been remobilized into the fractures during deformation. Stress may

explain the (pressure) twinning which is commonly observed in stjbnite



Table 4.3 : Tetrahedrite anal vses

(concentrations in wt.%., n.d. means not detected).

Sample No.

Anaìysis No.

Fe

Cu

Pb

7n

Ni

Sb

As

A9

S

cd

Bi

Ti

Sn

Tota'l

Tetrahedri te -Tennanti te

259/123.32

2

5.43

3l .38

n. d.

2.03

3. 59

26.37

9.72

'l .0s

24.38

n. d.

n. d.

n. d.

n. d.

I 03. 95

TETRAHEDRITES

259/123.32 301/133.8264/116.27

tI t

5.42

36.28

n. d.

1.82

n. d.

30. s8

0.33

1.47

24.16

n. d.

n. d.

0.05

n. d.

2.91

34.17

n. d.

3. 94

n. d.

30.1 5

0.50

4.37

24.38

0.64

n. d.

n. d.

n. d.

2.27

28.68

n. d.

4.41

n. d.

23.67

3.44

13.28

23.79

0.37

n. d.

n. d.

n. d.

t01.0699.91 100. t'l
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(Plates 4.28 and 4.2D).

4.4 lron sul i des

Pyri te

Pyrite is the main Fe su'lphide and it is abundant at Mount

Mu'lgine. It was observed in 90% of the'138 sample sections studied and its
frequency of occurrence is unequalìed by that of any other mineral in the

study area. Although it was not observed in a few of the sample sections

studied, there is no hesitation in stating that it occurs, in varying

amounts, in a'll rock types at Mount Mu'lgine and may occur together with

any of the minerals listed in Table 4.1.

The grain size of pyrite varies from very coarse crystals
(>2 cm) suitable for study in hand specimen down to minute grains that can

hardly be seen with the optical microscope. The grains are sometimes

euhedral to subhedral but, more often than not, they appear anhedral.

From its form, mode of occurrence and association with other

minerals, it is quite clear that there are several pyrite generat'ions. It
ìs not easy to say exactly how many but three would be a conservative

minimum (P'late 4.2c) .

The pyrite is, Ín places, intergrown with the gangue, not

leaving much doubt that it is an original constituent of the host rocks.

Fine grained syngenetic pyrite has been observed in layers paraìlel to schis-

tosity or banding. Such pyrite layers may be transgressively cut by veins of
coarser and more massive looking pyrite which may have been remobilized. In

other samples, evidence that the pyrite was introduced is impeccab'le for the

pyrite is coarsely crystalline and virtually confined to quartz or fluorite
veins. Pyrite veins sometimes occur within quartz veins. Megascopic pyrite
veins may look like some cementing or hardened grouting materia'I. It is
a'lso found deposited in jnterstices, fractures and along c'leavage pìanes of
mi caceous mi neral s ( see P'l ate 4. 5D ) . .

In the few rocks in which colloform texture was observed,

framboidal pyrite is found at the base of layers of cherty silica.

Pyrite occurs associated with a wide range of minerals. Inc'lu-

sions of magnetite, chalcopyrite, pymhotib, muscovite and phlogopite are

most cormon in pyrite. The very coarse pyrite grains often have very small

inclusions of a pinkish-cream mineral that looks very much like (and may

wel I be) the mineral identif ied as galenobismutite. l^lhittl e (1977, 1978)

reports that most of galena "occurs as binary intergrowths with chalco-
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pyrite or as inclusions within the'largest of the pyrites". It thus appears

that some of the galena identified by tlhittte and reported in his 1977, .|978

reports,'is what has been ident'ified as galenobismutite in this study (see

section 4.5). Inclusions of pyrite were observed in magnetite, tetrahedrite,
pyrrhotite, epidote, sphene and f'luorite. The association of pyrite and

fluorite means that pyrite continued to crystalìize right up to the very'last
stages of mineralization (see Figure 4.1).

In the above-mentioned and other associations of pyrite, it is
often not clear whether or not replacement has taken place but the foìlowing
cases are fairly.definite. Pyrite has partially or compìeteìy replaced
pyrrhotite and has itself been replaced by marcasite and tetrahedrite. Epi-

dote is so often found enclosing pyrite (plate 4.34) that'it js fe'lt that
there must be some genetic connection between the two minerals. The nature

of this connection is not understood at present.

Evidence for deformation is provided by some of the coarser
pyrite crystals which are often heavily fractured. Pyrrhotite, cha'lcopyrite,
molybdenite and gangue minerals occur in the fractures. Pyrite was ana'lysed

and the analyses are in Appendix 4.

P yrrhot i te

The second most important Fe sulphìde is pyrrhot'ite, which is
fair'ly common in the rocks at Mount Mulgine. There seems to be an antipathetic
relationship between pyrrhotite and pyrite; where the former mjneral occurs

in significant quantities, the'latter mineral is very minor or absent.

. Both hexagonal and monocl jnic pyrrhotites occur but the mono-

clinic variety predominates. Monoclinic pyrrhotite partly or who'lly rims

hexagonal pyrrhotite, especially where the latter mineral is in contact with
gangue or is fractured (llates 4.38 and 4.30). This indiôates that hexagonaì

pyrrhotite has been altered to monoclinic pyrrhotite. The alteration of
hexagonal to monoclinic pyrrhotite is due to the removal of Fe and/or addition
of S or oxygen (Scott et al. , 1977). This process can result in the formation
of pyrite and marcasite and, in extreme cases, of magnetite or hematite. All
these four minerals were observed associated with pyrrhotite in the rocks at
Mount Mulgine and this is a further indication that monoclinic pyrrhotite has

repìaced heiagonal pyrrhotite.

However, unless there were two or more pyrrhot'ite generations,
it is unlikeìy that the coarser monoclinic pyrrhotite grains were originaììy
hexagonal pyrrhot'ite which has been comp'letely replaced when similar size or
even smaller hexagonal pyrrhotite grains have ohly been partial'ly rep'laced.
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Thus it is poss'ible that some of the monoclinic pyrrhotite is primary which

would indicate low temperatures of deposition (below 254oC, Kissin and Scott,
.l982). A'lternatively, these observat'ions may simply be due to varying degrees

of repìacement.

The c'losest associate of pyrrhotite is chalcopyrite. The two

minerals are almost a'lways found close to each other and usually in contact.
Pyrrhotite is also associated with pyrite, sphaleríte, magnetite and rutile.
It has been found, together with cha'lcopyrite as inclusions in sphalerite
(pìate 4.54).

The identity of hexagona'l pyrrhotite was confirmed by microprobe

analysis. At'l the anaìysed pyrrhotites (Appendix 4) have more than 47.1

atomic % Fe, ìmpìying that they are indeed hexagonal as suspected from treat-
ment with a magnetic colloid. Numerous investigations in the Fe-S system

have shown that stable monoclinic pyrrhotite has less than 47.1 atomic % Fe.

To confidently distinguish the pyrrhotites from each other on the basis of
their compositions requires accurate analyses (Scott et al , 1977).

Marcas i te

The third of the Fe sulphides recognized Ín this study is
marcasite. It is faÍr1y common and in all cases it was observed in intimate
contact with pyrite (plate 4.4D). This has been interpreted to mean that it
has replaced pyrite but this interpretation is questionable in view of the

fact that the reaction marcasite theãt) 
pyrite is irrevers'ible (Fleet,.l970).

This reaction takes place at tempòrãlúr.r as ]ow as 400oC (rleet,.l970).
However, the replacement of pyrite by marcasite seems estab'lished in the

l'iterature. Ramdohr (ì980) suggests that some of the reported cases may rep-
resent simultaneous deposition of the two minerals. This is a possibility in
this case. The association pyrite * marcasite could be an a'lteration product

of pyrrhotite but this is considered unlike'ly jn this case because of the

characteristic appearance of pyrite.

Whatever its mode of formatìon, the presence of marcasite

impìies moderate or low temperatures of formation. Primary marcasite forms

from acid sol utions at temperatures bel ow 450oC (l,linchel'l and l^linche'll , I 961 ) .

4.5 Bismuth and bismuth-lead minerals

Native Bi, galena, galenobismutite (lillianite?) and kobe'llite-
tintinaite are the Bi and/or Pb minerals that were identified. Each of these

minerals is rare at Mount Mulgine.

Pure Bi is associated with and appears to have partiaììy repìaced a
Pb, Bi su'lphide that has been calìed galenobismutite (PbS.BizS3) because of
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its optical properties and associat'ion with Bi, although its composition

(Appendix 4) 'is closer to that of lillianite (3PbS.Bi2S3). Other minera'ls

associated with Bi are pyrite, cha'lcopyrite and pyrargyrite (see P'late 4.48).

In the absence of pyrrhotite, the co'lour of natÍve Bi (pinkish-cream due to

tarnjshing) can easiìy be mistaken for that of pyrrhotite. It (Bi) was

anaìysed because of its close association with galenobismutite; otherwise,

it would easily have been overlooked as pyrrhotite. The anaìysis results
(Appendix 4) show that it is a'lmost 'l00% Bi.

The occurrence of the native metals Bi and Sb may be due to reduc-

tion of the appropriate sulphides during or after serpentinization, in a

manner simitar to that suggested by Chamberlain et al, (1965) to explain the

occurrence of native metals in the Muskox intrusion, Canada. Hydrogen is
produced during serpentinization by the reactjon

olivine * watêr + serpentjne + magnetite + hydrogen.

The hydrogen then reacts with the su'lphìdes liberating the meta'ls. Reactions

of the follow'ing type may have been involved in the formation of the native

metal s :

PbS.BiZS3 + 3H20 + ZBi + PbS + 3H2S

gal enobi smuti te ga'l ena

Cu.,rSbOS, g + HZ+ 4Sb + l3CuS + HrS

tetrahedri te covel 1 i te

Although neither native Bi associated wjth galena nor native Sb associated

wjth covellite were observed, the fact that native Bi occurs associated with

galenobismutite and that native Sb and tetrahedrite were observed in one

sample and tetrahedrite and covellite in another sample, makes it highly

likely that the reactions shown above took place at Mount Mu'lgine.

Qnly one fine grain of free galena was observed. Its analysis

yielded a low tota'l and indicated small quantities of Fe and Sb, but there

is not much doubt about its identity. The galena occurs close to but not in
contact with pyrite, tetrahedrite and native Sb and so contamination with Fe

and Sb is a possibility.

Kobetlite-tintinaite was found as very small grains both partly and

wholly enclosed by tetrahedrite, within scheeìite (plate 4.44) in samp'le

264/116.27. It is assumed that the tetrahedrite has partially replaced the

kobellite-tintinaite. Identification was aided by e'lectron microprobe

ana'lysis (Appendix 4).
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4.6 Silver minerals

Apart from tetrahedrite, which may contain up to 13% Ag, the only

other Ag-bearing mineral observed in the samples studied is pyrargyrite
(3Ag2S.SbZS3). Because of its light blue colour, pyrargyrite was a'lmost

overlooked as cha'lcocite, espec'ially since it was in contact with chalco-

pyrite. But, there was no apparent replacement between the two minerals

and besides, there was no trace of covellite (in the samp'les at Mount Muìg'ine,

it is usual'ly covellite which replaces chalcopyrite while it (covellite) is
be'ing rep'laced by chalcocite). Suspìcions about its identity were thus

created and were later confirmed when it was analysed and found to be

pyrargyrite. The ana'lysis results (Tab'le 4.4) are almost exactìy as one

would expect from jts formula given above.

Table 4.4 osition of a ite

Sample No. 5l/.l08.70

concentrations in wt.%., n.d. means not detected.

El ement wt.%

Fe

Cu

Pb

7n

Ni

Sb

As

Ag

S

cd

Bi

Ti

Sn

0.08

0.09

n. d.

n.d.
n. d.

23.80

0.t6
59. 86

17 .27

n. d.

n. d.

n. d.

n. d.

Total I 01 .26

Pyrargyrite was observed in on'ly one sample (5'll'108.7) and is there-

fore rare, although it is possible that it was over'looked as chalcocite, or

some other copper mineral, in other samp'les. Only one grain of the mineral

was observed and it is less than 0.2 nm long. The one grain is between and

in contact with chalcopyrite and pyrite (see Plate 4.48). The cha'lcopyrite

is also in contact with Bi and the assemblage also includes galenobismu-
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tite partialty repìaced by BÍ. M'idd'leton (lgZg) reports that higher Bi

values are invariably accompanied by higher Ag values in the rocks at Mount

Mulgine. The above mineral association may expìain Middleton's observation.

4.7 Ni cke'l-beari n mi neral s

The Ni-bearing sulphides pentland'ite, ullmannite and gersdorffite
were identified in one sample of a phlogopite-chlorite schist. The other

opaque minera'ls in the sample (268/35.84) are molybdenite, pyrite, chalco=

pyrite, ruti'le and minor marcasite. Scheelite also occurs in the same sample.

Ullmannite (NiSbS) and gersdorffite [(Ni, Co, Fe)AsS] are not only

strikingìy similar in appearance but they also look like pyrite in reflected
tight (P'late 4.5C). If they had not been in the same field of view with
pyrite, they would, aìmost certainly, have been missed. Since they were

observed in only one sample they must be described as rare but as just implied,

they may have been mis-identified as pyrite in other samp'les. In samp'le

268/35.84, they are relatively abundant with gersdorffite being the second

most abundant opaque after pyrite. Each mineral occurs as discrete grains

generally'less than 0.3 nm 1ong. The grains of each minera'l tend to occur

in a group. Some of the gersdorffite grains are surrounded by minute grains

of another mineral too small to be identifjed but having a grey coìour, in
incident l ight, s'imilar to that of rutile.

The electron microprobe had to be used to distinguish between

gersdorffite and u'llmannite and to identify them. Their compositions
(Appendix 4) and optical properties are as anticìpated from published data

(e.g., Uytenbogaardt and Burke, '1971 ). A'lthough Co was not analysed for,
the ana'lysis.results show that there can only be minor amounts of it (if any)

in the gersdorffite.

Three pentìandite grains were identified in the same field of view

with the ullmannite and gersdorffite. One of them was in c'lose contact with

chalcopyrite and had probably.,,been partia'lly replaced by it, but the others

were isolated. The pentlandite grains would have been identified as pyrrho-

tite but their paucity and very fine size betrayed them. (Pyrrhotite is
usually relativeìy much coarser and abundant wherever it occurs). The elec-
tron microprobe results (Appendix 4) confirmed the identity of pentìandite.

l^lith the possible exception of pent'landite (with chalcopyrite),
the.Ni phases do not appear to have been.involved in any replacement

textures.
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4.8 Arsenic-bearinq mineral s

The occurrence of gersdorffite with more than 40 wt.% As has aìready
been mentioned in the previous section. The other phases with appreciab'le

amounts of As are arsenopyrite and tetrahedrite-tennantite. A few other
minerals (e.9., ullmannite) contain minor to trace amounts of As.

Arsenopyrite is fairly corrnon at Mount Mulgine. Being one of the

most refractory minerals among the cormon su'lphides, arsenopyrite has been

used and recommended as a geothermometer (e.g., Kretschmar and Scott,1976).
No serious attempt was made to use it as a geothermometer in this study

because of uncertainties about whether or not it crystallized in an aS,

buffered assemb'lage. The only su'lphide which was observed in contact with
arsenopyrite was tetrahedrjte and this mineral had partiaì'ly replaced the

arsenopyrite in sample 259/123.32. In thìs sample, the colours of these

minerals in reflected'light are not exactly as anticipated from experjence

with other sampìes from Mount Mulgine and so, it was decided to analyse the

minerals and determine whether the slight differences in colours represent
compositional differences. This proved to be so for the tetrahedrite which

has about 9% As (see Tab'le 4.3) and has been classified as tetrahedrite-
tennantite, but the arsenopyrite is fairly pure as can be seen from the
fol'lowing Table 4.5

Tabl e 4. 5: Arsenopyri te ana'lyses

Sampì e No. 259/123.32

Concentrations in wt.%; n.d. means not detected

El ement Analysis ì Analysis 2

35.40

0. l9
n. d.

n. d.

0.05

n. d.

44.71

n. d.

20.58

n. d.

n. d.

n. d.

n.d.

Fe

Cu

Pb

7n

Ni

Sb

As

As

S

cd

Bi

Ti
Sn

35.70

0

n

n

0

n

06

d.

d.

17

d.

67

d.

79

d.

d.

d.

d.

44

n

20.

n

n

n

n

Total 'l0l .40 I 00.93
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It was decided to take advantage of the few arsenopyrite anaìyses
thus obtained and attempt to estimate its temperature of formation according
to the method of Kretschmar and Scott (1976). The arsenopyrite contains less
than 0.5 wt.% total impurities and its mean As content is 31.67 atomic %.

This indicates a temperature of about 405oC when referred to Figure 4 of
Kretschmar and Scott (1976) reproduced here as Figure 4.2. This temperature
was obtained using the arsenopyrite + pyrite + pyrrhotite (asp + py + po)

line in Figure 4.2 Aìthough these three minerals were not all observed jn

sampìe 259/123 32, they were all observed in samples 259/126.87 and264/126.35.

In determining the above temperature, it was assumed that the
arsenopyrite grew in an aS, buffered system and that its composition has not
changed since its formation (although it is obviously involved in replacement).
Even if these assumptions are correct, the fact that onìy one grain of arseno-
pyrite was anaìysed is enough to raise objections to the temperature thus

obtained. However, it is interesting to note that this temperature (405oC) is
in fair agreement with the mean temperature (396oC) of scheelite formation
obtained from fluid inclusion studies (Chapter 5). But this could be fortuitous.

The usual mode of occurrence of arsenopyrite in the rocks at Mount

Mulgine is as isolated euhedral crysta'ls or groups of crystaìs averaging about
0.15 mm across. In samp'le 276/74..l0 arsenopyrite is the most abundant opaque.

Apart from tetrahedrite-tennantite mentioned above, arsenopyrite is not asso-

ciated with any mineral(s) in particular.

Tetrahedrite-tennantite,which is sparse at Mount Muìgine, was posi-
tiveìy identified onìy in sample 259/123.32 but it was observed in other
sampl es, alv',ays associated with chal copyrite. In the above sample, it com-

p'letely encl.oses chaìcopyrite and may have partially repìaced it (Plate 4.3C).
Compared to "normal " tetrahedrite, tetrahedrite-tennantite is darker ìn re-
flected ìight with a khaki type of colour.

4.9 Sphal eri te

Zinc averaged 103 ppm in all the rocks anaìysed and its sulphíde,
sphalerite, is fairìy common. In this study, most of the sphaìerite identifica-
tions were done in transmitted ìight in which the mineral has a bright red

colour. (Huebnerite is aìso blood red in transmitted light but it is aniso-
tropic). In reflected ì'ight, most of the larger sphalerite graÍns invariably
contain inclusions of chalcopyrite and/or pyrite and pyrrhotite. These inclu-
sions may be randomly distributed throughout the mineral or they may'be aligned
all along its edge, resembìing an overgrowth texture (plate 4.4C) or they may

be arranged in irregular veins or veinlets which look like a string of elongated

beads (Plate 4.54).
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Such inclusions in spha'lerite are conrnon'in many ore deposits and

have, in the past, generally been interpreted as exsolution bodies. l,Jhile this
interpretation must be at least partly correct, especiaìly in the case of higher
temperature ( >4000C) deposits, some other expìanation must be sought for the

lower temperature deposits. Recent work by t^liggins and Craig (1980) and

Hutchison and Scott (1981) has demonstrated that chaJcopyrite will not dissolve
in sphalerite in any significant amounts unless the temperature js above 5000C.

But abundant inclusions of chalcopyrite in sphaìerite have been observed in ores

that are known to have formed at much lower t,emperatures (e.g., Kelly and Rye,

1979; Kim, l98l). They have even been observed in deposits that are known to
have formed in the 100-l5Oorange (Craig and Vaughan, t9B1).

In such cases, exso'lution, which is temperature dependent, is not the

sole explanation. Such inclusions are now believed to have grov'rn durìng

sphalerite formation or to be due to replacement as Cu- and/or Fe-rich fluids
reacted with sphalerite after formation (Craig and Vaughan, l98l). The arrange-

ment of the grains into veins or along sphaìerite boundaries may be due to
redistribution of the included grains as spha'lerite recrystallizes during meta-

morphism.

The distributjon of pyrite inclusions in sphalerite, aìong the

spha'lerite-scheelite boundary (Plate 4.4C) is bel'ieved to be due to direct
deposition of the pyrite as a result of interaction between the sphalerite and

later solutions that migrated in the interstices between scheelite and sphal-

erite. The fact that Fe was found in the fluid inclusions (Chapter 5) is con-

sistent with this ìnterpr:etation. The quartz grains between the spha'lerite

and scheelite (see Plate 4.4C) might have formed at about the same time as the

pyri te.

l,'lilliams (1974) also observed that pyrite and marcasite "tend to occur

as inclusions in the grain boundaries of sphaìerites" at Zeehan, Tasmania. He

essentia'lly suggested the same explanat'ion as above and noted that it was un-

likely that the pyrite formed from, and during reequilibration of, sphaìerite.
It is also considered unlikeìy that the pyrite formed as a result of a reaction

between sphalerite and the adjacent scheelite.

The minerals found as inclus'ions in sphalerite are its most common

associates. Rutile is also commonly associated with sphalerite. Sphalerite
grains are generalìy small but they may be'large enough to be seen with the

naked eye (by hoìdìng the thin section against the light). This is the case in
po'lished thin section 124 (sample 259/115.77) in which sphalerite is found in a

vein (see Pìate 4.54).
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Sphaìerite, in contact with pyrite and pyrrhotite, was anaìysed in
an attempt to use its Fe content to estimate the pressure of formation.
Sphaìerite geobarometry is dealt with in Chapter 6 and the fulì anaìyses are

in Appendix 4.

4..l0 Iron, titanium and chromium oxides

Five oxides of Fe, Ti and Cr have been identifìed in the rocks

studied. In order of frequency in the rocks, they are rutile (very common)

magnet'ite (conunon) ilmenite (fair'ly common) hematite (sparse) and chromite
(rare).

Ruti I e

Rutile is the third most abundant opaque mineral after pyrite
and chalcopyrite. It usually occurs in minor or trace amounts but in some

samp'les, for exampìe 276/47.8 a.nd 268/22.14, it predominates over the other
opaques. Sample 268/22.14 is one of the rocks that were ana'lysed and it has

0.98 wt.% TiO, (see Appendix 3). It can hardìy be described as being rela-
tively rich in Ti and the dominance of rutile is, therefore, a little sur-
prising; it ìs thought to be due to a relative lack of mìnerals like sphene

which take up T'i. Even sample ?76/47.8 has onìy trace sphene in it.
Rutile occurs as fine, roundish and generally discrete grains.

The relative'ly larger grains would average about 0.05 mm across. The grains

are sometimes in groups, giving a strong impression that they are, or they

represent, an aìteration product. The mineral that no longer exists may well

have been sphene for presently, ruti'le grains or groups of grains are often

found w'ithin sphene (plate 4.34). In sample 268/22.14 rutile occurs as needles

or rods which look as if they are randomly oriented but they are actuaìly
aligned paraìlel to the c'leavage planes of actinolite. (The sampìe is composed

of 80% actinolite). The needle-like habit of rutite (fìate 4.58) was also ob-

served in section 70/49.90 which is also essentially an actinol'ite rock (60%

actinolite). The rutile needles are extremely thin (less than about 0.0.l mm)

and the'ir ìengths are about 4 to l0 times their widths, on average. Similar
needles of rutile have also been reported from Broken Hill (Ramdohr,1980,

p. I 008).

Rutile occurs in almost all Mount Mu'lgine rocks, associated with
many minerals. It is particuìarly well developed in rocks also containing

muscovite, pyrrhotite, chalcopyrite and sphalerite. Grains of the mineral have

been observed in pyrrhotite and in some samp'les ilmenite seems to have partly
replaced it. The rutile also appears to have been partiaìly repìaced by some

U-containing mineral which 'is suspected to be brannerite (Pìate 4.5D).
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Rutile was occasionalìy analysed but only quaìitatively to make

sure it was not iìmenite or magnetite which can be very similar in appearance.

The rutile that is associated with brannerite(?) was anaìysed and found to con-
tain nearly 2 wt.% NbZ05 (see Appendix 4).

Maqneti te

Magnetite is very important, especially in BIF in which it may

constitute more than 50% of the rock. The occurrence of magnetite seems to
have been directly controlìed by the availability of Fe in the Mount Mulgine

greenstones. With a few exceptions, magnet'ite is not found in rocks that are

chiefly composed of non-Fe-bearing m'inerals such as phìogopite and tremolite.
The greenstone rocks in which magnetite is found are richer in Fe (12.6% FerO,

on the average compared with an average of ì0.9% Fer}, in non-magnetite-bearing

greenstones ) .

Onìy in BIF's are magnetite grains greater than ì mm commonìy

encountered. The grains are generaììy anhedral and sometimes have inclusjons
of chalcopyrite, pyrite or pyrrhotite. Like pyrite, some of the magnetìte

would be an origina'l accessory component of the host rocks.

Serpentine is invariably associated with magnetite and both these

minerals are considered to be a direct result of serpentinization.

0(Mgl.b,Fe'.5) Si04+ 7HZ0 + 3MgrSi205(0H.)4 + Fe304 + H2 (Chamberlain et aì,
ol ivine serpentine magnetite I 965) .

In the sampìes in which the two minerals are found, magnetite partìy follows
the cleavage of the fibrous serpentine (chrysotile) and so their genetic asso-

ciation is not in much doubt.

The colour of magnetite in refìected lisht may be almost exactly
the same as that of rutile or ilmen'ite or chromite. Only in those cases when

rutile or ilmenite appear isotropic is there a poss'ibility of confusing these

minerals with magnetite. Distinguishing between chromite and magnetite (when

they occur separateìy) may be very difficult. Magnetite was observed completeìy

surrounding and apparently having partiaììy repìaced ilmen'ite and chromite.

Tetrahedrite was also observed in magnetite but it was not clear if there had

been some rep'lacement between the two. Hematite has definiteìy replaced

magnetite; this replacement may be confined to fractures and is considered to

be a supergene effect. Like rutiìe, magnet'ite is also found as cores in sphene.

The two minerals have been observed side by side in the same grain of sphene

(Plate 4.6C).

In some samp'les (e.g.,259/99.2 and 22/33.9), magnetite is not

its "normal" brown colour but the colour has a definite purplish or pinkish



Plate 4. IA

Plate 4. lB

Pl ate 4. 'lC

Huebnerite (red) partially replaced by scheelite (white).
The gangue is quartz (pinkish cream in the lower right hand

corner).
Sample No. 251/64.70, ref'lected I ight.

Epidote (multicoloured) partiaììy replaced by scheelite
(brown-grey with a mottìed appearance). The other mineral
is quartz. Samp'le No. 259/30.9. Transmitted I ight,
crossed polars. See also Plate 4.24.

Coarse scheelite fluorescing in short waye'length UV ìight.
The scheelite is in a quartz vein. Note the sma]ler schee'lite
grains scattered near and aìong the quartz vein edges. (------)
Sample No. 93/62.'18.
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Plate 4.2A

Same as Plate 4.lB but in reflected light, showing the
sometimes striking resemblance between scheelite (Sh)

and epidote (Ep) in reflected ìight.

Plates 4.28 and 4.2D

(B) Pressure twinning in stibnite.
(D) Growth(?) twinning in stibnite.
Sample No. 318/54.8. Reflected 1ight, partìy crossed poìars.

Plate 4.2C

Two, possibly three generations of pyrite: Coarse and sub-
hedral, fine and intersititial (vein-like) pyrite. The

fine grained and intersititial pyrites may be of the same

generati on .

Sampìe No. 51/120.3, reflected 1ight.
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Plate 4.34

Pyrite (PV) and chalcopyrite (CpV) in epidote (Ep), and Rutile (R)

in sphene (Spe). These are very common associations in the rocks

at Mount Mulgine.

Sampìe No. 259/30.90, reflected light.

Plate 4.3D and 4.38

(D) Hexagonal pyrrhotite (H Po) partial'ly replaced by monoclinic
pyrrhotite (tt po). The alteration is more intense where H Po'is
'in contact with gangue. The Il Po is shown by particles from a

magnetic colloid. Compare with Plate 4.38, taken before appti-
cation of the magnetic colloid.
Sample llo. 259/90.70, reflected ì'ight.

(B) Same as 4.3D before app'licatjon of the magnetic colloid.
The light grey mineral is sphalerite (Sp).

Plate 4.3C

Arsenopyri te (Ars ) part'i aì ly rep'laced by tetrahedri te (T) , and

cha'lcopyrite (CpV) partially repìaced by tetrahedrite-tennantite
(T-t).
Sampìe No. 259/123.3?, oil immersion.
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Plate 4.44

Plate 4.48

Plate 4.4C

Plate 4.4D

Kobellite-tintinaite (K-t) partially repìaced by tetrahedrite (T).
Both minerals together with pyrite (pv) are within scheelite (sh).
Sample No. 264/116.27, reflected light.

Pyrargyrite (Pr) associated with pyrite (py) galenob'ismutjte (Gb)

and bismuth (Bi). The Bi is assumed to have repìaced ga'leno-

bi smuti te.
Samp'le No. 5ll108.70, o'il immersion.

Overgrowth texture of pyrite (Py) euhedra into spha'lerite (Sp)

at the contact of the latter and scheelite (Sh). The coarse

roundish dark grains are quartz.
Sample No. 264/116.27, reflected light.

Marcasite (Mc) almost indistinguishab'le from pyrite (py) wtricf¡

it 'is assumed to have replaced. The grey minera'l is pyrrhotite (po).
It is aìso possible that both pyrite and marcasite (and possibìy
pyrrhotite) crystal I ized simultaneously.
Sample No. 259/90.70, reflected lÍght.
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Plate 4.54

Plate 4.58

Plate 4.5C

Plate 4.5D

A sphaìerite (sp) veinlet with smaller veinlets of chalcopyrite (cpv)
forming patterns. The sphalerite also has a ìarge inclusion of
pyrrhotite (po) wr¡ich is part'ly visible in the photomicrograph. The

white grains outside the veinlet are aìso pyrrhotite.
Samp'f e No. 259/115 .77, refl ected 'l i ght.

Rutile "needles" in an actinolite schist.
Sampìe No. 268/22..l4, reflected light.

Pyrite (Py) gersdorffite (Ger) and ullmannite (Ul) all looking very
much alike Ín reflected 'light. Two small grains of each of
pent'landite (pt) and chalcopyrite (CpV) can also be seen.

Samp'le No. 268/35.84, ref'lected 1ight.

Brannerite?(Brn) associated with rutile (R). Note the round

exsolution bodies (anatase?) within the suspected brannerite
and also pyrite deposited along cìeavage planes of muscovite.
Sampìe No. 232/¡,51, reflected 'light.
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Plate 4.64

Plate 4.68

Plate 4.6C

Magnetite (Ut) repìacing chromite (Chr). Note the dark "halo"
looking ìike a ring between the two minerals. See text for
expl anati on .

Sample No. 268/140.55, refìected'light.

Martitization - i.e., hematite (Hm) replac'ing magnetite (Nt).
Sample No. 259/22.ì0, oil immersion.

l4agnetite (l'lt) side by side with rutile (R) which is very
similar in appearance, in the same sphene (Spe) grains.

Plate 4.6D

I'lolybdenite (Mo) occurring along a quartz (Q) vein edge.

This is its typicaì form of occurrence.

Samp'le No. 268/123.66, reflected I ight.
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Plate 4.74

Plate 4.78

Plate 4.7C

coarse pyroxene crystal (cream) partiaìly repìaced by trernolite
(greenish yeìlow). The opaque is pyrite.
Sampìe No. 275/88.3, transmitted ìight.

Actinolitic hornblende (dark green) partially repìaced by

epidote (yellowish). The surrounding white-cream-brown

mineral is quartz

Sample No. 259/99.22, transmitted I ight.

Stiìbite crystals partìy fiìling and projecting into a

vug or cavity within an actionolite-biotite-epidote
schist. The associated pink mineraì is ankerite.
Sample No. 268/100.2.
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Plate 4.84

Plate 4.88

Plate 4.8C

Plate 4.8D

A fieìd of view dominated by carbonates with a granular
texture. The white vein that crosses the bottom right
hand corner of the photomicrograph is also composed of
carbonate.

Sample No. 276/106.60. Transmitted light, crossed polars.

Folded biotite flakes partly chloritized especìa'lìy aìong

cìeavage planes and also part'ly serÍcitized along the
fl akes' edges.

Sample No. ?68/35.84. Transmitted l'ight, crossed pol ars.

Pyrrhotite(Po) with an angular appearance and magnetite(Mt)
grains with "toothed" edges because the two minerals are

associated with fibrous chrysotile and chlorite.
Sample No. 22/65. ì5, reflected 'light.

Euhedral porphyroblasts of tremolite and pyrite (opaque) in a

groundmass of fine talc crystaìs. Note that the tremoìite has

been partiaì'ly rep'laced by talc along the margins and also in
the interior of the crystaìs.
Sample No. 259/123.32. Transmitted ìight,partìy crossed

poì ars .
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Plate 4.94

Plate 4.98

A vein of coarse pyroxene (mainìy bìue and white) crystaìs
bordered by a mass of fine chlorite crystals (dirty green).

Sampìe No. 276/1'16.05. Transmitted light, crossed polars.

Altered otivine (yellow) partly replaced by chrysotile and

chlorite (white) and magnetite (black).
Sample No. 22/65.15. Transmitted light, crossed polars.
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tint. For some grains, there is a gradation from the "normal" brown colour at
the edges to a core with a distinct purple tinge. In other samples still, the
purple tinge is found only in grains in direct contact with pyrite. The varia-
tion in colour must be due to one or more foreign elements incorporated in the
magnetite lattice; Ti is a possibility. The magnetite that has replaced
chromite was analysed (while anaìysing the chromite) and found to conta'in as

much as 5% Crr}U. This strengthens the view that it may be a replacement of
chromi te.

Evidence that the rocks were at one time under stress is also
provided by magnetite grains which are sometimes heaviìy fractured. Gangue

minerals have filled in the fractures.

Chromite, ilmenite and hematite

Chromite was identified in only two samples, where it occurs as

round gra'ins of about 0.3 mm diameter, surrounded by magnetite. At the margins

of the round grains, where they are in contact with magnetite, there are

features that appear as dark spots in reflected light. These dark spots form

a discontinuous ring between the chromite and the magnetite (Plate 4.64). The

dark spots or "haloes" are due to radioactive inclusions (Uytenbogaardt and

Burke, l97l). According !o Ramdohr (lggO), there may be no rep'lacement between

chromite and magnetite "in the strict sense", the magnetite may be an over-
growth over the chromite. However, on the i'nside of the dark "halo", "tongues"
of magnetite can be seen to extend into the chromite in Plate 4.64 and so, it
appears there was at least some repìacement of the chromite by the magnetite.

Chromite was analysed to confirm its identity. The results are

in Appendix 4. Against magnetite, chromite is distinctly darker in reflected
light but on its own, confusion with magnetite is possible.

One of the difficult minerals that were identified is ilmen'ite.

This mineral does not onìy resemble'rutile in refìected ìight but it also has

the same type of occurrence and grain size characteristics. It is ajso often
found within sphene. Skaarup (197a) found ilmenite "extensiveìy replaced by

sphene" in scheelite skarns in N. Norway. Sphene rep'lacing iìmenite was also

observed in amphibolites from the Harts Range (Bowyer, 1982).

Rutile and ilmenite could be distinguished fairly confident'ly
only when they were observed in the same field of view. Then ilmenite is seen

to be duller and more strongly anisotropic. The "strong and abundant" internal
reflections normally dispìayed by rutile (Uytenbogaardt and Burke, 1971) were

not aìways observed, even in oil. A few of the ilmenite identifícatjons were

done qualitativeìy using the electron microprobe. Because of the dominance

of rutile over ilmenite in the rocks studied, any grains of these minerals that
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could not be more positìvely identified were invariabìy caìled rutile. Hence,

rutile may be less than "very common" while rutiìe may be more than "fair'ly
common. "

Martitization has already been briefly referred to. Apparently,
aìl the hematite formed through this process (plate 4.68) which implies an

increase in oxygen fugacity. Hematite was analysed qualitatively to ascertain
its identity; its close association with magnetite heìps in its determination.
Some magnetite grains had fine inclusions of hematite wh'ich resemble exsolution
bodies but are believed to be due to supergene alteration of the magnetite.

4.ll Copper minerals

Chaìcopyrite is abundant in the rocks at Mount Muìgine but in most

cases, it is volumetrical'ly ìnsign'ificant. In one sampìe of a quartz-muscovite/

sericite rock, (22/71.70), chaìcopyrite is the dominant opaque but even in this
sample it constitutes less than 2 volume percent of the rock

It occurs mostìy as very fine graíns (sometimes so fine that they can

bare'ly be recognized under the opt'icaì microscope) in all rock types. Where

it occurs in association with coarse pyrrhotite and pyrite, the chalcopyrite is
also relatively much coarser and grains may be several hundred micrometres

across.

Because of its abundance, chaìcopyrite is associated with virtuaìly
all mjnerals and has been observed in contact with many of them, especiaìly
pyrrhotite, tetrahedrite-tennantite, pyrite and sphalerite; to mention onìy a

few opaques. Perhaps because of its smalì volume, chalcopyrite does not con-

tain inclusions of many minerals. Magnetite is the onìy opaque mineral that
was observed compìetely surrounded by chalcopyrite. However, chalcopyrite
occurs as ìnclusions in many minerals including sphaìerite, tetrahedrite,
pyrrhotite, pyrite, sphene, epidote and fluorite.

Like rutile, chalcopyrite grains are sometimes in groups suggestive of
a former associated mineral which has since been replaced. The mineral is, nost
'likeìy, epidote because chaìcopyrite grains were observed in epidote which looked

weathered or leached (see page 64).

In many rocks, the distribution of'chaìcopyrite grains suggests that
the mineral is an origina'l accessory component. The association of fluorite
and chalcopyrite, however, implies that the latter mineral was also late in the

paragenesis (see Figure 4..l). Hence, there are at least two generations of the

Cu-Fe sul phide.

Apart from tetrahedrite, which was described ear'lier (see page 46)

and chalcopyrìte, the other copper minerals observed are covellite and chalco-

cite which are believed to be supergene alteration products. Chrysocolla has

l.l
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also been reported (Maitland, l917). Covellite is found repìacing chaìcopyrite,
and in most cases, it is being replaced by chalcocite. I,Jith its deep bìue

colour, strong anisotropism and association with chalcopyrite, covellite can

hardìy be mistaken for another mineral. The identity of chalcocite which, in
pìaces, has completely repìaced covelìite, is not as certain. The mineral was

anaìysed but onìy quaìitative'ly to confirm the'identity. The so-called chaìco-
cite may weìì be digenite or indeed some other low temperature Cu su'lphide.

Chaìcopyrite is sometimes found in fractures in more brittle minerals
such as pyrite and pyrrhotite. This suggests that chalcopynite may be later
than these minerals. But inclusions of chalcopyrite in these same minerals show

that it is at least as old as these minerals. The occurrence of chalcopyrite
in fractures in syngenetic or ìater minerals is interpreted to be due to ductile
flow and/or recrystallization during or after deformation. Softer minerals such

as chalcopyrite may rèspond to stress by ductile flow while harder ones such as

pyrite respond by brittle fracture (Craig and Vaughan, lg8l). Aìso, the softer
m'inerals recrystallize most readiìy after deformation; so that evidence for
deformati on i s qui ck'ly obl i terated.

4 .12 Mol.ybden i te

Molbdenite has continued to attract attention at Mount Muìg'ine since

the earìy part of this century. It is the onìy Mo mineral that was recognized

in this study but "a little ferrimoìybdenite" has been observed in the more

weathered greisens (Middleton, 1979). Molybdenite is a common mineral at
Mount Muìgine and usually occurs a'long quartz vein edges (plate 4.6D) or as thjn
foliae para'l'lel to the schistosity of the host rocks, thus giving them a more

fissile character. It has also been observed in fractures in quartz and even

in scheelite. As discussed above for chalcopyrite, this need not impìy that
molybdenite is younger than the fractured minerals.

The mineral is generally fine aìthough aggregates of its foliated
crystals are often ìarge enough to be identified megascopicalìy. In reflected
light, stibnite 'is the on'ly mjneral , among the minerals identified, that could

possibìy be confused with molybdenite; their colours are distinct enough to

tell them apart - molybdenite being pinkish while stibnite is grey-white. It
is also possible for the two minerals to be mistaken for each other in hand

specimen. Their crystal forms and modes of occurrence can he'lp in proper

diagnosis.

According to Collins (1975) molybdenite at Mount Mu'lgine is the hexa-

gonal -2H poìymorph* and has a Re content of ll-16 ppm. The mineral was

I

*The moìybdenite polymorphs 2H (hexagonal
tinguished under the optical microscope

and 3R (rhombohedral ) cannot be dis-
Uytenbogaardt and Burke, I 97.l ) .

)
(
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not analysed in this study.

Moìybdenite is most commonly associated w'ith the micas; notabìy
muscovjte. They are often interleaved and, in some sampìes, moìybdenite has

repìaced muscovite. This rep'lacement was also reported by Blatchford (1919).

Molybdenite was also observed'in close association with tremolite and may

have repìaced some of it. Although generally among the lesser opaques,

moìybdenite may be the dominant opaque as in sampìe 252/1ì9.30, of a quartz-
chlorite-sericite schist. In this sample, molybdenite "mimmicks" the fibrous
structure of chlorite.

4. I 3 Brannerite(?)

A dark grey U-Ti-Ca-minor Si oxide was found in sampìe 232/51.0 and

it is believed to be brannerite ((U, Th, Ca)[(Ti, Fe)206]). Unfortunate'ly the

electron m'icroprobe anaìyses gave rather'low totals which may be partly due to
the presence of other elements (e.g., Th, Pb) which were not included in the

anaìyticaì programme (see Appendix 4).

The appearance of the mineral and its close association w'ith rutile
supports the possibiìity that it is brannerite. It occurs in a quartz-muscovite

rock and has, apparently, partiaììy repìaced rutile (plate 4.5D). Brannerite(?)
is rare at Mount Mulgine. In Plate 4:5D, some c'loudy exsolved aggregates, wh'ich

are too fine to be determined, can just be seen in the brannerite. They are

assumed to be anatase since brannerite "practica'lìy aìways contains very small

laths of pyrrhotite and exsolution or alteration bodies of anatase"
( Uytenbogaardt and Burke , 1971, p. I 97).

4. l4 Amphiboles

As a group, amphiboles are very common and they are the most important

rock-forming m'inerals at Mount Mulgine. They constitute over 90 volume % of
some of the rocks.

0nly the Ca-bearing amphiboìes, act'inolite, hornblende and tremolite
have been recognized in this study but the non-calcic amphiboles, anthophyl'lite
and cummingtonite, which òannot be distinguished from each other under the

optical microscope (Hurlbut and Klein,1977) have been reported by Coììins
(1975) and Whittl e (1977, .l978) respect'ively.

The amphìboles are best described as a group because they grade'into
each other both opticaìly and chemically so that quite often, there is no

unequivocal way of distinguishing between them. Strongly p'leochroic blue or
bìue-green crystaìs were called hornblende while the name actinolite was used

when the crystals were green or light green and not as strongly pleochroic.

Tremo'lite is colourless or very ìight green. Clearly, this rather subjective

way of distinguish'ing between amphiboles ìeaves much to be desjred especiatly
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Table 4.6 : Averaqe hornblende anaìyses, sample No. 276/73.4

(concentrations in wt.%., tr.d. means not detected).

Mean for analyses*
1, 2, and 3
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At 203

Crr0,

Fe0**

Mn0

Mgo

Ca0

Naro

Kzo

F
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Ni0
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AI

A1

T'i
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Mg

Fe

Fe
Mn

Ca

Na

K

3+

2+

2+

Number of ions***

*The individual analyses are in Appendix 4.
**Total iron as Fe0. See text for calculation of Fe

***Number of ions on the basis of 23 oxygens.

3+ and Fe
2+
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when the colours vary from blue, through green to colourless, which is the
case at Mount Mulgine.

More definite amphibole identifications u,ere made using their e'lec-
tron microprobe data, following the IMA system of nomenclature,(Leake, l97B).
Table 4.6 shows averages of hornbìende analyses together with their calculated
structural formulae. Fe2+ and Fe3+ contents were caìculated by setting the
total number of cations (exc'luding Na, Ca and K) equaì to l3 and then adjusting
the Fez+¡Fe3+ ratio until the total number of cations equaìled 13. This method

was recommended by Leake (1978) and gives the maximum possible Fe3+ (Stout,
1972). According to Figure 3 of Leake (.1978), part of which is reproduced here

as Figure 4.3, the hornblendes represented'in Table 4.6 are both magnesio-

hornbl endes.

In hand specimen, amphiboìe crystaìs, especia'lly tremolite crystals,
have a shiny siìky or fibrous appearance and a needle-'like or tabular habit.
The crystals are usually fine but they can be very coarse exceeding I cm jn

length and 2 mm in width. Coarse amphibo'le crystals or their relicts are some-

times found in a groundmass of very fine mica or talc and (usua'lly) quartz,
thus forming bìastoporphyritic texture. More often, however, the coarse

amphiboles, mostìy tremolites, are clearìy later and they should be called
porphyroblasts. The trernolite porphyroblasts are almost always euhedral, dis-
playing typical amphibole sections (p'late 4.8D) and are usually associated wjth
pyrìte megacrysts in the quartz-mica/talc groundmass.

The amphiboìe crystals commonìy have rugged or irregular terminations

where they appear to have broken down to nticrocrystalline talc or sericite.
This rep'lacement took p'lace within the crystaìs as well. Epidote and carbonates

have generally replaced the amphiboles and tremolite has replaced pyroxenes

(Plate 4.7A). In some samples, biotite and phlogopite have also repìaced the

amphi bol es .

Evidence that was interpreted to mean that there had been two amph'i-

boìe generations was found in some samp'les; the earlier amphibole crystals are

usuaìly coarser and have obvious'ly broken down while the later crystaìs are

relatively unaìtered and more euhedral. Fresh-looking amphiboles are usually
found within veins or aìong the margins of quartz veins. This is especiaìly
so for actinolite (see Plate 2.lA) and it may have crystallized out of the solu-
tions that formed the veins. Fluid inclusion leach analysis results indicate
that the elements necessary for the formation of minerals such as actinolite
and tremolite were available in the solutions. In sample 268/101, euhedraì

tremolite was observed in a fluorite vein, which strengthens the possibiìity
that some amphiboles aìso crystalìized from late solutions.
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Mg
2+

Mg+Fe'
(Na+K)O<0.50, Ti <0.5

Figure 4.3. Classification of calc'ic amph'iboles, in which

(Ca+Na)g , 1.34, NaU <0.67.

(After Leake, I 978) .

Abbrevi ati ons :

Tr - Tremol itìc
Ac - Act'ionol i ti c

Hb - Hornbl ende

Tsch - Tschermakite or Tschermakit'ic.

The strongly schìstose nature of some of the rocks is due to the

al i gnment of amph'ibo'le crystal s duri ng dynami c metamorphì sm. In other rocks,

however, the amphiboles are apparently randomly orjented, indicating that static
recrystal I'izati on (metamorphi sm) al so occurred.

Compositional zoning between actinolite and hornblende, which has

long been recognized and 'is common'ly repoÉted in the literature (e.g., Cooper

and Lovering, 1970; Brady,1974; Laird and Albee, l98l) was not observed in

this study. However, there is a genera'l tendency for actinolite (or hornbìende)

to have ì'ighter colouned (tremolitic?) r'ims or marginal patches which may be due

to metasomatism represented by the fol'lowìng schematic reaction suggested by

Thomson et al. (.l981).

Hornblende + K + HZO + tremolitic hornblende + phlogopite

Lack of any obv'ious actinolite-hornblende zoning may mean that the pressure was

low (Hynes, 1982).

a.oo 7..75 7..3 7:25 7.Po Si 6.r75 6.,5o 6.?5 6.po 5.71

tremol'ite Tr. Hb

Magnesi o-hornbl ende
Tsch.

Hb

Tschermaki te
(Al um'ino-Tsch . )Acti nol i te Ac. Hb

Ferror
Acti nol i te

Ferro-
Ac. Hb

Ferro-hornbl ende
Ferro-
Tsch

hb.

Ferro-
Tschermak'ite
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4.15 Epidote

One of the easier minerals to tell under the microscope, among those

identified, is epidote, mainly because it is usualìy yellow or yellowish in
colour and shows uneven spectral coìours between crossed poìars (Pìate 4.lB).
It may also be colourless or greenish.

Epidote is a very common mineral at Mount Muìgine and in some samp'les

has replaced p'lagioclase, thus providing evidence for retrograde metamorphism.

It also appears to have replaced amphiboles (actinolite) - plate 4.78. In many

sampìes, epidote looks corroded and all that remains is a dark-brown sponge-like

material. The characteristic bright colours of epidote under crossed polars

can sometimes still be seen in this materiaì.

Epidote is usualìy closely associated with opaque minerals, notably
pyrite, chaìcopyrite and pyrrhotite. It often rims pyrite grains (see P'late

4.3A) and chalcopyrite graìns have been observed in relicts of the mineral.

Carbonates, phlogop'ite and scheelite have replaced (or appear to have replaced)

ep i dote .

In quartz veins or along/near their margins, epidote looks relative'ly
fresh and may have been recrystallized or even deposited from the solutions
that passed thrrough the fissures now occupied by the veins. Some small veins,
entireìy filled with epidote have been observed. Some rocks owe their bandìng

partìy to epidote because it sometimes forms bands with or without other trans-
parent minerals but usuaiìy with opaques.

4. l6 Si I ica minerals

With the possible exception of pyrite, quartz is the most frequentìy
observed mineral at Mount Mulg'ine. It is abundant.

One thing which is immediately noticeable about quartz is its mode of
occurrence. It may occur as microcrystalline grains, more or less homogeneously

mixed with similar-sized crystals of mica or micaceous minerals, forming part of
the groundmass in porphyroblastic- (or blastoporphyritic-) textured rocks or it
may occur as relativeìy coarser grains, randomly mixed with other rock con-

stituents. The bulk of the quartz, however, occurs in vejns, veinlets, pockets

or lenses in which it is usualìy the main'constituent if not the only one.

Quartz is, therefore, usual'ly identifiable in hand specimen but, on the other

extreme, it may be cryptocrystalline.

Where quartz occurs in veins, pockets or lenses, it is, almost with-
out exception, much coarser than that elsewhere in the same rock. Also, other

minerals which occur associated with the coarse quartz, occurring either within
the above structures or at their margins, are coarser (see Plate 2.lA). Quartz

veining is considere.d to be an important petrographic feature and is covered jn

a
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a little more detaiì in Chapter 2.

There is not much doubt that vein quartz is epigenetic. Even the
pockets of quartz grains (caììed "centres of silicification" by Whittle,1977,
.1978) are considered to have the same origin; although they may be removed

from quartz veins. Most of the greenstones would have had littte or no quartz

ori gi nal ly.

Quartz is closely associated with mineralization and other minerals
like fluorite or carbonates which often occur in veins and may be considered

as part of the mineralization. The occurrence of mineralized and barren quartz

veins, of foìded or boudinaged and unstructured (strajght) veins, and of con-

cordant and cross-cutting veins, all imply that there lvere several quartz
generations and this is supported by fluid inclusion studies.

In sampìe 251/139.4 a folded quartz vein has been fractured and mica

minerals have been forced into the fractures (see P'late 2.lB). The fracturing
indicates that the "meandering-type" veins are so because they have been com-

pressed and not because of some other reason, like being formed in a sinuous

fracture. In another sampìe (22/71.7) quartz shows twinning and the twin crys-
tals show biaxial interference figures. The twinning may also be due to stress.

Quartz is mostly colourless with a lot of relatively ìarge f'luid
inclusions. M'ilky quartz, with much smaller and more numerous f'luid inclusions
is also present.

Another form of siì'ica, which has been cal'led cherty silica, is also
present but it is sparse. It has been observed in assoc'iation with moìybdenite

and also in colloform textures. It is dark under crossed poìars and has a

fibrous radiating structure. Where associated with molybdenite, cherty s'ilica
is found in interfoìia spaces.and in the colloform textures it occurs as bands

and as very thin paralìeì laminations (see Pìate 2.38). Each of these lamina-

tions or bands would probabìy represent a depositional episode or a temporary

break in deposition.

4.17 Carbonates

Carbonates are common in the rocks at Mount Mulg'ine. They are usually
found in the obviously hydrothermaìly altered rocks, often having repìaced other
minerals. Pyroxenes, amphiboles (especialìy tremolite) and epidote have been

rep'laced by the carbonates.

Quaìitative electron microprobe analyses,of the carbonates indicate
that the varieties present are calcite, ankerite and a Mn-Ca carbonate

(kutnohorite?). Carbonates are late minerals and they have been observed as

cavity fillings, associated with stilbite (plate 4.7C) and also in veins.
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Sometimes, the mode of occurrence of the carbonates is the same as

that which is typical of quartz grains in these rocks - i.e. the carbonates

may occur in veins, veinìets or pockets and even with a granu'lar-type texture
(Plate 4.84). They have also been observed as fracture fiìlings.

Carbonates occur in almost alì rock types and have been observed even

in the BIF. However, they seem to be more associated with the less Ca-rich

lithologies, at ìeast in the greenstones studied. Fluid inclusion studjes show

that the fìuids were carbon-dioxide-rich. This would expìain the formation of
the carbonates but the source of the carbon dioxide remains a problem. De-

gass'ing of the mantle (Professor P. Ypma, pers. comm.) is a possibility.

4. I I Feldspars

The most commonìy observed feldspars in the rocks at Mount Muìgine

are K'feldspars. Plagiocìase feldspars also occur but they have ìargely been

epidotized, sericitized or saussuritized. The type of p'lagioclase was not

determined because no unaltered crystaìs suitable for analysis were observed.

However, Collins (1975) reports that the anorthite content of the p'lagioclase

is more than 20%. Plagiocìase feldspars is fairly common.

The low temperature polymorphs of KAlSi30B, microcline and aduìaria,

are more frequentìy observed in these rocks. Adularja was observed ìn only two

samples and is therefore rare. 'Veins of adularia (associated with carbonates

or fluorite) form "tributaries" to larger quartz veins and there js not much

doubt that the quartz and adularia veins had the same origin. Microcìine,

which is also fair'ly common, looks fresh and it is commonly associated with
quartz. Some may be a result of K-feldspathization during hydrothermal meta-

somatism.

Some feldspar electron microprobe anaìyses are included in Appendix 4.

4.19 Micas

Like amphiboles, the mica minerals grade into each other and the dis-
tinction between the vqrious members of the group, main'ly based on colour, is
not always unambiguous, so they are better greated as a group. Biotite,
phìogopite, muscovite (sericite), damourite and zinnwaldite all occur in the

rocks at Mount Mulgine. The lattei two micas have been reported by l^lhittle
(1977, .l978) 

and were not identified in this study.

As a group, micas are abundant and they are generally fine and found

in all rocks. Muscovite is more common in the acidic rocks, biotite usuaìly

occurs in the relativeìy Fe-rich rocks while phlogopite is generally found in

the rocks high in both Ca and Mg.

Biotite has, in most cases, been partially replaced by chlorite. In
one sample, it also appeared to have been replaced by muscov'ite. The biotite
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varies in colour from dirty green, through brown to almost red. Biotite flakes
may be clustered together in a groundmass of sericite. Biotite imparts a dark
brown colour to the rocks and, when its flakes are clustered together, the
rocks have a spotted appearance.

Folded or crumpìed biotite flakes (plate 4.88) provide more evidence

that the rocks were under stress. Biotite may be confined to quartz veins or
their environs; when in quartz veins, its crystals are usually aligned aìong

the ve'in margin. Biotite flakes are sometimes found wrapped around pockets of
quartz grains or around ìarge quartz grains, giving the impression that the
quartz was intruded into the biotite. However, this is more likely to be a

result of deformation of a biotite-quartz assemblage. Some biotite flakes have

c'learly been fragmented or disintegrated into some cryptocrystaìline sericite-
like aggregates (see Plate 4.88).

Phlogopite seems to be a generaì'ly 'late or secondary mineral . In
some sampìes, it had, or appeared to have, replaced epidote, feldspar and

tremolite or actinolite. Phìogopitization is believed to be part of the hydro-
thermal alteration caused by K-rich fluids.

Muscovite flakes are sometimes found as inclusions within the coarse
pyrrhotite and pyrite grains and molybdenite has been observed repìacing musco-

vite (e.g., Co'llins, .l975). 
Hence, muscovite was, generaììy, earìier than

mineralization. The Si+4 contents of muscovites (phengites) were used to esti-
mate the pressure of format'ion (see page 94). During the microprobe analysis
of muscovites, it was found that some are interlayered with chlorite. The mica
(muscovite and biotite) analyses are in Appendix 4.

Veins of muscovite were observed but sericite veins are more common.

Sericite is common in the rocks at Mount Muìgine but its distinctÍon from

other fine mica or micaceous minerals is not aìways certain. It is usuaìly
found in the groundmass mixed with very fine quartz grains.

4.20 Talc, chlorite and serpentine

Talc is fairly common in the rocks at Mount Muìgine. It is possible

that it occurs more frequently than apparent in this study because its dis-
tinction from muscovite was mainìy based on the occurrence of other Mg-r'ich

minerals in the same sampìe. It is corrnonly microcrystalline and often forms

the groundmass (together with very fine-grained quartz) for tremolite and other
porphyroblasts. Tremolite porphyrob'lasts are often found breaking down to
talc in their cores or along the edges (plate 4.8D).

Chlorite is common at Mount Mulgine and occurs as fine scaly or flake-
like crystals which are usually clustered together. It has not been observed

in the Ca-Mg-rich (Fe-poor) rocks. Chlorite is often found having replaced



Table 4.7 : Ch]orite and Serpentine anal vses

concentrations in wt.%., n.d. means not detected.
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biotite or phlogopite but it i.s not always clear whether this replacement is
a retrograde effect or is due to hydrothermal alteration. Chlorite appears to
have been sericitised in some sampìes.

Small veins of chlorite have been observed but, more often, chlorite
flakes occur as a lining along quartz or pyroxene vein margins (plate 4.94).
Muscovite, chrysolite and sphene are, in some sampìes, cìose'ly associated with
chlorite and appear intergrown with it.

Some analyses of chlorite are included in Table 4.7t more analyses

are in Appendix 4. Table 4.7 shows that chlorites at Mount Mulgìne may vary

widely in their compositions, especially in their Mg and Fe contents. In this
case, the differences in their compositions are mainly due to the fact that the

chlorite ìn sample 268/ì49.90 is a hydrothermaì alteration product of phlogopite.

This sample contains other late mineraìs such as carbonates, fìuorite and

adularia and so, there is no doubt that the rock was hydrothermalìy altered.
The chlorite in samp'le 276/73.4 appears to have formed before hydrothermal

alteration. Biotìte is present in the same sample but it was not observed in

contact with the chlorite. The assembìage quartz + chlorite (and the absence

of cordierite) impìies that the temperature never exceeded about 550oC,

assuming a pressure (PH^O) of up to 5kb. Otherwise, the following reaction

would have taken place:¿ chlorite + quartz + talc + cordierite + vapour

(Fawcett and Yoder, 
.l966).

Serpentine (variety chrysotile) was identified only in samp'les

22/65.15 and 71/35.5 and is therefore rare. It occurs associated with altered

olivine, talc, chìorite, tremoìite, pyrrhotite and magnetite. It has c'learly

replaced the altèred olivine and, in places, it also appears to have replaced

chlorite and tremolite. The pyrrhotite associated with chrysotile has an angu-

lar appearance because of the asbestoform nature of the latter mineral (plate

4.8C). The magnetite grains have jagged outlines where they have partìy
followed the fibrous form of the chrysotile. The form of these opaques implies

that they formed later or at the same time as the chrysotile.

The reaction that could have taken pìace to produce serpentine and

magnetite from.olivine has already been given (page 57 ). Since no quartz was

observed in the sampìes containing chrysotile, it is possible that the follow-
ing reaction also took place.

3Mg2Si04 + 4HZ0 + Si0, + 2MgrSiZ05(0H)4

ol ivine quartz serpentine

Chrysotile anaìyses are included in Table 4..l9.
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4.21 Pyroxenes

From the chemical composition (Tab'le 4.8) and propert'ies, the

pyroxene anaìysed is diopside. However, since other pyroxenes are known to
occur at Mount Mulgine (e.g., the orthopyroxene enstatite has been reported -
l^Jhi tt] e , 1977, 1 978) the general name "pyroxenes " i s preferabl e.

Table 4.8: Pyroxene (Diopside) analyses

concentrations in wt.%

Sampìe No.

Analysis No.

si 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Total

Pyroxenes are fairly common and they usua'lìy occur segregated in
one part of the rock samples. 0nly in samp'le'268/38.05 were pyroxene crysta'ls
observed interwoven with sheaths of biotjte flakes. In some banded rocks,
pyroxenes have been observed forming entire bands bordered by biotite flakes.
The pyroxene crystals are usually relatively coarse, sometimes exceed'ing l nrm

in'length. As Plate 4.94 shows, pyroxenes may form veins with clusters of
chlorite crystals al1 along the vein margins.

Pyro¡enes have clear'ly been replaced by actinolite and/or hornblende
(see Pìate 4.74). This replacement is a retrograde reaction but this should

not be interpreted to mean that the pyroxenes formed during prograde metamor-
phism. Most of the pyroxenes are believed to be origina] constituents of the
rocks in which they occur (see page 21). Pyroxenes have also been carbona-

tised and in some samp'les, phlogopite seems to have replaced them.

Because of the cornmon occurrence of tremolite in the rocks at
Mount Mu]gine, some pyroxenes may be eas'i]y overlooked as tremo'lite if extinc-
tion ang'les and optic signs are not determined.

268/149.90 268/123.66

I 2 2

3.78

l.l6
14.81

25.27

53.85

l.t7

2.98

0.96

16.34

25.67

0.24

54.68 54.09

0.65

0. 37

5. 46

0.25

14.47

25.55

I 00. 04 I 00. 87 I 00. 84
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4.22 Sphene

After pyrite, quartz and chalcopyrite, sphene js the fourth most

frequently observed mineral at Mount Mulgine. It is very corrnon and occurs

in all rock types. A'lthough grains of sphene exceeding I nrn have been

observed, the minera'l usua'l'ly occurs as fine grains, generalìy'less than

0.25 mm.

The sphene grains occur disseminated, sometimes in clusters, through-

out the rocks. Veinlets of sphene were also observed. The grains are brown

in colour and often have fine pisolitic-type texture. In some rocks, sphene

grains have been weathered or leached'leaving a dark brown sponge-ljke mass

very simi'lar to and often indistinguishabìe from that'left after the destruc-

tion of epidote. The sometimes striking resemblance between epidote, schee'lite

and sphene has a'lready been mentioned (page 45).

More often than not, sphene has inc'lusions of rutile or ilmenite or

magnetite grains. 0f these inclusions, rutile is the most common. Pyrite
and cha'lcopyrite grains were also observed in sphene but this association is
not corffnon. Rutile and magnetite may occur in the same graìn of sphene

(Plate 4.6C). Laird and Albee ('l98la) a'lso observed rutile and sometimes

ilmenite as cores within sphene. These authors proposed that the fo'llowing

reaction might have taken place.

CaCO, + SiO, + Ti02 -+ CaTiO(SjO4) + C02

caìcite quartz rutile sphene carbon dioxide

This is most like'ly to be the type of reaction that occurred at Mount Mu'lgine.

Excess rutile would remain within the sphene. If ilmenite instead of rutile
took part in the above reaction, the Fe and "excess" oxygen from the

ilmenìte would perhaps combine to form magnetite. Since carbonates are late
minerals in the rocks at Mount Mu'lgine and they (carbonates) are not so

cornrnon, it is unlikely that the simple reaction represented by the above

equation took p'lace. The Ca and Si may have come from a silicate mineral

instead of calcite and quartz.

Sphene is also closely associated with ch'lorite and sometimes

assumes the fibrous structure of ch'lorite, where it grew following or a'long

cìeavage pìanes of chlorite. A few anaìyses of sphene are included in
Appendix 4.

4.23 Other minerals (apatite, fluorite, stilbite, altered olivine, garnets).

Apati te

As would be expected, apatite is found only in those rocks which

are relative'ly rich in P. It is a fair'ly conmon mineral at Mount Mu'lgine.
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Usually, two or three fine grains of the mineral will be found in each of
those samples where it occurs. The apatite grains may be several mm across

and they can be easi'ly seen fluorescing a cìear yeìlow colour in short

wave'length UV l'ight. In a muscovite schist sampìe taken from the Hill
deposit, apatite constitutes about 10% of the rock. In the Trench sampìes,

it constitutes less than I volume % of the rocks.

Apatite does not appear to be c'losely associated with any par-

ticular minerals but in samples 5l/122.8 and 259/108.92 it is associated

with molybdenite. This, and the fact that apatite was also observed in an

actinolite-carbonate yein implies that apatite might also have formed as one

of the later minerals.

lwo anaìyses of apatite are included in Appendix 4 and, from

its composition, the mineral is the common variety fluor-apatite.

Fl uori te

One of the last minerals to crystallize at Mount Muìgine,

posslbly the very last, was fluorite. This is indicated by its mode of
occurrence, its close association with late mjnerals and the'low salinity
and homogenization temperatures of fluid inclusions found in it (see Chapter 5).

Fluorite is conmon and is usual'ly found in veins. It is also

intersititial and was observed along cleavage planes of muscovite. Its
closest associates are other vein minerals such as quartz and carbonates.

0paques are usually found within the fluorite and it is believed that they

were deposited at about the same time. Pyrite and cha'lcopyrite are the

opaques common'ly found in fl uorite. The fluorite is coìour'less to purp'le

and it does not fluoresce in UV light. In sample 268/101, fluorite is not

truly isotropic but shows a biaxial negative figure. This is thought to be

another indicator of strain.

Sti I bi te

Crysta'ls of stilbite (Plate 4.7C) were observed growing out into
a vug in sample 268/100.2. In this samp'le, they are associated with pink

ankerite. The crystals are a few mm'long and some are twinned (interpenetrant

twinning). The composition of the stilbite is in Appendix 4 and as it stands,

it is c'loser to that of heulandite (CaA'l2si70lg.6HZ0) which has one molecule

of water less than stilbite (CaAlZSiZ0lg.7H20). However, the crysta'l form of
sti'lbite is dist'inctive.

Stilbite was observed on'ly in the above-mentioned sample and js

therefore rare. Its occurrence clearly implies that the solutions from which
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it was deposited must have contained A'1, although this element was not

detected in the fluid inclusion leach anaìyses (Chapter 5). These ana'lyses

showed that Ca and Fe were abundant in the mineralizìng solutions and so the

occurrence of ankerite is explainable.

Altered ol ivine (Bowtinqite?)

A Mg-Fe-Ti-silicate was found in sample 22/65.15 and it is
suspected to be bowlingite. There is not much doubt that it was originaìly
olivine because of the composition (Appendix 4) and aìso because the irregular
fractures, common in olivine, are still retained. However, the minera'l

cannot be olivine because it is strongìy coloured and pìeochroic. The colours

vary from cream-yeìlow to deep golden ye'llow. A'lso, olivine does not usualìy
contain so much Ti (over 2 wt.% TilZ in some analyses). Hence it is best

described as altered olivine. The composition of bowlingite shows considerable
variation and its detailed constitution is not known (Deer et al,1980).

Its strong yellow colour may be due to its high content of Ti.
The original olivine crystals were quite coarse, some exceeding 3 mm. The

crystaìs have now been partly rep'laced by serpentine (chrysotile) and

magnetite (P'late 4.98) and this is yet another indication that they were

originally olivine crystals. If it is assumed that the originaì o'livine
crystals did not contain as much Ti as indicated by the analyses, then Ti
must have been mobile, at least locaìly.

Altered olivine is rare but jn some pìaces it may have been

completely altered to serpentjne and iron oxides. Its high Mg content (over

50 wt.% on average) indicates that it was the variety forsterite in the

origina'l ul-tramafic rocks.

4.22 Garnets

The garnet group minerals are rare at Mount Mu'lgine. They were

observed in samples 22/33.9 and 259/115.77 and from their anaìyses, shown in
Table 4.9, they are largeìy andradite and spessartite respective'ly.

Spessartite is co'lourìess and occurs as roundish grains of about

I mm diameter on average. It is associated with quartz and múscovite and

contains many inc'lusions of sma'll quartz grains but not of muscovite. The

spessartite was, therefore, ear'ljer than muscovite. Smal'l pyrite grains are

sometimes found within the spessartite, together with the quartz grains.
Apart from minor fluorite, which is a 'late mineral , the samp'le (259/115.77)

containing spessartite is devoid of Ca-bearing minerals.

Andradite is brown and finely granu'lar. The grains vary from about

0.05 mm to genera'l'ly less than I nm but, in some parts of the sample, frac-



Tab'le 4.9 : Garnet c osi ti ons

concentrations in wt.%., n.d. means not detected.

Sample No.

Analysis No.

si02

Ti02

Ar 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

c'l

P^0-¿J

Ni0

Total

SPESSARTITEANDRADITE

25e /115.7722/33.9

l 2I

37. 83

0.08

19. 86

n.d.

7.45

29.76

I .40

2.14

n. d.

n. d.

n. d.

0.01

n. d.

n. d.

47.22

0.14

't7. 05

0.07

6.68

24.83

I .14

1.97

0.02

n. d.

n. d.

0.04

n. d.

n. d.

34. 06

n. d.

5.90

n. d.

23.10

0.57

0.05

32. 3l

0.03

n. d.

n. d.

0.0.l

n. d.

n. d.

98.53 99.t696.03
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tured patches of the mineral of up to 2.5 mm in length were observed. This

mineral is associated with carbonate, quartz and pyrite. The andradite

obviously formed before the pyrite because many sma'll grains of it are found

as incìusions within the pyrite. Andradite constitutes about 40 volume

percent of sample 22133.9.
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CHAPTER 5 : FLUID INCLUSION STUDIES

5. I Introducti on

Fluid inclusion research has now gained generaì acceptance as one of
the more reliable methods for determining the. nature of mÍneralizing so'lutions
and some of the conditions of formation of ore deposits; so much so that it is
now routineìy applied during the investigation of most mineral deposits.

Initial reluctance to use fìuid inclusion methods or accept fluid
inclusion data was mainìy based on the possibiìiÈy of leakage of fluids into
or out of incìusions* after entrapment and on the lack of clear distinctions
between primary, pseudosecondary and secondary inclusions. Continued research,

mainly by E. Roedder and many other workers has great'ly improved our under-

standing of fluid inclusions and dispeìled most of these earlier fears. It
has been shown that fluid inclusions generaìly do not leak (Roedder and Skinner,
1968) and criteria are nour available (Roedder,1979a) for distinguish'ing be-

tween the three main types of inclusions mentioned above. This, plus improved

instrumentation and advances in studjes of phase relations in hydrothermal

systems that approximate natural ore fluids, has led to a proliferation of
fluid inclusion studies, especially in the last two decades.

In this chapter, the sampì'ing methods, the techniques empìoyed, the

inclusions themselves and the experiments are first described before presenting

the data and interpreting them. This is considered essential for a proper

appreciation or evaluation of the data interpretation.

A knowledge of fluid inclusion terminology is assumed in the following
paragraphs. Those unfamiliar with this branch of study should refer to Roedder

(1972) tor definitions, a summary of fìuid inclusion techniques and references"

5.2 Aims of the stud.y

Although fluid inclusion studies can also give information about post-

depositional history of mineral deposits, the fundamental reason for embark'ing

on most such studies is to get direct information on the temperature and chemi-

cal composition of the solutions when they were trapped in the host mjneral.
This was the primary aim of this study. Often, it is also possible to estimate

the pressure of formation of a deposit from fluid inclusion studies. Furthermore,

it was hoped that the fìuid inclusion data would indicate the most probabìe

source of mineraìizing solutions.

*
In this chapter, fluid inclusions are sometimes simply referred to
as incìusions.
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Company geoìogists who worked on this deposit (for exampìe

T.Ì¡1. Middleton of former ANZECO) made the important observation that
scheelite mineraìization and molybdenite mineralization in the Trench area

show a tendency to be spatialìy separate: scheelite occurs in oris asso-

ciated with small veins generally close to the surface, whereas molybdenite

occurs associated with relativeìy ìarger veins and at lower levels from the

surface. This observation seems to be supported by a small positive comela-
tion between Mo and depth and a small negative correlatjon between l''l and

depth (Figures 5.1 and 5.2 respectively). The correlation coefficients, aìthough

small, and dependent on a few points, are significant at the 5% level. However,

the correlation between W and Mo in the Trench deposit (Figure 5.3) is not

significant. It was hoped that fluid inclusion studies would throw some light
on some possible expìanations for this mineral zoning.

After preìiminary studies, when it was clear that not aì'l quartz

veins were mineralized, it was decided to examine inclusions in quartz from

W-rich areas and also those in quartz from W-poor areas and thus test the

possibiìity of using fluid inclusions as a pathfinder to tungsten rnineraliza-

tion in the Trench.

The extent to which each of the above objectives !,rere realised will
be evaluated towards the end of the chapter.

5.3 Sample selection

. Initiaììy, inclusions were sought only in quartz but later after
realising that there were several quartz generations and that not all the

quartz veins were m'ineralized', it was decided to look for inclusions in fluorite
and in scheelite itseìf. The selection of suitable sampìes v'ras dictated by

the above lÍsted aims of the study.

As the Mount Muìgine Granite was considered a possible source of
the mineralizing solutions, suitable samples were selected at jncreasing dis-
tances from the exposed granite and down dip from the granite. The idea being

that if the granite was the source of the mineralizing solutions, then the ore

fluid temperature might be a function of distance.from the granite. However

it became clear during the course of the investigations that there is a real

possibility that the Mount Mulgine Granite continues underneath the Trench

deposit which makes thisconcept of distances from the granite meaning'less.

For the scheelite and moìybdenite zoning described above, samples

were selected from small and large veins respective'ly; small veins being

arbitrarily defined as those with widths of less than 2 cm and large veins as
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those with widths exceed'ing 6 cm. Some.of the samples were selected from

shaft 4 bulk sample heaps (figure A-.l, Appendix l). Molybdenite and scheelite

were not phys'icaì ìy observed in the shaft samples selected but the large ve'in

samples were pìcked from the drive bulk sample (DBS) heaps numbers 16, l7 and

21. These were from the lowest level reached by the shafù and also showed

the highest Mo assay values. similarìy, the small vein quartz sampìes

were selected from bulk sample (gS) heaps 19.-20 and 2l that were not only

from very close to the surface but also showed the highest þl values

according to the assays. Veins with widths of 2-6 cm were also samp'led but

they were not classified as "'large" or "smalI".

The last batch of samples were selected from W-r'ich and.W-poor areas,

as shown by the geochemical soil anomalies and assays.. The W-rich sampìes were

chosen from drill cores that had been recovered from areas showing high W soiì

anomalies. Further, the samp'les were pìcked onìy from those core sect'ions.that

assayed at least 0.1% Ì,J03 and also contained visibìe schee'lite. 0n the other

o
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extreme, samples were taken as representative of W-poor areas if they did

not fulfil any of the above conditions for W-rich samples - that is, the

samples had to be from sections of cores that assayed very low or no l,l and

the drill cores themselves had to be from areas of low l,l according to the

soil geochemical map. And, of course, the samples had to be devoid of any

tl mineralization, preferabìy'lacking minera'lization of any kind.

The few scheelite and fluorite samples were picked at random. Based

on the assumption that these two minerals formed from the same solutions as

vein quartz, the initial idea was to get a few readings and then compare them

wjth the data that were being accumulated on inclusions in quartz. The fluid
inclusion sampìe ìocations can be found in Appendix t (F'igure A-t).

5.4 Techniques

Roedder (1972) described a variety of methods, both destructiye and

non-destructive that can be used to obtain information from inclusions which

may be used to unravel the often complex history of mineral deposits. Only

a few of these methods could be applied in this study. The chemical compo-

sition of the fluids was determined by freezing experiments and also by

crushing the sampìes and leaching out the solutìons which were then analysed

directìy by atomic absorption. These methods are described in detail in
ìater sections.

The temperature of formation was determined by heating the non-

homogeneous inclusions until they homogenised. Homogenization temperatures

(fr) tfrus obtained usually need a pressure-temperature correction to convert

to temperatures of formation; unless it can be shown that the inclusions

formed from boiling solutions or that they formed in ìarge vugs in open

connection to the surface in which case no pressure-temperature correction

is necessary (Roedder, l97l).

Fìuid inclusions were studied in thin (0.15 to 0.30 mm-thick) flat
p'lates which were thin enough to readiìy transmit light and reduce thermal

lag but thick enough to contain the ìarger inclusions. For good optics, the

plates were polished on both sides; this minimizes the interferences of sur-

face imperfections and excessive diffuse f ight scattering (Craig & Vaughan,

l98l). Thus the actual sample plate thjckness varied from sample to sampìe,

depending on the transparency of the host mineral and the size of the inc'lu-

si ons .

Experiments were done on the dual-purpose freezing and heating stage,

built.by Chaix-Meca in Nancy, France. Briefly, cooling of the stage is
effected by circulating pre-cooled nitrogen gas through the stage while
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heating is by means of an electric coil within the stage. Sensors attached
to the stage are connected to a temperature controller which continuously
dispìays the temperature of the stage. The behaviour of the inclusions is
monitored during freezing and heating by viewing in transmitted light on a

petrological microscope.

5.5 The fluid inclusions

Distinguishing between primary, pseudo-secondary and secondary

inclusions may well be the most difficult part during fluid inclusion studies.
It is very important to be able to do this for any meaningfu'l interpretation
of fluid inclusion data but even in well crysta'llized euhedral crystals,
this distinction is difficult (Kim, lg8l). Although Roedder (lgZga, p.689-

691) l"ras listed criteria for their identification, it still remains a prob'lem

because many inclusions do not permit appìication of any of the criteria and,

besides, âny gìven sample often contains inclusions of more than one genera-

tion (Roedder, 1979a).

By far, the vast majority of inclusions found are secondary. Sore

have clearìy necked down (Plate 5.lA), some have shapes suggestive of having

necked down while others are obviousìy fracture controlled. As primary

origin could not be proven for any of the Ínclusions in quartz, it was,

initially, decided to take measurements on any opticalìy suitable inclusion
in the first few samples designated by a double star (**) in Appendix 5 and

then compare the data with that obtained later for inclusions that were

selected as most likely to be of primary origin. No difference was observed

between the two groups of data, indicatìng that either there are no primary

inclusions surviving, or the fluids in the primary inclusions are not

noticeably d'ifferent from those in secondary inclusions.

Criteria that were often used as evidence for primary orig'in are:

a) relative isolation;

b) lack of healed fracture control and necking or features indicative
of necking ¡

c) uniformity of phases and phase ratios.

The on'ly inclusions that were classified as primary fairly confi-
dentty were fìund in fluorite (plate 5..l:B,C,D & E). Although not many

readings on inclusions in fluorite were taken, because of the lack of sampìes

and lack of inc'lusions in those samples, the few readings that were obtained

are not very different from those obtained for inclusions in quartz. This

t



79

suggests that some of the inclusions in quartz may indeed be primary, or that
quartz and fluorite were deposited from the same solutions.

Poor visibiìity precluded the use of most inclusions in scheelite for
freezing and heating experiments. The few readings that were made are very
similar to those obtained on inclusions in quartz and fluorite (see Appendix 5).

Apart from the one fluorite samp'le (268/50.5) which apparentìy had no

inclusions at all, the rest of the samples selected for fluid incìusion studies
had abundant inclusions, some of which were suitable for experiments. Inclu-
sions in quartz ranged in sjze from about 0.06 mm down to the lower limit
(about 0.002 mm) of optical resolution (400X magnification). Inclusions in

fluorite were generaìly ìarger, varying in size from about 0.003 mm úp to
approximateìy 0.16 mm (plate 5.lD). For freezing and heating runs, the inclu-
sions used were usually in the 0.005-0.05 mm range.

The ratio of the liquid volume to the total volume of the inclusion
(termed the degree of filì) varjes greatly. At one extreme, it is v'irtuaììy
100% in inclusions that are fiìled with liqu'id onìy and at the other end, it
is practicalìy 0%, in inclusions filled with either vapour or solids, in which

the liquid cannot be seen. Between these two extremes, ìt is generaìly true
that the degree of fill is high in most inclusions. Hence, most inclusions
homogenize in the liquid phase.

5.6 T.ypes of inclusions

Many types of inclusions were observed and this made a classification
scheme necessary. Because many of the inclusjons contain COr, it was decided

to group the inclusions on the basis of the number of phases observable just
above SloC (the critical temperature of C02). In most cases, it has not been

possibìe to ascertain the identity of the solid phases (mostly daughter

mineraìs) in the inclusions and the term "phase" is, in this case, used to

mean a physically observabìe (rather than distinct) entity or kind of substance.

All inclusions were classified prior to freezjng and heating (to well

above gloC). This avoids problems that would arise with some inclusions which

form new phases (vapour bubbles and/or daughter minerals) on cooling or
freezing. The temperature of 3loC ensures that there is one homogeneous C0,

fluid phase. Inclusions containing C0, usualìy develop a C0r-rich vapour phase

at some temperature below 3loc. Alì such inclusions are designated by the

letter B in the following cìassification scheme. Genera]]y, the letters C, A and

D'mean no vapour bubble? one vapour bubble and two vapour bubbles respectively
just above 3loC. The other ìetters used are explained in the text. The Roman

number refers to the number of phases in the inclusion just above 3loC. This
scheme has been used because it is easy to apply and is not subjective.
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Type I inclusions

These are the simplest and contain only one fluid phase above 3loc.
Two varieties were commonly observed: type IC inclusions containing a clear
saline fluid (Plate 5.24) and type IB inclusions which contain COr-rich fluid
which appears dark because of refractive index contrasts (Plate 5.2C). The

latter inclusions are easy to identify because they readily nucìeate vapour

bubbles on cooling. The vapour bubbìes disappear and yieìd to an expanding

liquid at temperatures ranging from below -12oC to a maximum of 30.6oC.

Some very dark-rimmed inclusions presumably contain just vapour but

as these did not respond to freezing tests, there was no way of telling their
nature. Such inclusions were few and practicaìly useless; they are not in-
cluded in this classification but if it became necessary to include them, they

would be type IA.

Some type IC inclusions nucleated vapour bubbles (one nuc'leated two

vapour bubbles, (see Plate 5.54 & B) and some crystaìtized daughter minerals
on cooìing. Others just froze without forming neu, phases while quìte a few

of them did not freeze (see later, under Freezing Experiments).

Type II inclusions.

Type II inclusions have two phases at just above 3loc. They comprise

the largest and most important group. The following types of inclusions are

aìl varieties in this group whi ch have been obse rve d: t.ype I IA i n c I us i ons

have a vapour and a'liquid. Because type IIA inclusions are the ones most

frequentìy seen, they are sometimes referred to as ordinary inc'lusions.
Type IIB inclusions contain two fluids; a soìution enclosi ng a C0r-rich flujd.
As in type IB inclusions, the C0r-rich liquid develops a COr-rich vapour phase

at some temperature below 3ìoC. Plate 5.2B shows a field of type IIB'inclu-
sions. Type IIC inclusions are rare and comprise a solid (daughter mineral)
bathed by a'liquid but with no vapour phase (Plate 5.2F). Most inclusions
of this type are believed to have formed as a result of necking down of inclu-
sions with daughter minerals (see below).

Type III inclusions

Three-phase inclusions belong to this group. A number of varieties
have been noted: type IIIA inclusions are similar to type IIA inclusions des-

cribed above but each contains a daughter mineral as the third phase. Type

IIIB inclusions have two fluids and a daughter mineral. The inner ìiquid is,
invariably, a C0r-rich fluid which may shrink
when cooled below 3loC. Type IIIC incìusions

to form a C02-ri ch vapour phase

r an example of whjch is shown

as Plate 5.2G, have two sol'ids in a fluid, but no vapour phase. Type IIIC
inclusions are rare.



Plate 5. l Pri mary and Secondary Inc'l usi ons .

A. Necked down inclusions.
Sample No. 262/149; in quartz.

B A field of primary incìusions. Note uniformity
of phases and phase ratios. The edges of the
fluid inclusions are faintly visible aga'inst the
host which means that the fluids have about the

same refractive index as the host.
Sample No. 314/86; in fluorite.

Parallel rows of small inclusions thought to
have been trapped along growth planes. If so,

they would be primary.

Sampìe No. 314/86i in fluorite.

The largest fluid inclusion found in this study.
The most widely separated points on th'is incìu-
sion are about 0..168 mm apart. The inclusion is
assumed to be primary.

Sampìe No. 314/86; in fìuorite.

Another relatively large fìuid inclusion in
fluorite, also assumed to be primary because of
its size and relative isolation.
Sample No. 42/109.1; in fluorite.
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PLATE 5.1 (Primory ond secondory inclusrons)
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Plate 5.2 Types of Inclusions.

A. Type IC inclusions, containing aqueous soìut.ions,
but no other phases.

Samp'l e No. 42/ 109. t ¡ '¡n fl uori te.

Type IIB inclusions (beìow ¡loC) compris.ing an

aqueous solution (la) ìiquid carbon díoxide (lc)
and a C0r-rich vapour phase (g). l^lhat appears as

a sol i d 'incl usi on or daughter mi neraì i n the

labelìed inclusion is not part of the inclusion.
Sample No. 276/158i in quartz.

C. A type IB inclusion. Liquid carbon dioxide with
a 'large C}r-rich vapour phase below 3loC.

Sample No. 42/109.1: in fluorite.

A type IIA inclusion with an unusualìy ìarge vapour
phase. Such inclusions are rare, at l{ount Þluìgine.

Sampìe No. 314/86;'in fìuorite.

A type IIC incìusion with an elongate, faintìy visible
daughter mineral in an aqueous fluid. No vapour phase.

Sample No. 276/158; in quartz.

A type IIIC inclusion with two daughter minerals in a

fluid. No vapour phase. (fne smaller daughter mineral,
labelled d.m., looks like a vapour bubble).
Sample No. 276/158; in quartz.
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PLATE 5.2 ¡ypes of inclusrons)
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Plate 5.3 Types of Inclusions.

A type IVA inclusion in which one of the daughter

minerals is opaque.

Sampìe No. 274/33¡ in quartz.

A type IVC inclusion (three daughter minerals in a
'l i qui d , but wi th no vapour phase ) .

Sample No. 276/158; in quartz.

C. Two ordinary (type IIA) inclusions with a smaller
type IVD inclusion. The type IVD inclusion has

two vapour phases, â .l'iquid and one small daughter

mineral , I abel led d.m.

Sampìe No. 252/1.l6.0; in quartz.

A type IVE inclusion with an unusually 'large vapour

bubble (g) surrounded by a thin film of liquìd carbon

dioxide (lc) which is itself surrounded by an aqueous

fluid (la). The fourth phase is a daughter mineral

whi ch i s cl earìy vi si bl e.

Sample No. 314/86; in fluorite.

A stranded crystaì (c) beljeved to have originaììy
been a daughter mineral. It is very similar to the

daughter mineral (d.m.) in tne inclusion nearby.

See text for explanation.
Sampìe No. 42/109.1; in fluorite.

Incl us i ons (type I I IA) 'in whi ch the sol 'id phases ,

ìabelled d.m.r occupy more than 50 volume % of the

inclusion cavity. Such inclusions are believed to
be products of necking down. F is from sample

llo. 276/158, and G is from sample No. 274/33; both

in quartz.

A

B

D

E

F&G.



PLATE 5.3 (Types of inclusions)
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Plate 5.4 Complex Inclusions.

A complex inclusion type VD with 2 ìarge daughter

minerals, one of which has blocked off a vapour

bubble (g) and some of the solution (la) in a nook

of the inclusion cavity. A second (sma'ller) vapour

bubble developed in the rest of the aqueous solu-
tion. Note another complex inclusion, type VIA,

with four daughter minerals, the smallest of which

looks like a vapour bubble (labelled d.m.).

Samp'le No. 274/33.0; in quartz.

A type VB comp'lex inclusion. All the phases (except

the daughter mineral (d.m.) in the ìiqu'id carbon

dioxide (lc)) are cìearìy visible.
Sample No. 276/158; in quartz.

A type VID inclusion with three daughter mjnerals (d.m.),

an aqueous soìution (la) and two vapour bubbles (g).

Sampìe No. 263/137.7; in quartz.

The most complex inclusion found in this study, with two

aqueous liquids, two vapour phases and two solid phases.

See illustration below the photomicrograph and explana-

tion in text (page 82). Note the other COr-rich

i ncl us'ions.

Sampìe No.252/1.l6.0; in quartz.

a and f - aqueous fluids
b and e - vapour bubbles

c and d - solid phases

A type IVB inclusion with two fluids and two daughter

minerals (plus a vapour bubble below 310C).

Sampìe I'1o.252/170.0; in quartz.

A

B
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D
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PLATE 54 (Complex inclusions)
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Plate 5.5 Behaviour on Cooling.

An inclusion with two vapour phases, both of which

developed on cooling. Before cooling, the inclusion
had no vapour phase (type IC).
Sample No. 274/33.0; in quartz.

B. The same inclusion as in A. 0n further cooling, the

smaìler vapour bubble proved very unstdbìe and by

- 30 . I 
oC 'i t had di s appeared .

Ivlelting ice has split the vapour bubble into two parts.

Sample No. 314/¡,86; in fluorite.

The same inclusion as in C. All the ice has melted

and the two vapour bubbles have re-united.

Melting ice has split the vapour bubble into three

parts.
Sample No. 3.l4/tu86; in fluorite.

The same inclusion as in E, but with the three vapour

bubbles re-united. Melting of the ice is still in

progress.

A

C

D

E

F



PLATE 5.5 (Behovior on cooling or freezing)
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T.ype IV i ncl usi ons

Any'inclusion with four phases at iust above 3loC belongs to this
group. l^lith four phases, more combinations (variations) wouìd be expected

and the following have indeed been observed:

Type IVA inclusions have two daughter mineralsr an aqueous solution and

a vapour bubble (Plate 5.34). A type IVB inclusion comprises two flu'ids and

two daughter minerals. An example of such an inclusion'is shown as Plate 5.4E.

Type IVC inclusions are so rare that the inclusion shown as Plate 5.38 is the

onìy one of this type that was observed in this study. lllith no vapour phase,

it comprises a fluid phase and three daughter mjnerals. Type IVD inclusions

are rare inclusions comprising a daughter m'ineral, an aqueous phase and two

vapour phases. Although other types of inclusions with two vapour phases were

observed several times (see below) the inclusion shown as Plate 5.3C is the

onìy type IVD observed.

Before going further,with the classification, it is proper to speculate

on how inclusions with two vapour phases could have formed. The presence of at
least one daughter mineral was noted in each inclusion wjth two vapour phases.

The crucial factor in the development of two vapour phases seems to be that the

solutions must be saturated or oversaturated so that on coolirg, à daughter

mineral is formed. In this regard, it is important to note that equivalent

type IIID inclusions, with a liquid and two vapour bubbles have not been ob-

se rved.

It is suggested that through nucìeation of a daughter mineral, the

inclusion is divided into two parts. If this happens before the formation of

a vapour phase, then nucleation of a vapour phase v'Jould start in each of the

two parts of the inclusion. AlternatÍveìy, if a vapour phase already exists

during the crystallization of the daughter mineral, it would be trapped in one

part of the inclusion and the second vapour phase would form in the other part

of the inclusion on further cooìing. In both cases, continued cooling would

result in án increase in size of both vapour phases.

The fifth and last variety of four phase inclusions has been ca'lled

type IVE and consists of a vapour phase, surrounded by a thjn fi lm of fluid
(presumably ìiquid C02)which persists above 3loC. The latter in turn is
surrounded by an aqueous solution. The fourth phase is a daughter mineral"

Plate 5.3D shows a type IVE inclusion and although it was the only one of its
kind observed, it is believed that other such inclusions could be present.

Such a thin film of liquid around the dark vapour bubble could be easily

missed, especiaììy in smaller inclusions.
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Complex incl usions

Inclusions with more than four phases wiìl be collectively referred
to as compìex inclusions. Although no attempt was made to freeze such inclu-
sions and only a few unsuccessful attempts were made to homogenize them, the

occurrence of such solid-packed inclusions implies the original solutjons must

have been highìy saline. Their "failure" to homogenize will be discussed

1 ater.

The complex inclusions are listed below in a manner which conforms to
the above classification scheme for the rest of the inclusions, jn which the

number refers to the actual number of phases in the inclusion just above 310C.

Type VB inclusions, an example of which is shown as Plate 5.48 consist of two

ftuids and three daughter minerals. Type VD inclusions have two daughter

mineraìs, an aqueous solution and two vapour phases (Pìate 5.44). No type VA,

VC or VE inclusions were observed. Type VIA inclusions (plate 5.44) contain

four daughter minerals, a fluid and a vapour. Type VID inclusions have three

daughter minerals, a fluid and two vapour phases (plate 5.4C) . A type VIF

'inclusion, the last of the complex inclusions, with two daughter minerals, two

fluids and two vapour phases is shown as Plate 5.4D. It Ís a rather unusual

incìusion because both fluids appear to be saline solutions (i.e,, there is no

C0r-rich solution). Aìso, the arrangement of the phases is unusual; the larger

daughter mineraì appears to be completely enclosing the smaller "daughter

mjneral " and one of the fluids does not complete'ly enclose the other as usuaì'ly

happens when two fluids occur in the same inclusion. Because the phases and

their arrangement may not be clear from the photomicrograph, the jnclusion has

been sketched below Plate 5.4D.

Unless the slight difference in the colours of the liqujds is an opti-
cal illusion, such an inclusion is not ì'ikely to have formed in the manner

suggested for other inclusions with two vapour phases (see page 8l). If the

two liquids are really different, then a more p'lausible explanation for the

way in which the inclusion formed is that there are, in fact, two jnclusions

(labelled I and 2 in the sketch) which give the impression of being one. The

tapering shape of inclusion 2 favours this explanation. Inclusion I would

have formed first. Then, later, as the host mineral rèsumed growth over the

inclusion a conical cavity would be created (as the host mineral grew to close

the space "above" the incìusion). Inclusion 2 would most probably have formed

at the same time as its "cage was being built" and so it wou'ld be primary or

(at least) pseudosecondary.

Several explanations are possible for the apparent arrangement of the

solid phases: The smaller solid inclusion may not be a daughter mineral at

all. It could be a solid that was trapped as the inclusion ltras forming and,
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later, served as a nucleus for the crystallization of the larger daughter

mineral. Alternatively, the smaìler solid may also be a daughter mineral

which formed first and later served as a nucleus for the crystallization of
the larger daughter mineral. Fina'lìy, it is also possible that the smaller

solid is, in fact, separate and iust lies underneath the large daughter

mi neral .

5.7 Freezinq experiments

Most freezing experiments involved type IIA and type IC inclusions

whenever the latter were found. A good number of experiments were done on

type IB inclusions and onìy a few were done using type IIIA and type IIB inclu-
sions.

Most of type III and all inclusions,with more than three phases were

excluded from freezing experiments because of the very snall volume of solu-

tion jn many of them and also because the daughter minerals would facilitate
the formatjon of hydrates and their very presence interferes with the critjcal
observation of first and last stages of melting.

l,Jith a few exceptions, all inclusions selected (for freezing) froze

between -25oC and -80oC (between -90oc and -l07oC for cOZ inclusions). The

few exceptions are inclusions which would not freeze even when kept below -l25oC

for at least half an hour and then warmed s'lowly to -800C and kept at this tem-

perature for five minutes. Supercooling is not uncommon in inclusions. Roedder

(1962) suggested that failure to freeze may be due to the lack of nucleat'ion

materia'I, implying very slow flow rates of the fluids at the tjme of trapping,

thus avoid'ing the transport of fine debris in suspension. Apart from not

freezing under the stated conditions, these few inclusions did not d'ispìay any

unusual features and those that were heated homogenized as expected.

Nucleation of vapour bubbles (in type IC, IB and IIB inclusions) and

formation of daughter minerals (especiaììy in type IIA inclusions) were expected

and they were commonìy observed. A phenomenon occassionally observed was the

splitting of vapour phases by ice during me'lting (plate 5.5C, D and E, F); this
lvas repeatable in the inclusion shown as Pìate 5.5C & D. An expected but rare

phenomenonwasthe formation of 2 vapour phases in the type IC inclusjon shown

as Plate 5.54 & B on cooìing. One of the vapour bubbles however, proved very

unstable and shrunk in the solution as cooling progressed, final]y disappearing

at -28oC. Fuzikawa (1982) made a similar observation on cooling an inclusion

after homogenization. These observations support the suggestion made earlier
(page 8l) that two gases cannot coexist stably jn a solution unless there is a

solid partitioning the inclusion.

The C0r-rich phases in two type IIB inclusions found in sampìe
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264/81.4 seemed to homogenize on cooling. t'lhen the temperature v'ras dropped

beìow 310C, the two inclusions deveìoped vapour phases as expected. But the

vapour phases continued to grow (at the expense of the'liquids enclosing them)

as cooling progressed untiì finalìy, all the C0r-rich liquids seemed to have

disappeared, 'leaVing onìy the COr-rich vapour phases. The liquid phases were

no longer visible at -7.4oC and -27.4oC. 0n warming, the ìiquìd reappeared

and expanded as the vapour shrank until homogenization (in the liqu'id phase)

at 30.6oC and 28.80C respectively. Unfortunately, both these two interesting
inclusions decrepitated (one below 2l2oc and the other at 236oC) during a met'i-

culous attempt to homogenise them.

Theoreticaìly, it is imposs'ible for inclusions to have two homogeniza-

tion temperatures as just described (P. Ypma, pers. comm.) and so it must

mean that the observations were incomplete. There are three possible expìana-

tions: (l) During cooìing, the volume of liquid C0, around the COr-rich vapour

became so small that it could not be noticed. Roedder (.l963b) stated that as

much as 10% liquid C0, can easily be missed as it clings to the interface of
the vapour bubble and water solution and is thus hjdden by total reflection.
(2) The liquid C02 dissolved in water. (3) During cooli'ng,9ôS

hydrates (e.g., C0Z.S3¡+ UrO) formed but were not noticed. Such gas hydrates

are notorious for being difficult to observe because their refract'ive indices

are similar to those of most aqueous solutions and they are isotropic (Roedder,

1972). Similar observations were made by Coìlins (1979). He states (p. .l437)

"During cooling, the C0r-rich liquid phase was observed to diminish s'lowìy in
volume, and in some inclusions disappear completeìy. without detectable reduc-

tion in area of the gas bubble".

Since the actual' homogenization temperatures are close to the crìtical
temperatures of C}Z it seems ìikeìy that inclusions with this particular
behaviour have C0, densitìes which are close to the critical densities.

The freezing data are in Appendix 5, together with all the other fluid
inclusion data. Their interpretation will be attempted below after reporting on

other experiments.

5.8 Heatinq experiments

In general, homogen'ization experiments were less successful than

freezing experiments. The main prob'lem, especialìy wìth type IIB incìusions,

was decrepitation. Aìso, heating tends to make the inclusion borders very dark

which makes it difficult, sometimes impossible, to obseive phases (vapour

bubbles or daughter minerals) as they shrink, becoming smaller and smaller and

finally disappearing at the homogenization temperature. To make matters worse'

those vapour bubbìes that are not aìready touching the inclusion walìs usually
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migrate to the inc'lusion border as they move about under the therma'l gradients

set up during heating.

Ideaì'ly, homogenization experinents should be done on the same inclu-
sions that were previous'ly used in freezing experiments. In pract'ice, this
cannot always be done. Freezing and heating were done usìng different objec-

tive lenses (25X or 40X and 32X respectively) in different optical arrange-

ments so that inc'lusions that appeared Iarge and clear enough for freezing

looked smaller and often not as clear with the heating lens. But even more

serious than this was the fact that heating proved destructive to many inclu-

sions. So, the routine was to do as many freezìng experiments as possible

before heating started. In any case, for reasons given, many inc'lusions could

not be used in freezing experiments; but many such "rejected" inclusions were

quite suitable for heating experiments.

Unlike the freezing experiments, heating experiments were not res-

tricted to any particular types of inclusions. Any non-homogenous inclusion

with c'lear'ly visible phases and c'lear borders was suitable for homogenization

provided it also fulfil'led the previously stated conditions indicative of
primary orìgin.

Many homogenization experiments were unsuccessful because of decrepi-

tation or because the vapour bubbles r{ere lost along the dark inc'lusion borders

or because, for some reason(s), the inclusions simp'ly would not (perhaps could

not) homogenize.

Decrepitation was a" nuisance especia'l'ly with COr-rich inclusions,

despite the fact that it was not unexpected since, according to Burruss (1981)'

it commonly occurs in C02-rich inclusions. 0n1y a few type IIB inclusions

were homogenized but only after preparing unusual'ly thick samp'le plates and

making sure that the inclusions were near the centres of these plates, i.e.,
not near the surface. In all such inc'lusions which homogen'ized, it was a'lways

the inner COr-rich phase expanding and apparentìy disso'lving the outer aqueous

solution surrounding it.
For incìusions that did not homogenize, there are two possible ex-

planations. Either the disso'lution rates of the phases invo'lved are very slow

or the inclusions are products of necking although no evidence of this was founr

in their immediate vicinity. The 'longest heating experiment was abandoned aftet

5å hours but in the majority of cases, if an inc'lusion did not homogenize after
about 4 hours' heating, the experiment was aborted. This time may not have

been enough for the inclusions to homogenize. Roedder (lglZ) reported an

experiment in which an inc'lusion kept at 41OoC took four days to homogenize

and heating runs lasting a day or'longer are comnon in the literature. Such

endurance would homogenize at least some of the complex inclusions, none of
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which would homogen'ize in these short experiments.

Evidence of necking is ubiquitous in the sampìes studied and has

already been cited (page 78, Plate 5.lA). It is believed that inclusions
of the type shown as Plate 5.3F & G, in which the daughter minera'ls apparentìy

occupy more than 50% of the inclusion cavity, with no consistent daughter to
brine volume ratios are also products of necking down, evidence of which has

since been obliterated. Such inclusions did not homogenìze because they could

not. Recrystaìlization caused necking down and most of the solutions were

sealed off in other inclusions that resulted from the same necking process.

Those inclusions that ended up with the daughter minerals now have apparently

over-size daughter minerals and cannot homogen'ize because there js not enough

liquid to dissolve the solids.

Necking down is also believed to be responsible for solitary crystals

of the type shown as Plate 5.3E. These crystaìs! as far as could be ascer-

tained using the microscope, are 'in every way sìmilar to the daughter minerals

in the'inclusions nearby. It is believed that they were also daughter minerals

at one time, in inclusions that no ìonger exist, having been victims of necking

down. Necking down channelìed away all the liquid that origina'lly bathed them,
'leaving them stranded. Such stranded crystals have also been reported by Kelly

and Turneaure (.l970). 0f course fracturing could have been responsible for
channelling the fluids away but no healed fractures were observed cìose by.

Heating a'lso caused unexpected (unusual) phenomena" In one sample,

BS2l, bo'iljng of the inclusion fluids was invariably observed at temperatures

above 318oC. Above this temperature, the sampìe chjps wou'ld suddenly crack in

several places. Drop after drop of inclusìon fluids would then be seen wellìng

up from some sort of vent and moving rapidty along the cracks (rather like
water drops oozing out of a leaking tap). 0n cooling to room temperature, the

upper surfaces of the sample chips had black tar-like spots where the fractures

and, ìater, fluids had penetrated to the surface. This spectacuìar phenomenon

was observed in onìy one sampìe and is thought to be a result of the host

quartz being unusuaììy brittìe, perhaps due to weathering.

Another unusual phenomenon durjng heating uJas the development of "new"

vapour phases at higher-than homogenization temperatures, in previous'ly homo-

genized inclusions. This was relatively common and was observed in several

sampìes. It should not be confused with decrepitation which sometimes mani-

fests itself in a similar manner. The two are distinguishabìe because a

genuine "new" vapour bubble behaves like most other vapour bubbles. 0n con-

tinued heating, it shrinks and may move about the inclusion rapidìy before it
disappears. Some decrepitated inclusions may appear as if they have new vapour

phases but, in those cases, the apparent new vapour phase either expands
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quickly to cover the whole inclusion, making it permanently dark or it just
stays as it is - neither moving nor shrinking - as the temperature is in-
creased.

Some data were collected on some of the inc'lusions that developed

"new" vapour bubbles at higher temperatures and they are inc'luded in Table 5G

at the end of Appendix 5. However, the data are not enough for the inclusions
to be characterized and so it is not possible to tell which inclusions are

most likely to develop "new" vapour bubbles and when. Three attempts to find
out if the phenomenon is reproducible failed and so it is concluded that the

phenomenon is not reproducibìe.

Wahler (lgS0, quoted in Roedder, 1972) made a similar observation,

with a new vapour bubble developing at l50oC and vanishing again at 2200C.

He believed it was COr, resuìting from the reversal in the solubÍ'l'ity of C0,

with temperature. This reversal is possible according to the data of
Takenouchi and Kennedy (1964), which shows that immiscibi'lity of C0, wou'ld

occur on heating a COr-HrO system. In view of the abundance of C}Zin the

inclus'ions studied, this is most likely to be the expìanation for the develop-

ment of "ne!v" vapour phases at high temperatures.

5.9 Fluid inclusion leachin o

Rather than relying on indirect 'interpretation of the composition of
the inclusion fluids from the freezing data, jt was decided to open up the

inclusions, extract the solutimsand ana'lyse them on the AA. From the daughter

mineral content of the solutions and the freezing data, jt was becomjng more

than probable that the solutions in the inclusions represent at least two dis-
tinct mineraìising solutions. It was hoped that extraction and analysis of
the inclusion fluids would clarify this matter.

The procedure is simple crushing of the host mineral folìowed by

ìeaching with distilled water. The crushing opens up the inclusions (at least
some of them) and the solutions are washed out of the debris by distilled
water. The details of the technique are at the beginning of Appendix 5.

This method is neither as complicated nor as accurate as some of the

methods described in the literature (e.g., Roedder et aì, .l963) that requjre

relatively complex and expensive apparatus. The apparatus required for the

method is very cheap and will be found in any modern geochemical laboratory.

This pìus the fact that the method is very quick to apply partly compensates

for its lack of precision.

The main limitations and sources of error are:

t) Contamination. The method is beset with serious contamination

probìems. Contamination can be from the host mineral, from the apparatus or
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from the person doing the experiment. The latter two sources of contamination

can be eliminated or minjmized as described in Appendix 5. In any case, con-

tamination from these two sources is not a serious problem as it would be known

and quantified from blank readings. Contamination from the host mineral,
however, cannot be avoided and is not easy to determine. To minimjze this,
the samp'les were doubìy polished ìike ordjnary fluid inclusion sections and

then examined under the microscope to make sure that they contained no other

solid inclusions other than daughter minerals within the fluid inclusions"
Polishing the samp'le is also necessary because one can check that inclusions

are actuaìly present and note their type(s) before crushing.

2) Sample size and multip le oenerations of inclusions. This'is the

main limiting factor with this method. Ideally, fìuids should be extracted

from one jnclusion or from inclusions of the same generation. Even if the

problem of opening up a singìe inclusion and extracting the fluids was over-

come, the problem of not having enough solution for measurements would still
exist. Large enough inclusions that would singìy provjde enough solution for
anaìysis are very rare and in most such work groups of inclusions, hopefully

of the same generation, have to be used in order to get enough solutjon for
measurements. This'is where the problem lies, because there is no way of

making sure that inclusions in a sample chip are of the same generation. In

fact, as Roedder (.l979a) pointed out, inclusions in any given samp'le are sel-
dom of one generation. In this particular case, 'it was found by trial and

error that a minimum of about 0.29 of sample was required to give concentra-

tions of ions eas'ily detectable on the AA. This amount of sample could con-

tain a variety of inclusions of different generations.

3) Adsorption of ions. The last major problem, pointed out by

Roedder et al, (1963) is that crushing resuìts in many host mineral grains

w'ith many "active" sites for adsorbing ions. Using element or atomic ratios
partìy overcomes this problem but the probìem persists because of djfferential
adsorption for the different ions.

Despite the probìems listed above, it is felt that the results,
listed in Table 5..l provide useful information. The dominance of Ca++ over

Na+ in the inclusion fluids is demonstrated and the presence of Mg++, sus-

pected from freezing data, is confirmed. The elements Al, Li and Rb are below

detection limit in the inclusion leach samples anaìysed.

Sampìe 22/143 was selected for crushing and leaching because jt had

inclusions with daughter minerals. The solut'ions from this sample would be

representative of the more concentrated ore f'luids. Sampìe 5l/ll2 on the



Table 5.'l : Fluid inclusion lea anal ses ln uartz

Sampì e
No. and
we i ght

22/143
samp'le
we i ght
= 0.24229

51 /r12

sampl e
we Í ght
= 0.2.l099

70/183
sampl e
we i ght
= 0.28149

Atomic ratios

Fe

(
(
(
(

(
(
(
(
(

(
(
(
(

Na

0
0.t0
0. 06
0.04

0
0
0

0.40
0.64

Notes: *n.d. = not determined.
**relative atomic abundance =

element abundance Xl00
a cwe g e ement

***total cations = sum of relative atomic abundances of the metals. In this
sunmatjon, the relative atomic abundances of Ca, Mg and Fe were halved
since each of these carries two positiye charges when ionised.

/Na
Ms

0
0
0
0

0
0
0
0
I

0.17
0.'t9
0. '19

0. l6

57
77
64
70

.89

.67

75
56
68

/Na
Ca

I .43
2.61
2.71
2.22

'1 .85
2.12
2.09
't .89
2.72

2
6
5
5

29
ll
45
34

/Na
K

0.43
0.16
0. l7
0. 30

27
65
76
84

0
0
0
0

67

0.
0.
0.
0.
0.

05
12
27
44

Total ***
cati ons

3.4
I 6.44
20.'ls
20.3

4.7
6. l5
5. 85
8.'t9
7.53

12.4
17 .6
21.1
21.5

14.2.l5.8

il.3
ll.9
16.2

0
0
0

'l .07
l.t6

59
39
30

0
0.
0.
0.

0.8
4.3
4.5
5.'l

1.5.l.4

1.5
2.4
3.0

0. l3
0. 38
0.50
0.38

2.0
14. 9
I9.0
16.2

3.7
5.3
4.6
5.1
4.9

1.79
12.35
I 4.34
12.95

0.6
0.9
1.2
2.2

0.1
0.3
0.6
1.2
1.2

0.21
1 .31
2.00
2.00

Relative atomic abundance
of the el ements**

NaKCaMgFeCl
1.4
5.6
7.0
7.3

2

2
2
2

l

0
2
2
2

78
02
63
37

0
5
2
7

I

4
6
7
7

5
5

4
4
5

4
25
50
65

05
60
02
25
75

n. d.
n. d.
n. d.
n. d.

0
0.33
0.22
0.17

0
0
0

0. 60
0. 65

n.d.*
n. d.
n. d.
n. d.

0.35
0.33
0. 35
0.57
0.72

03
09
12
09

0
0
0
0

20
02
07
?2

0
I
I
l

0
5
7
6

I
2

I
2

I

0
0
5
5

78
94
59
49

47
'13

B2
04
94

72
49
73
68

86

06
12
22
47
46

0.08
0.51
0.78
0.78

0
0
0
0
0

22
37
47

0.
0.
0.
0.

Element abundances
in inclusion fluids (in PPm)

NaKCaMgFeCl

0
0
0
0

18
47
6t
55

32
29
62
68

0
I
l
I

5B
50
63
42

470.
0.
0.
0.
0.

Successi ve
crus hi ngs

and leaches

fi rst
second
thi rd
fourth

fi rst
second
third
fourth
fi frh

fi rst
second
thi rd
fourth
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other hand, was chosen because inclusions in it had very few daughter minerals
and so, the solutions from it wouìd most probably be relativeìy dilute. The

last sample,70/183, was crushed because it was different from the other two
in that the host quartz was mi'lky and contained reìatively fewer and much

smal I er i ncl usi ons .'

Since the ratio of sample weight to leach volume varies and there is
no possible control on the amount of fluid released on crushing (Roedder, et aì,
1963) the onìy valid comparisons between the leach analyses are the atomic
ratios. These are included in Table 5.1.

From the Table, solutions from sample 22/143 are much more concen-
trated than those from 5ll112, as suspected (compare, for exampìe, totaì cations).
0n the basis of atomic ratios alone, it is difficult to be sure whether the two
solutìons can be called different, implying that they are of different genera-
tions. Not much meaning can be attached to the differences in the mean atomic
ratios of the two samp'les because such differences also occur between successive
leaches of the same sample.

The onìy exceptions to this are the FelNa ratios. The average Fe/Na

ratio for 5l/112 is more than seven times that for 22/143. Also, the fact that
there is more Fe in the relatively dilute solutions from sample 5l/l'12 than
there is in the more concentrated ones from sample 22/143 is unusual and should
be noted. Before attempting to seek possibìe expìanaÈions for this, the
following difference between the two solutions should also be noted.

It is not unreasonable to assume that solutions in inclusions are
neutral. That chlorine ions are the onìy negative ions is also a fair assump-

tion. Therefore, one would expect the number of chlorine ions to be equaì to
the total cations. Ignoring the first leach of sampìe 22/143 for the time being,
it can be generaììy stated that this expectation has been realised for this same

sampìe. The total cations are slightly less than the chlorine atoms in each

case and this must surely be due to the presence of other cations whose concen-
trations are below detection by the AA or which were not analysed for. The

story is similar but greatìy exaggerated for the other sample,51/112. For
this sampìe, the total number of cations is far less than the number of chlorine
ions, impìying the presence of ìarge amounts of undetected cations. As in the
case of Fe mentioned above, the relativeìy dilute solutions (Sl/l12) must be

richer in the undetected metals than the more concentrated solutions (22/143).
This is the basis for concluding that solutions from samples 22/143 and 51/112
are of at least two different generations. This inference is not possible from
the atomic ratios of the dominant cations such as Ca++, K*, Mg++ and Na+. From

the ratios alone, the solutions from sampìe 5ll112 might wet'l be just a dilute
form of those from sample 22/143. Perhaps the ratios of these elements should
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not be taken too seriously because these are the very eìements that are a'lways

found (in varying amounts) in fluid inclusions from any deposit regardless of
'its type, ô9ê or origin. The solutions from samples 22/143 and 5llll2 would

represent what have been called "concentrated" and "dilute" solutions respec-

ti vely (see 
'page 

92 ).

IncÍdentally, the atomic ratios imply that the solutions from the

third sampìe 80/183 are also different. But as the inclusions in this sample

were too small, no more can be said about them.

The fact that the total cations are much less than the chlorine ions

in the first leach of sampìe 22/143 was ignored in the above discussion. It
seems this'is generaììy true of all first leaches. A poss'ibìe explanation for
this is differential adsorption of the ions onto quartz fragments after
crushing, Perhaps the positjve ions are adsorbed more in preference to

chlorine ions. Such differential adsorption would not be expected to be as

effective in subsequent leaches.

5.10 Meltinq and nization data

gver 290 freezing and about 230 homogenization readings were taken

and are listed in Tables 5A-5F in Appendix 5. The data are summarised and

displayed graphically in Figures 5.4-5.8.

5. ì I Accu of the readin s

Some inclusions were frozen again or re-heated to check on the

reproducab'ility of the experiments and hence assess the precìs'ion of the

readings and the possibil'ity of ìeakage. Generalìy, melting temperatures

were reproducible to within t0.loC. Repeat homogenization readjngs were al-
most always lower by about 2 degrees on average. No ìeakage was detected 'in

the inclusions concerned.

The apparatus was calibrated by Mr. Evert Bìeys, Techn'ical Officer
of the department of Economic Geology, University of Adelaide; using compounds

of known melting points. The resultant calibratìon graph is included as

Figure 5.9. In most cases, the instrument temperature correct'ion does not

sign'ificantìy affect the conclusions drawn from the data because either the

correction necessary is small or because it is relatively insignificant in

relation to the absolute vaìues and the uncertainties involved in the

readi ngs .

Most observed final melting and homogenizatjon temperatures are

ìikely to be on the low side of the true temperatures since it is more'likeìyto

assume that a diminishing phase has disappeared (i.e., comp'leteìy melted or

dissolved) when it actualìy has not, than the contrary (i.e., to assume the

I



Fiqure 5.4

General hìstograms of alì the fluid inclusion data.

Shading represents C0, inclusions.

a) Final melting temperatures.

b) Homogenization temperatures of C0, phases only
mostly in type IB and type IIB inclusions.
See also Figure 5.8.

c) Homogenization temperatures for all the inclusions
that homogenized. Onìy about 7% of the inclusions
had homogenization temperatures above 300oC, and

these were ignored in the discussion in the text.
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Fiqure 5.5

Melting and homogenization data for inclusions in
small (width < 2 cm) and large (width > 6 cm) quartz
vei ns.

a) Melting temperatures for inclusions in small

vei ns.

b) Homogenization temperatures for inclusions found

Ín small veins.

c) Melting temperatures for inclusions found in ìarge
vei ns .

d) Homogenization data for inclusions found in large
vei ns.
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Fiqure 5.6

Data for inclusions from low and high tungsten areas
(see text, section 5.3).

a) Final metting temperatures for inclusions from

tungsten poor zones.

b) Homogenization temperatures for inclusions from

ìow tungsten areas.

c) Final melting temperatures for inclusions in sampìes

from high W zones with visible scheelite.

d) Homogenization temperatures for inclusions in
samples from high l,'l areas with visible scheelite.



2

r6 n =38

0_-15" _55. _35o -150

t6 n= 45

0
-750 -55" -350 -15"

Melling (T¡ )

LOW TUNGSTEN

5' 25"
TEMPERATURE 'C

@ n=lO

1000 160. 220" 2go

(J
z,
lrlle
lr¡
É.L

B

0

44

2

H¡GH TUNGSTEN

50 25
TEMPERATURE "C

@ n=23t2

0

I

()
z,
UJ

a8
LrJ(r
L

44

l@ 1600 22c' 28e

Homogenizotion ff¡ )

Figure 5.6



Figure 5.7

Histograms of data for inclusions containing dilute
and concentrated solutions (see text, section 5,12..l).
It is argued that these represent at least 2 origina'l
sol uti ons.

a) Final melting temperatures for inclusions containìng
concentrated solutions.

b) Homogenization temperatures for inclusions with
concentrated solutions.

c) Final melting temperatures for inclusions containìng

di I ute sol uti ons.

d) Homogenization temperatures for inclusions with dilute
sol uti ons .
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Fiqure 5.8

Homogenization data for carbon dioxide phases onìy,
in carbon dioxide inclusions. This data also implies
that there may have been more than one mineralizing
solution (see text).

a) Histogram for the homogenization of type IB
i ncl usi ons .

b) Histogram for the homogenization of C0, phases

in type IIB inclusions.
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phase is still there when it has in fact d'isappeared).. For the first
melting temperature, however, the reàdings are certainly on the h'igh

side since the exact temperature of inc'ipient melting couìd be mjssed

(Append'ix 5). The first melt'ing temperature, where recorded, is that
temperature at which it was obvious that the inclusion(s) had started
melting.
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5. 12. I Flel ti nq data

The first melting temperatures (Appendix 5) jndicate the types of
cations present while the final melt'ing temperatures give an indicat'ion of
the amounts of ions present (the saìinity) usually stated as NaCl equ'ivalent

because I'laCl is the most common salt found in fluid'inclusions and because

the system NaCl-HZO js the best known.

However, as data are available on several other systems, 'it 'is no
'longer necessary to quote sal'in'ities in terms of NaCl equ'ivalents even when

'it is obvious that Na+ is not the dominant cation. In this study, sal'inities
are quoted in terms of CaCl Z wt.% equ'ivalent since it was established (by

fluid inclusion leaching) that CaCl, is the dom'inant salt'in the solutions.

Very 1ow first melt'ing points, as low as -76oC, were recorded and

the lowest final melting temperature recorded for a non C0r-bearing inclu-
sion was -4g.4oC. These figures are indicative of highly salìne solutions;
-49.4oC implies salinities of sì'ightly more than 30 wt.% CaC1, equivalent
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(Figure 5..l0). The high sa'linity of the solutions is also indicated by the

final melting temperatures of unidentified hydrates (suspected to be CaCl,

hydrates). The highest recorded metting temperature of the hydrates is +28oC

and there are several readings of about +l9oC. The average final melting
temperature for the hydrates is +12.zoc. These three figures correspond to
salinities of about 5l wt.% CaC1, equivalent,45 wt.% CaC1, equivalent and

40 wt.% CaCl, equivalent respectively (Figure 5.10). Thus there can be no

doubt that some of the solutions were very concentrated.

0n the other extreme, the highest non-hydrate final melting tem-

perature recorded was 0.60C, which corresponds to almost 0% salts. Thus the

inclusion fluids vary in their salinities from practically zero to slightìy
over 50 wt.% CaCl, equivalent. Such a wide range of sal'inities is believed

to be mainly due to several mineralising solutions.

The very low first and final melting points (see Appendix 5) cannot

be adequately explained in terins of the system Na-Ca-Mg-Fe-Cl and so, some

other cation is indicated. The possible presence of Li salts was suggested

(P. Ypma, pers. comm.). Aìthough Li was not detected in the leach samples,

the fact that the Mount Mulgine whole rock anaìyses (Appendix 3) show that the

rocks are enriched in Li (Chapter 3, page 36) implies that Li sa'lts may

indeed be present.

From the phases present in the inclusions and the way the inclusions
behaved durÍng cooìing, it was obvious, even without tak'ing readings, that at
least two mineralising solutions were present, and this was later confirmed by

freezing data and fluid inclusion leach ana'lyses (see Table 5..l). The two

háve been called the "dilute" and "concentrated" solutions.

Inclusions containing concentrated soìutions had abundant daughter

minerals and were more difficult to freeze. During cooling their vapour

bubbles would somet'imes not shrink noticeabìy. Indeed, there v',ere cases when

vapour bubbles actualìy increased in size on cooìing. 0n freez'ing, some

inclusions did not change much in their appearance so that it was diffjcult
to determine if they were frozen.

0n the other hand, inclusions containing dilute solutions were easy

to freeze and they contained relatively few or no daughter minerals.
Generalìy, type IV and complex inclusions were not observed in inclusions with
dilute solutions. l,,lhen they froze, they looked earthy-brown and the vapour

bubbles were either comp'lete'ly "eliminated" or they were apparentìy shrunk

considerably by the ice due to the small increase in volume of the latter.
Also, inclusions with dilute solutions were, more often than not, associated

with C0, inclusions (see below).
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The main point here is that there were two demonstrably different
iiquids represented by inclusions that look different and behave d'ifferently
on cooling/freezing as described in the irecedìng two paragraphs. There is no

suggestion whatsoever that the so-called.dilute and concentrated solutions
were the onìy two solutions. In fact, mineralogicaì evidence suggests there
u,ere more than two mineralìzing episodes and thus solutjons, but there is no

easy way of tel'ling exactly how many.

In any one sample, inclusions with either dilute or concentrated

solutions usualìy dominated and so it was possible to divide the samp'les into
two groups. As Figure 5.7 shows, their data partìy over'lap.

Most of the final melting temperatures of C0, (mainly type IB)

inclusions are below -56.60C (the melting point of pure COr) which means that
the C0, phase must contain some other substance with a lo$rãr melting temperature

with which it forms solid solution products. Methane is one such substance

and its conmon occurrence in fluid inclusìons makes it highly probable that
'it is present in the inclusions stuclied. If some of the hydrates observed

with melting temperatures above lOoC are C0, clathrates, this could further
'imp'ly the presence of methane (Burruss, l g8l ) . However, the hydrates were

thought to be saìt hydrates (rather than clathrates) because they were easy

to observe and they appeared birefringent. Carbon diox'ide clathrates are

reported to be difficult to observe and they are also isotropic (Roedder,

1972; Coì ì i ns , 1979) .

5,12.2 Homoqeni zati on data

Homogenization temperatures (TH) are disp'layed in Figures 5.4 to
5.8 (inclusive). To obtain the temperatures of formation (temperatures of
trapping) a pressure-temperature correction must be appìied to the homogeni-

zation temperatures (Roedder, 1972). The amount of the correct'ion factor
necessary depends on the composition of the fluids and on the actual pressure

at the time of entrapment. Both must be known to determine the correction
factor. Unfortunately, neither the composition nor the pressure were known

and so errors of unknown magnitudes are unavoidable in interpreting homo-

genization data as entrapment temperatures.

Roedder and Bodnar (1980) describe a number of cases when the

pressure of entrapment may be obtained from the fluid inclusions themselves.

Each of these specia'l cases has some limitations, not the least of which is
the fact that the pressure-volume-temperature-composition relationships of
the phases invoìved must be known. But P-V-T-X data are generally incompìete

or even lacking for components usualìy found in fluid inclusions. The system

NaCl-HrO is well known because of extensive experimental data (Roedder and
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Bodnar, 1980). Since fluids in natural inclusions are hardly ever s'imple

NaCì-HrO solutions, it becomes all too apparent that the study of fluid
incìusions using the available data must involve considerable approximation
and extrapolatìon.

The determination of a pressure-temperature correction was taken

seriousìy because such corrections can be several hundreds of degrees and

the amount of correction necessary may be greater than the homogenization

temperature itself (potter, 1977; Roedder and Bodnar, .l980).

5.12.3 Determination of pressure

The probìem of determining the pressure of formation and hence the
temperature comection, was approached in severaì ways. Sphaìerite geo-

barometry initiaìly he'ld the greatest promìse, but for reasons discussed'later,
the pressures determined by this method were inconclusive. Pressures obtained
were within the wide range of 8.1 t 0.3 kb to 2.0 t 0.3 kb. These estimates
are probabìy useful as limitjng values, but c'learly they are not good enough

for the determìnation of a temperature correction.

Metamorphic minerals and mineral assemblages were then examined.

From the minerals it was already known that the metamorphic grade reached was

"medium" as defined by fdinkler (1979), which is the equivalent of amphìbolìte
facìes. From the mineraì assemblages in the host rocks the peak temperature

of metamorphism would not have exceeded 5500C and it could not have been much

less than 500oC. It was then estimated from pressure-temperature information
on metamorph'ic mineral assemb'lages (Turner, 1980; Winkler, .l979) that the

pressure would have been less than about 4 kb. None of the so-calìed pressure

indicator minerals are present.

It was then decided to try the Si+4 oontent of muscovite (pheng'ite)

in order to estimate the pressure. Velde (1967) has shown that the Si+4 con-

tent of muscovite is mainly dependent on pressure and temperature. The

pressure obtained from this method depends, of course, on how accurately the

Si+4 content can be determined and, even more important, on how accurately the
temperature can be estimated.

Muscovites, seìected from samples which also contain chlorite and/or
biotite, were analysed on the electron microprobe. The presence of chlorite
and/or biotite means that Mg was available at the time of formation of these

minerals and so, the white mica is most ìike1y phengite (or phengitic) rather
than pure muscovite. Many analyses were done (see Appendix 4) but those shown

in Table 5.2 were the only ones used for pressure estimation.

As discussed above a peak metamorphic temperature of 5000C was

estimated to be most reasonable for the mineral assemblages found in these
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rocks. There is no evidence to suggest that the temperature during mineral'i-
zation exceeded this figure. The Si+4 contents of the anaìysed muscovjtes

(phengìtes) are in Table 5.2. The mean Si+4 content is 3.16 and this g'ives

a minimum pressure of 2 kb from Figure I of Veìde (1967), reproduced here

as Figure 5.'l'l . The 2 kb pressure thus obtained is, of course, an estimate,

more so because the conditions (Pr^' = Ptotul) under which Figure 5.12 was

constructed are unìikely to have b6en realised at lr'tount Muìgìne.

+4Table 5.2 : Si content of phengitic muscovites

Samp'le number Analysis point No. 5¡+4(atomic wt.%)

251 /139.4

259/135.1

22/136.7

I
2
3
4
5

6

I
2

3

4

I
2

3
4
5
6
7
I
9
0

(
(
(
(

(
(
(
(
(
(
(
(
(
(

3. l5
3. l5
3. l6
3. l5
3. l5
3. l5

3.23
3.21
3.20
3.22

3. l0
3. 07
3. 08
3. l0
3.09
3.48
3.tI
3. l4
3. il
3. l0

overall mean = 3.16

5.12.4 The pressure-temperature correction

All the methods used to estimate the pressure agree on one point -
that the pressure during metamorphism and mineralization was at least 2 kb.

This figure was used to calculate a min'imum temperature correction necessary

for the homogenization temperatures, as follows.

Ignoring the inclusions that had final melting points above zero,

the overall average final melting point for all inclusions studied (exclud'ing

COZ inclusions) is -240C, which indicates a salinity of 24 wt.% CaCl, equiva-

lent (or about 25 wt.% NaCl equivalent, from Figure 4 of Roedder (1962)).
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The average homogenization temperature for all the inclusions studied is
l87oC (exc'luding all temperatures above 300oC).

Referring the above data to Figure 6 of Potter (l 977), reproduced
here as F'igure 5.12, shows that a pressure-temperature correct'ion of 'l80oC

should be added to the homogenization temperatures. It must be remembered

that th'is is only an average figure, for strictly, each fluid inclusion would

have a unique temperature correction. Ignoring a'll inclusions w'ith homogeni-

zation temperatures above 300oC and still assuming a minimum pressure of
formation of 2 kb, then from Potterrs (1977) diagrams, al'l inclusions with up

to 25 wt.% salts need temperature corrections in the range of l60oC to about

2000C, depending on their salinjties and homogenization temperatures. These

are minimum correction figures, obtained using very low (l% NaCl equiva'lent)
to moderate (25% NaCl-equivalent) salinities in the homogenization temperature
range obtained; and they can be less only if the pressure was less than 2 kb.

The lowest homogenization temperature recorded was l03oC for an

inclusion in fluorite: Assuming a pressure of 2 kb at the time of formatjon
(although unlikely for fluorite - see be'low), then using the above correction
figures, the minimum temperature of formation would have been 263oc, For

inclusions in quartz with minimum homogenization temperature of about l35oC,

the minimum formation temperature would have been about ?gsoc, making the same

assumptions. For inclusions in scheelite with a mean homogenization tempera-

ture of 2130C, the minimum temperature of formation uJas 3730C, again assuming

a 2 kb pressure prevailed and l% NaCl equivaìent salinity.

The maximum temperatures of formation are not as easy to determ'ine

because correction curves, similar to those of Potter (1977) for salt concen-

trations in excess of 25 wt.% and pressures higher than 2 kb, are not avail-
able. But if a 2 kb pressure is again assumed and homogenization temperatures

above 3O0oC are excluded, then the maximum formation temperatures (also

assuming a25% NaCl equivalent salinity) wouìd have been around 5000C.

5. l3 Homo enization of hases

Carbon dioxìde incìusions (tf¡at is, any inclusion either who'lìy or
partly filled with a C0, or C0r-rich fluid) were found in most of the samples

selected. All such inclusions have a COr-rich vapour phase at some tempera-

ture below 3loc. The temperatures at which the C0, phases became homogeneous

were recorded. The abundance of COZ inclusions made this a relative'ly signi-
ficant exercise. The rea<Jings are in Appendix 5 (fable 5A1Z¡) and they are

surrnarised graphicalìy in Fìgure 5.8. All the C0, inclusions homogenize in
the liquid phase.
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One immediateìy noticeable feature of these inclusjons is their
variability. There is a compìete range from 'inclusions wholìy fìlled with
C0, to inc'lusÍons with only about 5 vo'lune % C\r. The homogeniza-

tion temperatures of the COr-rich phases are as variable as the inclus'ions
themselves. Those recorded range from -l 2.1oc to +30.60c. The homogen'ization

temperature of C02 is dependent on density and pressure. These two variables
can be assumed to have been constant for inclus'ions trapped at about the same

time from one homogeneous solution. Pressure is unlikeìy to have changed much

during the formation of any one generation of ìnclusions and, in any case,

from Figure 5..l3, it is obvious that pressure changes alone cannot account for
the observed variation in homogenization temperatures. Thus the variation in
homogenization temperatures appears to be mainly due to different densjt'ies
of the trapped fluids. But if it is true that there were several generations of
fluids, as indicated by various factors dl'scussed earljer jn th'is chapter, then

the pressure may have changed between the different generations of fluids. It
ìs,therefore, reasonable to conclude that the variations in homogenization

400

300
Solid

200

too

-60' -40" -2c' 00 ?o" 40" 60"
Temperolure oC

Figure 5.13. Phase diagram for COr, showing densities
(g/cc) of sqverql isõchores. CP, critical
põi nt at 3l oC. (Ãtter Hol I'ister I 9Bl ) .

temperature are due to both pressure and density changes.

With very few exceptions, homogenization temperatures of COr-bearing

inclusions were determjned onìy for type IB and type IIB inclusions. It was

observed that generally type IB inclusions homogenized at lower temperatures

than type IIB inclusjons (compare Figures 5.8a and 5.8b).

The mean of homogenization temperatures for type IB is ll.4oC*

ttl
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figure 'is for positive.temperatures only. If the negative figures are
uded the mean is 8.6uC (see Appendix 5, Table 5412¡).
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and that for type IIB (C0, phases on'ly) is 22.40c. These figures correspond
to densities of 0.879/cc and 0.789/cc respectively (from Figure 5.13). This
range is within the limits possible for different fluid composition, without
hav'ing to invoke different pressures (p. Ypma, pers. comm). Thus the c0,
fluid inclusion data also imply that there were at least 2 mineraìizing fluids.

As already said, a few type IIB inclusions !{ere completely homo-

genized. The highest compìete homogenization temperature for such inclusions
was 274oC and the lowest was l78oc. The average is 227oC. With such low

homogenization temperatures, the salinity of the aqueous solutions in these
inclusions cannot be high (see Figure .|.3 in Hollister, l9B2). The limited
data obtained on type IIB inclusions indicate that this js indeed the case.

The data are limited because the melting in type IIB inclusions, especially
the last melting, proved very difficult to observe. In most cases, information
as to whether melting was still going on or had probabìy ended was obtained
from the liquid C0r-aqueous solution interface; if jt was irreguìar, then
melting was still in progress, and if it was smooth, then melting had probably
ended. Thus a range of temperature was recorded rather than a specific
reading. In on'ly a few cases was melt'ing ice actuaììy observed, enabìing a

specific temperature reading to be noted. From the few read'ings and the tem-

perature ranges recorded (Appendìx 5), the salinity of these (type IIB) inclu-
sions is less than B wt.% CaCl, equivalent; probab'ly much less since it is
possible that the ice v',as still melting when it was assumed to have finished.

5. l4 Discussion

A more general discussion will appear in the final chapter, but at
this point a brief discussion of the results of the fluid inclusion study,
with the aims of the study in mind, is warranted.

After such a report, the following are some of the more serious
questions one might ask.

l. It is possible that most, or even aì'|, of the inclusions studied
were secondary. How seriousìy can one take the results obtained?

2. It has been assumed in the pressure estimations that most of the

veins formed during metamorphism; what if they formed after
metamorphi sm?

The first question has already been partìy answered.in the text.
Itlo signif ìcant differences were observed between data that were obtained

randomly, the data that were obtained from inclusions strongìy suspected as

being primary and the data for inclusions'in fluorite which were considered

convincing'ly primary. In the (unlike'ly?) event that all the jnclusions urere
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secondary, the data are still useful even if onìy as limiting vaìues (maxima

or minima). It is not unreasonable to assume that some of the necked down

inclusions v'Jere original'ly primary. The mean of a lot of readings taken on

such inclusions would be close to the actual mean reading that would have been

obtained from the primary inclusions themselves, assuming no leakage occurred.

For the second question, if many of the veins formed after meta-

morphism, then the pressure estimates (and therefore the pressure-temperature

correction) could be in error. Some of the mineral textures indicate that
the "intermediate" minerals (see Figure 4.1), which comprise the bulk of the

mineralization were subject to the metamorphism that affected the host rocks.

Cotlins (1975) states that much of the scheelite in the nearby Hiìl deposit

formed during the regional metamorphism of the rocks. Final'ly, although this
might be a coincidence, the estimated maximum temperatures of formation
(assuming a pressure of 2 kb during metamorphism) are in reasonable agreement

with the estimated peak metamorphic temperature.

The above statements should not be taken to mean that all veins

were syn-metamorphism. It has already been hinted that it is un'likely that
the pressure during f'luorite formation was as high as 2 kb. This is maìn'ly

because fluorite js a late mineral and inclusions in it have the lowest homo-

genization temperatures and some of the lowest salinities (see Appendíx 5).
If fluorite had formed before or during peak metamorphism, the inclusions in
it would never have survived the peak metamorphic heat - they would have

decrepitated; unless, of course, the pressure was much higher than has been

estimated. It is believed that the fluorite and quartz-f'luorite veins formed

much later after metamorphisn, when the pressure and temperature were'lower.
It is difficult to estimate the temperature of formation of fluorite and inclu-
sions in it without information about the pressure that prevailed, but jt is
unìikely to have exceeded about 250oC. The vapour bubb'les in some of the

type IIA inclusions in fluorite were observed jn rapid brownian movement at
room temperatures (20-30oC) and this is an indjcator of low entrapment tem-

peratures (Mayer, 1976).

Although the variatÍons in inclusjon types and data have been ma'inìy

attributed to different generations of fluids and necking down, it is also
possible that the variations are partly due to phase separation resulting in
a C0r-rich flu'id phase and a concentrated brine (P. Ypma, pers. comm.). The

phase separations.i caused by a drop in temperature and pressure, may be

repetitive, resulting in a variety of inclusion types.

l,lhile concluding, it is appropriate to recapitulate the aims of the
study (see page 74) an¿ relatê them to the findings.
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Scheelite and re'lated mineralization at Mount Mulgine formed from

moderately to highly sa'line solutions at moderateìy low pressures and fairly
high temperatures. There is evidence that severa'l mineral'ising solutions

were involved, wìth salinities rang'ing from less than 5 wt.% CaC1, eguivalent

to as much as 50 wt.% CaC1, equivalent. The important homogenizat'ion tem-

perature range is t60oC to about 28OoC (Figure 5.4) which corresponds to

formation temperatures of 340oC to 460oC. A pressure-temperature correction

of lBOoC, deduced from a minimum indìcated pressure of 2 kb during metamor-

phism has been genera'lly applied. This pressure-temperature correction is
probably too'large for the later fluorite and quartz veins. From mjneral

assemblages, it was deduced that peak metamorphic temperatures are un'like'ly

to have exceeded 500oC.

The observed moìybdenite-scheelite zoning does not necessarjly mean

that the two minerals were deposited from chemically different solutions.
Figure 5.5 shows that the smaller veins (more associated wjth scheelite) have

inclusions with slightly more saline solutions (and correspond'ingly sìightly
higher homogenization temperatures) than inclusions from the larger veins
(compare the mean final melting po'ints -28.30C and -25.zo}) which are more

associated with molybdenite. A t-test app'lied to these means indicated that
they are from the same population, at the 5% significance'level. The t-test
was also applied to the mean homogenizatiqn'temperatures and gave the same

resul t.
If mo'lybdenite and schee'lite were deposited from one solution at

about the same time, then some other explanation for their distrjbution must

be sought. However, the above conclusion does not preclude the possibi'l'ity
that scheelite and molybdenite could have been depo sited from separate but

chemical'l.y simi I ar sol utions at different times. The facts that powel 'l i te
(CaMoOn) has not been observed, that scheelite does not contain Mo which

usual'ly proxies for l,J (see Table 4.2).and that there is no sìgnificant corre-
lation between Mo and l,l (Figure 5.3) all indicate that molybdenite and

scheelite may have been deposited from different (i.e., separate) soìutions.
But as just shown , the sol uti ons were generaì ly simi'lar, chemica'|ly.

Data for inclusions in quartz from tungsten-rich and tungsten-poor

areas are shown in Figure 5.6. Inclusions from tungsten-poor areas are less
saline and their homogenization temperatures are correspondingly lower than

those of inc'lusions from lrl-rich areas (22 wt.% CaC12 equivalent and 'l76oC

compared to 26 wt.% CaCl, equivalent and 2'l6oC). The difference in mean

sal inities (only 4 wt. % CaC'\, equivalent on the average) is not great and so

the t-test was aga'in app'lied to the mean final melting temperatures and the

mean homogenization temperatures. In both cases the test showed that there
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is a less than 5% chance that the means come from the same populatloh (i.e
the hypothesis that the means are the same was rejected at a 5% significan
I evel ).

ce

Aìthough this difference may be real as suggested by the t-tests,
it is un'likely to be of in"¡nediate exp'loratory value since one cannot tell
from looking at the inclusions or even taking a few measurements. One posi-

tive resu'lt from the above exercise is that the conditions of formation of

scheelite are more closely defined. The solutions associated with scheelite

minera'lization averaged about 26 wt.% CaCl2 equivalent and the temperature

of formation of the scheelite was 396oC, oñ th. average, assuming a pressure

of 2 kb.

It is not possib'le, from the fluid inclusion data aìone, to say

what part the Mount Mulgine Granite pìayed during mineralization. This

question is examined further in the final chapter.
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CHAPTER 6 : SULPHIDE GEOCHEMISTRY:

SULPHUR ISOTOPE STUDY AND SPHALERITE GEOBAROMETRY

6. I Introduction

Sulphur isotope work was undertaken for the folìowing reasons:

The first and most important is that the results would indicate the most

likely source of sulphur and this would put constraints on the source of
mineralization in generaì, and the second is that the temperature of forma-

tion might be estimated from the sulphur isotope fractionation between co-
existing sulphides and this would serve as a check on the temperatures of
formation obtained by other means ê.g., fluid inclus'ion studies (Chapter 5).
Thirty pyrite and pyrrhotite samples were selected and anaìysed as described

bel ow.

Since there v',as no sing'le reliable method based on silicate minera-

logy/geochemistry that could be used to determine the pressures that prevailed
during metamorph'ism and mineral deposition, an attempt was made to appìy the

sphalerite geobarometer to the Mount Mulgine mineralizatjon. This attempt is
reported in a later section.

6.2 Sulphur isotope study

6.2.1 Sample selection, preparation and analytical techniques

Because of the modest aims of this study mentioned above, sarnp'le

selection'was not a problem. Any sample with reJatively abundant and preferably

coarse suìphides was suitable. Sampìes were selected such that as much of the

Trench deposit (volume) as possible was covered. The most abundant sulphide is
pyrite and this is reflected in the number of samples of the mineral collected.
Pyrrhotite samp'les were also selected wherever possible.

Coarse sulphides were preferable because the coarser they are the

easier it is to separate them f¡.om the "gangue". For most of the sampìes, the

su'lphides were coarse enough to be extracted with a dental drill. The drilling
was done on poìished surfaces of the suìphides under a low power microscope so

that impurities (inclusions) could be avoided. In about one third of the

samples, the su'lphides were too small for driì'ling. These sampìes were crushed

to -ì50, +200 mesh, washed and dried and the sulphides separated on a Frantz

Isodynamic Magnetic Separator. The separated sulphide concentrates were checked

for impurities by preparation of poìished grain mounts. Except for sample

313/98.8, which had about 5% impurities (mostly mo'lybdenite and silicates), the

rest of the samples were estimated (visually) to have less than about 1% in-
puri ti es .
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The "pure" sulphides thus obtained were oxidised to produce S0,
gas by cuprous oxide. For each samp'le, an intimate mixture, prepared by

grinding a weighed amount of the sulphide with excess cuprous oxide (about

three times as much cuprous oxide as the theoretical amount required for com-

plete oxidation) was roasted in a previousìy evacuated tube for l5 minutes at
900 - 10000C. Impurities, mainly C0, and water vapour, v,rere separated from
the SOt by fractional distillation. The pressure of the S0, gas was then
measured using a manometer before collectjng and seaìing the gas in a sampìe

tube. The gas was later released and ana'lysed on a Micromass 602E mass spec-

trometer. Repeat anaìyses indjcate a precision of t0.l/- for the analyses.

6.2.2 Theoretical backqround

. Before presenting and attempting to interpret the results of the

sulphur isotope study, it is appropriate to brief'ly cover the theoretical basis
for such studies

Stable isotope geochemistry 'in general is concerned with measurement

of changes in isotope ratios. For comparison purposes, the isotope ratio
changes, which are usually smaì1, must be measured relative to an arbitrary
international standard. The accepted unit'of su'lphur isotope ratio measurement

is the delta-vaìue o34S given in per mil (%). the o34s-value is defined as

34 32s/ s(sample) 34s/ 32s
( s tandard)34

ô s(?i) = 34s/ 32s
x .1000

(standard)

The standard for suìphur isotope ratios is troilite (feS) from the Cafion

Diablo iron meteorite whose 32Sl34S = 22.220 (Kajiwara and Krouse, l97l).

Until the late nineteen sixties, suìphur isotope studies essent'iaì'ly
involved the determination of the variability in o34S values from "magmatic"

values (about O /^). Because many igneous rocks huve o34S values around 0 7*,
any mineral that had o34S = 0 was interpreted to have formed by crystaìl'ization
from a magma or precipitation from a magmat'ic hydrothermal fluid. Similarìy,
if the o34S values deviated considerably (e.g., more than '10 /*,Ohmoto and

Rye, .l979) the deposits were interpreted as biogenic. This interpretation was

based on a few assumptions, the most'important of which is that the isotopic
composition of the minerals was solely dependent on, and accurately reflected
the isotopic composition of the mineral'izing fluids. It was Sakai (1968) who

first showed that this assumption was not always correct - that the isotopic
composition of minera'ls was aìso dependent on temperature and pH of the hydro-

thermal fluids. Since then, several authors have continued to refjne and

expand Sakai's (1968) work (e.g., Kajiwara et al,.l969; Kajiwarara and Krouse,

l97l; 0hmoto, 1972).



ì 04.

It is now known that the sulphur isotopic composition of the minerals
depends on a number of factors, the most important being temperature, pH, oxygen

fugacity (f02) and total suìphur isotopic composition lo3asrr) of the fluid and

that the o34l vulues of individual minerals can be very difierent from o34srr.
In short, interpretation of sulphur isotope data is not as simpìe as it was

originally thought and for meaningfuì 'interpretations, sulphur isotope studies
must be coupled with detailed geologic, mineralogic and other geochem'icaì

studies (Rye and Ohmoto , 1974).

6.2.3 Sulphur isotope data and their interpretation

All the sulphur isotope data are in Table 6..l. The data are presented

in terms of the conventiona'l per mil deviations (o3aS) relative to the Canon

Diablo meteoric standard.

6.2.3.ì Geothermometry

The sulphur isotope fractionations between sulphur-bearing species

are a function of temperature and hence suìphur isotope geothermometry is based

on the equiìibrium suìphurisotope fractionations between co-existing specres

(Rye and Ohmoto,1974). The temperature (T) in degrees Kelvin is given by

A A

I 000sno [Fq
where cr is the isotopic fractionation factor between the pair of sulphur-bearing
phases and ¡34S is the isotopic enrichment factor (which is the difference
between the o34S values for the pair of minerals under consideration) and A is
a constant for that pair. In this study, pyrite (py) - pyrrhotite (po) pairs

were used and so,

34
S

34
ô (see Table 6.1).py'p0

The equation used for pyrite-pyrrhotite fractionation is that given by 0hmoto

and Rye (1979) , vi z.

0.55 x l0 3
T(K)

T(K) =

34s
Sô

^ popv

(r3a5¡ å

0nìy three pyrite-pyrrhotite pairs suitable for geothermometry

were obtained from the samp'les collected. In these pairs the suìphides were'in
physicaì contact and, there being no evidence to suggest the contrary, equili-
brium was assumed to have been attained. Both and Smith (1975) found that
¿34S measurements on isolated mineral pairs may not be meaningful in terms of
geothermometry. This is, presumably, due to disequilibrium between the sul-
phides, an exp'lanation which is consistent with the findings of Scott et al

(1977) who showed that equi'librium domains may be very small, "perhaps not much
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larger than a poìished section".

0f the three pyrite-pyrrhotite pairs, one had a negative A34s-.. -^
value (a physical impossibility under equilibrium conditions) un¿ *u. ü,..BI-Po
fore eliminated. The other two sampìes, 276/131.05 and 289/123.2, gave tem-
peratures of 505oC and 730oC respectiveìy. the o34S values have an uncertainty
of 0.1% which means !O.Z% in the ¿34S values. This gives a range of 385-7300C

for samp'le 276/131.05 and 505o-l465oC for sample 289/123.2. The upper limits
of these temperature ranges, especiaììy that of the latter, are unlike'ly.
Pyrite from sample 289/123.2 gave a low S0, vieìd (79%) and this may be related
to the wide temperature range obtained.

In view of the'limited data and the sensitivity of the pyrite-
pyrrhotite sulphur isotope temperature estjmates to very sma]l errors in measure-
ment of l34S values, it is not possibìe to arrive at a specific temperature for
pyrite-pyrrhotite equilibrium. The temperature ranges indicated by the su'lphur
isotope data are, however, generaì'ly'in accord with the range of temperatures
estimated from fluid inclusion studies in quartz, uiz. 300-5000C (see section
5. r 2.4) .

6.2.3.2 Source of the sul phur

The sulphur isotopic composition of mjnerals can be used to deter-
mine the otOtr, value and the source of the sulphur only when the temperature,
fOt, and pH conditions of the ore-forming fìuids are known (0hmoto,1972). In
this case, the temperature may be considered as known but f0, and pH are not
and so, o34SrS cannot be determined. However, in the following two paragraphs

it is tugg.slãa that the ototr, value may be close to the o34s values of the
individual minerals at Mount Mulgine.

At temperatures Þ400oC, sulphur species are dominated by HrS and

SOt (0hmoto and Rye,1979). All indications are that these are the tempera-
tures that prevailed during mineralization at Mount Mulgine. In view of the
fact that sulphates were neither observed in this study nor have they been re-
ported, it seems reasonable to assume that HrS was the dominant suìphur species.
Conditions cannot have been very oxidising since there is no primary hematite.
Figure 6.ì shows that the relative order of 34S enrichment (among the su'lphur
species) is sulphate trHzS = sulphide minerals rS2- and therefore, if HrS^pre-
dominates, sulphide minerals precipitating from solutions wouìd exhibit or4S

vaìues similar to the o34sr, value (Ohmoto,1972, p.563). At temperatures
much higher than 400uC, the relative enrichment factor between HrS and the
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Table 6. I : Sulphur isotope data

Sampìe No.

276/1 3l .05

259/108.92

259/108.50

71 /123
264/82.6

315/112.4

289/123.2

70/126.4

71 / 144

273/ 10e

276/126 .75

3r 3/98.8
314/218.5

252/18s.5

264/54.05

?55/14s.3

276/ 129 .93

252/126.1

301 /142
259/99.35

274/67.7

51/125.0

268/67.3

2s2/158.s

31 3/6r .3
5ì/108

268/35.84

70/150

c = concentrate (mineral separated magnetically after crushing the
sampìe). The other sampìes were separated with a
dental drill.

The o34S values for the sampìes marked "repeat" are means for
2 separate ana'lyses of the same samp'le.



suìphide minerals'is even smaller (rigure 6..l) and so, o34S values would be

closer to o34sr^, = o34srr.
,r2

The assemb'lage pyrite-pyrrhotÍte-magnetite is rare at Mount Mu'lgine

and only in samples 7l/67.4 and 22/61.08 were the minerals observed in the
same po'lished thin section. Aìthough the three minerals were not all observed

ìn contact in these two samp'les, it can be assumed that they formed at or near
their (pyrite-pyrrhotite-magnetite) tripìe point as shown in Figure 6.2.
the o34srrs uulues near the triple po'int are very close to the otOtr, value
(0 per i'ifi ln the dìagram). This further implies that o34S values of the
individual minerals at Mount Mulgine are close to o34srr.

As can be seen in Table 6.1, o34S values for the sulphides measured

are zero or close to zero (the overaì'l mean j s 0.4% and the maximum deviatjon
is 1.8%). From the previous paragraphs, these values are approximate'ly the
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same as otOt* for the source. Therefore a magmatic source for the suìphur
is indicated (Ohmoto and Rye,1979, So et aì, 1983) which is consistent w'ith
the mineralization having been derived from the associated granites/granitoids,
or their source.
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6.3 Sphalerite qeobarometry

6.3.ì General remarks

Sphaìerite geobarometry has been applied in the investigation of
many su'lphide deposits and continues to be applied despite the fact that it
does not aìways give reasonable pressure estimates. Most of the probìems

encountered with sphalerite geobarometry have been attributed to low tem-
perature equi'libratìon or re-equilibration in the Zn-Fe-S system (Groves

et al , 1975; Bristoì, 1979; Sangameshwar and Marshall, .l980).

The theory behind sphaìerite geobarometry is straightforward and

was first evolved by Barton and Toulmin (1966). Later work, mainìy by Scott
and Barnes ('197.l), Scott (lgZg, 1976), Lusk and Ford (1978), Hutch.ison and

Scott (1981) and Kissin and Scott (1982) has established the theoretical and

experimentaì basis for this geobarometer. Briefìy, the FeS content of
sphaìerite Ís a function of temperature, pressure and the FeS activity (ar.5).
When sphalerite forms in equilibrium with pyrite and hexagonal pyrrhotite,
the ar., is effectively buffered by the iron sulphides and the FeS content of
sphaìerite is then dependent on pressure and temperature. It has been shown

that the FeS content of sphaìerite (in equilibrium with pyrite and hexagonal

pyrrhotite) is independent of ter¡perature (thus discrediting the mineral as a

geothermometer) in the 3000C to 600oC temperature range for pressures up to
l0 kb (Lusk and Ford, 1978; Hutchison and Scott, l98l). Thus within this
temperature interval , the FeS 'content of spha'lerite growing in un uF.S

buffered system is soleìy dependent on confining pressure.

For the above temperature range, Hutchison and Scott (1981) have

found that the pressure dependence of FeS in spha'lerite in equilibrium with
pyrite and hexagonaì pyrrhotite is best described by the equation

P = 42.s0-32.rorosnf!, (l )

where P = pressure in kilobars anO n!!, is the FeS mole percent in sphaìerite.
The above equation is the least squares linear regression line for temperature-
independent data compiìed by the authors and has a correlation coefficient of
0.99 and a standard emor of t0.30 kb.

Appìication of the sphalerite geobarometer requires that sphalerite,
pyrite and hexagonaì pyrrhotite must have been in equilibrium during deposition
or metamorphism (Scott, .l973). At the time when Scott made this statement, it
v'¡as generally beìieved that sphalerite, because of its refractory nature,
would not re-equilibrate at lower temperatures. More recent work (Groves et aì,
1975; Ethier et a1,1976; BrÍstol, 1979; Sangameshwar and Marshall, 1980) has

shown that sphalerite can, in fact, re-equilibrate at lower temperatures.
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Accordingly, Scott's (1973) statement needs to be modified. For successful
application of sphaìerite geobarometry, the sphaìerite must have been in
equilibrium with pyrite and hexagonaì pyrrhotite and it must not have re-
equil ibrated since formation.

In many cases, equil'ibrium is difficult to prove and can onìy be

inferred. If the three minerals are in intimate contact, then equiìibrium
is high'ly likely and is assumed. 0ther factors which are used as equilibrium
indicators are homogeneity of sphalerite and metamorphic grade. 0res meta-

morphosed to grades higher than the greenschist facies often contain homo-

geneous sphalerites, indicating equilibrium (Scott, 1973). The ex'istence

of sphalerite in equilibrium with pyrite and pyrrhotite in one poì'ished

section does not necessariìy mean that aìl the other sphaìerite, pyrite and

pyrrhotite grains in the same section are also in equilibrium. This is
because equiìibrium domains (areas of constant uF.S) can be very smaìl (Scott

et a1,1977). Thus it is important that sphalerite and the iron sulphides
be in contact before equiìibrium can be assumed.

Re-equilibration of sphaìerites may be even harder to prove. If
other phases in the same section are re-equilibrating or have re-equilibrated
(for exampìe, hexagonaì pyrrhotite altered to monoclinic pyrrhotite) then it
is an indication that the spha'lerite composition may have also changed since
its formation.

Finally, there are still uncertainties about the effect of Cu

dissolved in sphaìerite (Hutcnison and Scott, ì981). One easy way out of
this problem is to avoid sphalerite containing (exsolved?) Cu phases. Other

minor elements common in sphaìerite (Cd and Mn) have no effect on the

spha'lerite geobarometer (Scott, .l973).

6.3.2 Geobarometr.y

The metamorphic grade at Mount Muìgine is medium (amphibolite

facies) and, as just mentioned, this is an indicator that equilibrium between

spha'lerite and the iron sulphides may have been attained. The temperature of
metamorphism (Chapter 2) is not'likely to have exceeded 550oc and so equation

ì (page .l09) is app'licable. Despite the problems below, problems that are

often encountered in sphalerite geobarometry, it was decjded to try this
method of estimating pressure because it was important to know the pressure

of formation (see Chapter 5) of the minerals.

The biggest uncertainty was the possibility that the spha'lerites

used may have re-equ'iìibrated at lower temperatures. Low temperature re-
equilibration of non refractory pyrrhotite is often found and has been noted

by several workers (e.g., Desborough and Carpenter, 1965; Kelly and Turneaure,
.|970; Genkin, ì97t). Rims of monoclinic pyrrhotite were observed around some



ìì1.

hexagonal pyrrhotite grains (llates 4.38 and D) and this was interpreted
to mean that hexagonal pyrrhotite had been partiaìly repìaced by monoclinic
pyrrhotite (detected by a magnetic coltoid). Such alteration could have

affected sphaìerite as well.

Because of a generaì lack of sampìes containing sphalerite,
pyrite and hexagonal pyrrhotÍte in mutual contact, all the four sampìes

anaìysed were not exactìy ideal. Sampìes 259/90.70 and 259/118 had all the

three minerals in mutual contact but the hexagonal pyrrhotite was rimmed

by monoc'l i ni c pyrrhoti te. Samp'l e 259/115 .77 was analysed al though some

of the pyrrhotite grains in contact with sphalerite were compìeteìy altered
to monocìinic pyrrhotite. All the above three samples were anaìysed 'in

the hope that the alteration had not affected sphalerite. The ìast sampìe,

259/100.90, had all the three minerals but they were not all in mutual

contact. The sphaìerite was in contact with hexagona'l pyrrhot'ite and the

latter mineral did not show any signs of alteration. Pyrite was present

in the same polished section but it was not in contact with the other two

minerals. Ethier et al (.1976) found that in sampìes from the Sullivan
(British Columbia) Pb-Zn deposit there is "no significant variation in the

iron content of spha'lerite between sphaìerite grains in direct con-

tact with pyrite and pyrrhotite grains and others not in direct contact

with both but which are in the same sample". The small number of sampìes,

even if they were all ideal, is aìso discouraging, especial'ly since they

are all from one drill hole.

The full sphalerite analyticaì results are in Appendix 4, but

the important data are summarised in Table 6.2, together with the calcu-

lated pressures using equation 1 of Hutchison and Scott (198t, p.144).

The results are almost as one would have suspected. 0n1y samp'le 259/100.90

gave consistent anaìyses, resulting in consistent pressure estimates. The

mean pressure from this sample is 4.59t0.30 kb which is in reasonable

agreement with a 3.7 kb figure obtained from muscovite (pheng'ite) analyses

(Chapter 5) if the temperature is assumed to have been 550oC.

Pressure estimates from the other three sampìes (in which

pyrrhoti te re-equi I i brati on uras obvi ous ) are very vari ab'l e, i ndi cat'ing

that the sphaìerite has also possib'ly re-equilibrated. Alternatively, the

variabiìity may indicate that the minerals had never attained equilibrium.
It is, perhaps, significant that sample 259/115.77, in which most of the

hexagonal pyrrhotite had inverted to monoclinic pyrrhotite, gave the highest
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Table 6.2 : Sphalerite Geobarometry

Sampl e
No.

2s9/90.70

259/100.e0

259/115.77

259 / 118

pressure estimates. Several workers have noted that pressure estimates
from sphalerite that has possibly re-equilibrated are frequently high
(Groves et aI,1976; Sangameshwar and Marshaì1, .l980). It seems the

anomalous'ly high pressures are due to equilibration between monoclinic,
rather than hexagonal, pyrrhotite and sphalerite. Monoclìnic pyrrhotite
is stable at low temperatures (beìow 254oC), but spha'lerite geobarometry

has not been extended to temperatures below about 300oC. This is mainly
because the ar., (which determines the FeS content of sphalerite at a

g'iven temperature) is inversely reìated to the sulphur activity of the co-

existing iron suìphide assemblage (Scott and Kissin,.l973) and although the
Fe-S system has been the subiect of many theses and papers in recent years
(see Kissin and Scott,1982), ìow temperature relations in this system are

not yet fuìly understood. The above pressure indicated by sampìe 259/100.9,
coupìed with mineralogicaì studies and estimates of thickness of the vol-
canic/sedimentary pile at Mount Mulgine, were the basis for inferring that
the pressure at the time of formation of the minerals must have been at
least 2 kb. This is also consistent with a maximum pressure of 3.9 kb

estimated from hornblende composition (see section 2.5.1).

Ana'lysi s
point

Total
(%)

FeS mol e% in
sphal eri te Pressure (kb)

I

2

3
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3

I
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98. 06

97.32

I 00. 33

98.67
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6.82
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4.

4.
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CHAPTER 7 : ORE GENESIS. DISCUSSION AND C0NCLUSI ONS

7 .1 Genesi s

Like fashion, theories on ore genesis change with time. Until
recently, the genesis of most W deposits was related to granitic intrusions
with which the deposits are almost always associated. Where no such intru-
sion could be seen even in the immediate vicinity,'its presence at depth

would be inferred (e.S., John, 1963). In most interpretations of ore genesis,

it was genera'lly agreed or impìied that l^l deposition is related to the after-
math rather than the earlier.stages of magmatic invasion (Kerr, .l946).

In the last two decades, ma'inìy as a result of research by Maucher,

Höll and co-workers, theories about the genesis of many l,l (especially
scheelite) deposits have changed. The idea that such depos'its form as a

direct result of sedimentary processes (i.e, the deposits are syngenetic or
syn-sed'imentary) has gained general acceptance; so much so that the genetic
theories of some deposits (e.g., the King Island Scheelite deposit, Tasman'ia,

long regarded as a classic example of a contact-metasomatic deposit) have

been revised by some workers (Burchard, 1977) in favour of the syn-sedimentary
model. Some deposits, the best examples being the strata-bound Kle'inarltal
and Felbertal deposits in the Eastern European Alps, have been convincing'ly
shown to be sedimentary in origin (Höll et a1,1972). According to Maucher

(1972, p.85) "scheeìite is a primary rock mineral in volcanics and sediments,

changing its mineraìogicaì behaviour according to the grade of metamorphism,

thus forming very small grains in the greenschist facies, but porphyroblasts
of ì0- to 20-nun size in rocks of the amphiboìite facies".

In the ìight of the above statements, it was not enough to merely

keep on the lookout for evidence of sedimentary orig'in of the Mount Mulgine

Trench deposit. One of the aims of the second visit to the study area was to
specifically look for such evidence. This was done using a UV ìamp on al'l
core samples that were known to contain detectabìe l^1. It was thought that
syn-sedimentary ore fabrics similar to those found by Höll et al llglZ) might
be found. They were not. However, there were two positive results of the UV

'light search. The first is that it was realised that the scheelite must be

Mo-free since its blue-white fluorescent colour did not contain any hint of
yellow (which usually indicates the presence of Mo). This was later confirmed
by eìectron microprobe work (see Tabìe 4.2). The second and more important
result is the dependence of scheelite mineralization on quartz veins was high-
lighted. As Plate 4.lC shows, the scheelite occurs generaììy as coarse
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porphyroblasts within the quartz veins or as fine dissemÍnations in the
immediate vicinity of the veins. It is felt that this quartz vein-schee'lite
association is the key to the genesis of the Trench deposit.

In the disc,ussion of the genesis of a.deposit such as the Trench,

there are four important factors which must be considered (Wfrite,1968):

a) The source of the ore constituents.

b) The solution of ore and other constituents in the hydrous phase.

c) The migration of the mineralizing fluid.

d) The selective precipitation of the ore constituents. in
favourabl e envi ronments.

Before considering each of the above factors, there are two impor-

tant assumptions that had to be made which should be emphasized. The first
major assumption was that the suìphide minerals (pyrite, sphaìerite, pyrrho-

tite, arsenopyrite) are coevaì with hl and other mineralization at Mount

t'lulgìne. This assumption seems reasonable in view of the facts that the

temperatures of formation indicated for the sulphides and scheelite (see pages

54,96 & .l05) are about the same and that the ¡ul,phides are aìso often found

in quartz veins, sometimes associated with scheelite. As shown in Chapter 4,
there were other (mostly later) generations of pyrite, pyrrhotite and perhaps

other suìphides, but this does not affect this discussion. The second

assumption is that the earìy suìphides and the l^l minerals \^rere subjected to
the regional metamorphism that affected the enclosing rocks. As noted in
Chapter 4 (page 42) some of the mineralization has undergone metamorph'ism

but the actuaì timing of mineralization with respect to the peak metamorphism

is not certain. Again, this is not a serious assumption because many m'inerals

show evidence of deformation and it is known that regional metamorphism in the

hJarriedar Fold Belt was partly syntectonic and outlasted deformation (Baxter

and Lì pple, I 979) .

Having made the above comments, the genesis of the Trench deposit

seems straightforward and familiar. Most evidence in this thesis 'indicates

that the mineralization was large'ly derived from the Mount Mu'lgine Granite or

a simiìar granite that has been shown to be underneath or subjacent to the

Trench (l,rlhittle, 1977,1978). From the proximity of the Trench deposit to the

Mount Mulgine Granite and the fact that the greisens from the.granite and

those in the Trench deposit are virtualìy indistinguishabìe, it is believed

that the Mount ltluìgine Granite extends beneath the Trench volcano-sedimentary

sequence.



tì5.

There is no doubt that l4ount Mulgine Granite, or rather its source,
was enriched in W, Mo and probably other trace elements because the granite '

is associated with another W deposit (the Hill deposit) and also with moly-
bdenite mineralization which attracted the interest of prospectors in the i

area in the first pìace. The Hill deposit is, undoubtedly, a contact meta-

somatic deposit. This empirical evidence that the Mount l,1uìgine Granite is
the source of the mineralization is supported by fluid inclusion and

su'lphur isotope data obtained in this study. The salinjty of the mineralizing
fluids (Chapter 5) was sometimes very high ('in excess of 30 wt.% CaCl, equiva-
ìent, and up to as much as 50 wt.% CaC1, equivalent) and such high saìinities
are usually found in magmatic-derived fluids. the o34S values also indicate
that the sulphur had a magmatic source (Chapter 6).

All the elements involved in the mineralization need not have come

from the postu'lated magmatìc source. There is evidence that the hydrothermal

fluids interacted with the country rocks and there was exchange of elements

between them (Chapter 2). As in typica'l skarn deposits, many previous workers

consider that Ca was derived from the host and/or country rocks.

The mean values of rock anaìyses (see Table 2.1) suggest that higher
Ca rocks (meta-basalts) have higher IlJ contents. It should be noted, however,

that the highest I^l value was not included in the calculat'ion of the mean for
the relative'ly Ca-poor rocks (the thoìeiitic meta-basalts). If the above-

mentioned suggestion is true, it would most ìikeìy be due to local deposition
of scheelite utilizíng Ca from the host rocks. This suggestion is not con-

firmed by the Ca vs W plot for the meta-basalts and there is no sìgnificant
correlation between Ca and l,'l (correìation coefficient = 0.0'19 for 36 samples).

Aìso, the highest and most of the high l,l values were found in the re'lat'ively
Ca-poor rocks (see Appendix 3).

If there was a lithologicaì control on l,I mineralization, then one

would expect this to show up on Figures such as ì.4 and 5.2, but it does not.
This is consistent with the fact that hl mineralization is not strata-bound.

A lot of Ca must have been available because, despite the deposition
of scheelite, fluorite and other ìate Ca-bearing minerals (ca'lcite, stilbite
etc.) Ca++ is stitl the dominant cation in all the fluid inclusions. At least
some of the Ca would have been leached from the country rocks by the minera-

ìizing solutions. It is aìso possible that perco'lating meteoric waters heìped

in the removal of Ca and other elements (e.g., Na) from the country rocks,
especially since Ca is one of the most mobile elements during weathering
(Pettijohn, ì949). Whether or not the mineralizing hydrothermaì solutions had

a meteoric component might be determined by stable isotope studies on solutions
in fluid inclusions.
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The form in which t^l is transported in hydrothermal ore-forming
systems has not yet been definiteìy established (Barabanov, l97l; Foster,
1977', Higgins, ì980). Because t'l-bearing minerals often occur associated with
hal ogen-beari ng mi neral s , and fl ui d i ncl usi ons from many l,{ deposi ts
commonìy contain Cì and F (e.g., Ivanova and Khodakovskiy,1968) transport of
W as halide compìexes was one of the earliest forms of l,.l transport to be

suggested. However, Ivanova (1900) showed from thermodynamic calculations
that transport of I,J in halogen compounds was unlike'ly in nature because these
compounds are unstable in the presence of silica, Na-bearing phases and excess
water (relative to HF or HCI). Barabanov (lgOl, cited in Barabanov,'1971) and

Kalinicheva and Barabanov (1980) suggested that hJ may be transported as K

tungstate. Higgins (tSeO¡ noted that C0, is often an important constituent
of l^l-associated fluids evolved from granitic me]ts under high fìuid pressure
and suggested that carbonate or bicarbonate complexes may be important in the
transport of W at very high fluid pressures.

Recent opinion, however, favours the t.ransport of t'l in mineral izing
fluids, chiefìy as the tungstate ion, tungstic acid, Na tungstate or in
heteropoìy acids (Maucher, 1976', Horsnail, 1979). The existence in solutjon
of particular l,'l ions is primariìy determined by the pH, temperature and the
silica content of the aqueous medium (HoUUs and Elliot, 1973).

Heteropoìy compounds of the type Hg[Si(W207)d.3H20 may be'important
in the transport of W at'low temperatures but they are unlike'ly to have been

important at Mount Muìgine where the indicated temperatures of scheelite
formation are well above 300oC.*

Ivanova and Khodakovskiy (.l968) suggested that the most probabìe

form in which [^l is transported in hydrothermal solutions is as tungstic acid.
It is believed that the bulk of hl at Mount Mulgine was transported in this
form.

l,lhich tungsten minénal is precipitated depends not only on the pH

and temperature of the mineralizing solution, but also on the activities of
cu**, Fe++ and Mn++ and the oxygen and su'lphur fugacities (Foster et al, lgTB).
According to Hobbs and Elliot (1973) C0, and F also pìay a part in determìning
which W phase is precipitated. At l4ount Mulgine, conditions must have been

right for the precipitation of scheelite since it is almost the only l^l mineral
found. As already noted, there nrust have been abundant Ca and, from the work

of Maucher (1976) and Foster et al (1978), the solutions would have been near
neutral (but sìigh tly alkaline) at the time of deposition of the scheelite

The heteropoly compounds are stable up to 250-3000C (Maucher, 1976).
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It is known that W is transported'in alkaline solutions but that
precipitation of scheeì'ite takes place at pHs near neutral (Barabanov, l97l;
Maucher, 1976). Since there is no evidence that there lvas extensive host rock -
hydrothermal solution'interaction which could have resulted in large pH changes

before the deposition of scheelite, jt can be assumed that the pH of the

mineralizing solutions was always cìose to neutral but slight'ly alkaline.
This would explain why the Fe tungstate (ferberite) was not deposited and why

huebnerite (lvtnt^l0O) is rare. According to Foster et al (.l978) and the experi-
ment work of Gundlach and Thormann (quoted in Horsnail, 1979), ferberite,
huebnerite and scheeìite are precipitated, in this order, as the pH increases,

with ferberite forming from acid solutions, huebnerite from approximate'ly

neutral solutions and scheelite from alkaline solutions. At Mount Mulgine,

the pH must have been low,locally, to allow the precipitation of huebnerite,
but not ìow enough to allow the formation of ferberite. The huebnerite was

later partìy rep'laced by scheeìite as the pH of the solutìons rose again.

Since the pH seems not to have varied much, it is suggested that
the precipitation of scheeljte was triggered by the fall in temperature away

from the cooling granite. Foster (1977) showed that the solubility of
scheelite is, among other things, strongìy temperature-dependent. The above

interpretation is consistent with the increase in I'J with increasing distance

from the granite (t'l decreases with Íncreasing depth, see Figure 5.2). Thjs

ìncrease in l,rl with distance from,the source of the mineralizing solutions
might also be part'ly due to increase in the concentration of Ca++. Solutìons

further away from the granitic source would have had more "contact" with the

host/country rocks and would therefore have had more opportunity to become

enriched in Ca++.

Channelways for the mineralizing solutions were the fractures that
were created in the supracrustal rocks mainly by the forceful intrusjon of
the Mount Mulg'ine Granite, prior to the separation of a l,l-rich siliceous fluid
as the granite crystallized. Thermal energy.from the cooling pluton jnit'iated

convection and th'is was respons'ible for the migrat'ion of the fluids.

As the fluids mìgrated, the concentration of Ca** was increased as

more Ca was Jeached from the country rocks; at the same time the temperature

of the fluids dropped. The falling temperature caused dissociation of tungstic
acid, thus releasing l,JO[ (Ivanova and Khodakovskiy, 1968). Scheelite was

then precipitated in the fractures and also in the host rocks in¡nediately

adjacent to the fractures according to the simple react'ion

cu**(aq) + wo[ (aq) * cawoo

scheel i te
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Kalinicheva and Barabanov (1980) proposed the following reaction for the

formation of scheelite during skarn formation:

CarMgFe(Si206), + frWoO + CaMgFe(Si03), + Cat,,loO + KzSi03

This sort of reaction may have taken pìace at Mount Mulgine and wouìd expla'in

the presence of scheelite in the host rocks immediateìy adjacent to the former

fractures (now quartz veins).

In summary, then, while the "when" of the scheelite deposition was

largely determined by temperature (and perhaps aca++) tf¡e "where" (i.e.,
localization of the mineral) was dependent on the presence of fractures as

well as temperature gradient.

As shown in Chapter 4, the scheelite from Mount Mulgine is Mo-free

and, in this respect, it differs from that found in many skarn-type scheelite
deposits (HoU¡s and El'liot, 1973). Mo is the closest chemical relative of }ll

and it is known that it readiìy enters the structure of scheelite because it
has a smaller atomic radius than that of t,J (Kiseleva et al, .l980). It'is,
therefore, naturaì to wonder why the scheelite is Mo-free desp'ite the presence

of Mo mineralization at Mount Mulgine. This is thought to be because l^l and Mo

belonged ,to different mineralizing episodes. Fluid inclus'ion studies
(Chapter 5) indicate that there v,rere several mineralizing fluids but the

fluids did not differ much chemically. The absence of poweììite (CaMoO4)

is believed to be due to unfavourable chemical environment. The formation and

stabiìity of poweìlite require low fS, and much higher f0, than that requ'ired

for scheelite - at least above the value at which magnetite, hematite and

pyrite coexist in equiìibrium (Hsu, 1977). No primary hematite was observed

and so it is reasonable to conclude that the oxygen fugacity was never high

enough.

7.2 Discussion

A survey of the ìiterature on W deposits was conducted in order to
find out if there are any other deposits that might be descrjbed as "Mount

Mulgine-type". As pointed out in the introduction, no such deposjt was found,

when all the factors are taken into consideration. It is the age and size

which make the Mount Mu'lgine tungsten deposits truìy unique.

Generally, l^f deposits are rare in the Archaean, so much so that
l,Jatson (1976) suggested that l,'l (together with Sn and Ta) were not concentrated

on a large scaìe until about 1000 m.y. ago. Archean l,J mineraìization ìs known

in a few other areas.' l^l occurs as wolframite in quartz veins associated w'ith

Archaean pegmatites in S.W. Uganda (von Knorring, .1970). In this part of
Uganda, wolframite also occurs assocÍated with graphìtic phyllites of possíb'le
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Archaean age (Jeffery, ì959i Cahen and Snelling, 1966). l,l mineralization,
main'ly in the form of scheelite, occurs widespread through Southern Africa
greenstone terrains, but it is invariably a by-product of Au mining
(Anhaeusser, I 976).

In several respects the Mount Mulgine ll mineralization is as would

be expected. The world-wide common association of tl and granitic rocks is
we]l known (e.g., Kerr,1946; Li and Wang,.l946; Dekate,1967; Hobbs and

E'l'liot, 1973). In Chapter 2, it was shown that the Mount Mu'lgine Granite is
more likely to be I-type according to the granite classjfication scheme of
chappe'll and white (1974) and white and chappell fien¡, arguÍng that those
samples that appear to be S-type do so because they have been greisenized.
This is consistent with Collins (1975) suggestion that the Mount Mu'lgÍne

Granite formed from "pre-existing granitoid or gneissic rocks". It is also
consistent with the fact that W-Mo mineralization is associated with the
granite (Chappetl and l^lhite,'1974). Tin mineralization, which was not and has

not been found at Mount Muìgine, is usually associated with S-type (sedi-
mentary derived) granites.

The meta-volcanic-sedimentary host rocks (Chapter 2) of the Trench

deposit at Mount Mulgine are very simi'lar to those of the strata-and time-
bound (Early Pa'leozoic) Felbertal l,l deposits in Eastern European Aìps (Maucher,

1972; Höl'l et al, 1972). But as already discussed, the syn-sedimentary origin
model proposed for the younger deposit by the above authors is not considered
applicable to the Mount Mu'lgine Trench W deposit. From our present knowledge

of the Tren'ch deposit, it cannot be described as strata-bound except in the
broadest sense of the term. The c'lose association between l^l mineraìization
and quartz veins (in fact, the dependence of the mineralization on quartz
veins) in the Trench deposit has not been reported in the Felbertal deposit.

The mineralogies of the two deposits, although largely similar, show

some important differences: pyrite, the most common and abundant opaque

mineral at Mount Mulgine, is rare at Felberta'l where pyrrhotite dominates
(Holzer and Stumpfl, t980). Scheelite from the Feìbertal deposit may occur
as isomorphous intergrowths with poweìlite but as already pointed out, powel'lite
has not been observed at Mount Mulgine. The Felbertal scheelite sometimes has

inc'lusions of members of the molybdenite-tungstenite so'lid solution series
(Höl I and,l.leber-Diefenbach, I 973) . Members of this series have not been ob-
served at Mount Mu'lgine. Tungsten'ite (l^lSr) is a rare mineral which forms

under special conditions. Unlike powel'lite which forms under very high fOrl
low fsr, tungstenite forms under very low fIrlhigh fs, (Hsu, 1971). Indeed,
accordÍng to Hsu (ibid), tungstenite and powellite shou'ld not occur together.



I 20.

Their occurrence at Felbertal may ¡nean that conditions were hjghìy variable
during the formation of the deposit. Anyway, the above mineraìogicaì
differences imply that the Felbertal and Trench deposits formed under
different conditions.

The mineralogy at Mount Mulgine (Chapter 4) js more like that of
typical W skarn deposits (e.g., Skaarup,1974; De Brodtkorb and Brodtkorb,
1977). In fact, since the term "skarn deposit" is free of genet'ic impìica-
tions (Einaudi et al, l98l), the Trench deposit qualifies as a skarn deposit.
The main difference between the Trench deposit and other t¡J skarn deposits

is in their geo'logic setting: hl skarn deposits are usuaìly strata-bound
and typica'lìy occur in argillaceous carbonate rocks and intercalated
carbonate-pelìte or carbonate-volcanic sequences. Aìthough carbonate minerals
do occur and may be locally abundant at Mount Mulgine, there are no carbonate

rocks and, as pointed out above, the term strata-bound (sensu strìcto) is
inapplicabìe to the Trench deposit. It'is known that metamorphism of volcano-
sedimentary rock assemblages may yie'ld skarn mineral assembìages (Einaudi

et al , ì981 , p. 322) and so the skarn mineralogy at Mount ltlu'lgine js not

unique.

The fluid inclusion data (Chapter 5) are similar to those for most

other l,rl deposits in the literature (e.g., Kwak, 19783 Ke'lìy and Rye, '1979;

Sato, 1980; Tanelli, .l982). 
The S-isotope results (Chapter 6) are almost

identical to those obtained by So et al (lg8¡) for the Ssang Jeon W mìne,

repubìic of Korea. S-isotope stud'ies of rocks from other parts of the

Archaean Yi"lgarn block of Western Australia were reported by Donelly et a1

(1977) and their results a¡re very similar to those obtained for l4ount Mulgine.

They are also similar to those obtajned by Fripp et aì (1979) tor Archaean

banded iron formations in Rhodesia (now Zimbabwe).

Finally, the genetic model proposed for the Trench deposit is neither
new nor unexpected. A similar model for the formation of the gold-associated

scheelite deposits in the South African greenstone belts was proposed by

Foster (1977). It is one of the oldest genetic models and has been proposed

for most types of l^I deposits.

7.3 Concl usions

The main findings of this study have already been stated or implied

in the text. They are reiterated and briefly listed below. Details can be

found in the relevant chapters.

1. The majority of the volcanic host rocks at Mount Mulg'ine are

tholeiitic and it is inferred that they were derived from a domìnantìy

tholeiitic-basaìt magma. Differentiation of this magma produced high-Mg
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(ultramafic) rocks, through the early separation of olivine and pyroxene.

These rocks are still essentially basaltic and it is proposed that they be

refemed to as "high-Mg meta-basaìts", distinct from the low Mg rocks for
which the name "tholeiitic meta-basalts" is appropriate. Differentiation is
also thought to have resulted in felsic rocks for which the term-adjective
"meta-rhyodacitic" is proposed,

2. The volcanics resemble present-day Mid-0ceanic-Ridge basalts
and island arc tholeiites but this resemblance may be fortu'itous because

there are reasons to believe that such modern environments (deep oceans and

deep subduction trenches) did not exist in the Archaean. The rocks appear

to have formed in elongate, narrov\r and initially shallow basins or troughs

which subsided wjth increasing deposition. The deposition environments for
greenstones have'been likened to þresent-day intracontinental rifts or back-

arc basins.

3. The granitic and most'ly greisenized rocks which are concordant

with the volcanic rocks do not appear to be volcanic in origin. They are

believed to be off-shoots of the Mount Mutgìne Granite which is believed to
extend down beneath the Trench depos'it.

4. Tungsten and most other mineralization at Mount Mu'lgine were

derived primarily from siliceous magmatic differentiates of the Mount Muìgine

Granite. Some elements, notably Ca, were also derived from the host/country

rocks. It is not clear how elementaì exchange between the hydrothermal fluids
and the host/country rocks took place. Infiltration and diffusive exchange

would have occurred espec'ialìy in the immediate vic'inity of the fluid channel-

v'rays. It is aìso possible that some elements were leached from the country
rocks and added to the hydrothermal solutions by neteoric waters. D/H isotope
studies would help in this matter.

5. The channelways for the mineralizing solutions were the fractures
that were ìargely created by the intrusion of the Mount Muìg'ine Gran'ite. Some

of the fractures were initiated or caused by the forces that were responsible
for the folding of the supracrusta'l rocks in the Warriedar Fold Belt. The

fractures later became depositories for the mineral constituents of the hydro-

thermal fluids and hence the location of the present veins. Thus the locus
of the mineralization was mainly determ'ined by the former fractures.

6. All the lithologies were fractured and are now cut by quartz

veins. In other words, mineralization is not confined to any one particular
rock type, i.e., it is not strata-bound. Minor and local precipitation of
scheelite occurred in the rocks along the fracture margìns and, as wouìd be

expected, this happened more often in the Ca-rich rocks. This type of
scheelite deposition appears insignificant and it can be stated that generalìy
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there is no ìithological control on the mineralization.

7. Fluid inclusion evidence and consideration of existing experi-
mental data on l.l solubility suggest that l^l was carried in moderately to

h'ighìy saline alkaline soìutions mainly as tungstic acid which dissociated
with consequent deposition of scheelite as the temperatures dropped to about

4oooc

8. The I'lount Mulg'ine Granite is cut by quartz veìns and so there

must have been at least another fracturing episode after the crystallization
of the granite. This implies there were several minera'lizing episodes and

this is believed to be the main reason for the wide range of the flu'id inclu-
sion data and the complexity of the quartz ve'inìng. It is possible that
earlier mineralìzation v'las remobilized'into later fractures. It is felt that
quartz veining and its relation to mineralization deserve a more detailed and

thorough investi gation.

9. Total lack of Mo in scheelite is interpreted to mean that Mo and

l^l were carried in solution at different t'imes, although the solut'ions were

chemi ca'l'ly simi I ar. Scheel ite was probably deposited before molybdenite.

.l0. 
Aìthough it is sometimes never stated expìicitly, it is aìways

hoped th¡it such studies as thÍs one will come up with some lead for further
exploration. Unfortunately, no definite expìoration "tool " was established

in this study. But if it is true that the Mount Muìgine Granite or its
source was the primary sources of hl and the fractures and temperatures v',ere

the main controls of scheelite localization and depos'ition as suggested in

this study, then the most promising prospective area is that surrounding (but

not far from) the granite. It is poss'ibìe that what the caretaker at Mount

Mulgine (Arthur Moses) to'ld the writer is true. He said that as far as

drilling is concerned, the Trench "has not been scratched".
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APPENDIX I

Names, location and types of samples col'lected.
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Notes and explanati ons for Apoendix I

t. Sample field number

The samp'le field number is exp'lained in the example below:

U/P I 43 .842

Depth in metres

Di amond dri'l I hol e number

ode letter(s). The code letters refer to field names which
were obtained from the cross sections and core logs. The
I etters are expl ai ned i n the tab'le beì ow:

fsamples without code 'letters were co|lected because they
were mineral izedJ.

Code letter s Fiel d name

Meta-andesi te
Meta-basal t
Banded ìron formation
Meta-dac i te
Transitional rock
Grei sen

Microgranite, Quartz porphyry
Phìogopite schist
Quartz
Meta-rhyo'lite
Meta-rhyodaci te
Meta-ol ivine(?) pyroxenite (tremol ite-ta'lc

schi st )
Meta-pyroxenite (actinol ite-chlorite schist)

0ther abbreviations used in the first column of Appendix I are:
Bulk sample

Dri ve bul k samp'le

Fl uori te
Scheel i te
Approximately

Although the field numbers are informatìve, they are cumbersome for
labelling microscope sections and hard to work with because they are
difficult to remember. so each of the samples was assigned a new

number, referred to as the section number.

IForI

, M/G

A

B

B

D

F

G

M

P

a

R

Rd

T

U

BS

DBS

F1

sh

2



3 The last column in Appendix I denotes the nature of the investigations
on the samples, using the following symbols:

: Fluid inclusion section
: Pol ished section
: Polished thin section
: Thin section
: Sulphur isotope analysis
: l,lhole rock anaìysis (inctuding trace elements).

Figure A-l shows the location of diamond dritì holes in the Trench
area.

F.I.
P. S.

P.T. S.

T. S.

S.I.
l^'l. R.A.



Sample field numberì
(f ie'ld name and I ocati on )

Q DBSI6, shaft 4

Q DBS'17 " rr

Q DBS2] rr rr

Q BSl9 " '!,

Q BS20 ' '!,

Q BS2l ', '|,

Q BS2l '' ',

Q 2s2/100.30

Q 252/116.0

Q 252/1128

Q 258/148. e0

Q 252/158.30

Q 252/170.0

a 5ìl5e. oo

Q 5l /e0.60

Q 5l /ru'| 03

Q 5'l /u112

Q 5l /u122
A 268/100.2

A 252/ 61.2

A 276/ 89.9

A 276/ 61.2

A 70/ 56.09

A 5't/ 75.00

A 276/ sg.s

237/¡' 45

51/u122.8

264/116.27

3ì8/ 54.8

232/q' 51

259/108.92

2591 65.00

268/ú0.5
259/100.90

251/' 64.70

22/ 33.5

259/ 97.10

70l't88.5

251 /139.4

I

2

3

4

5

6

7

I
9

l0
tt
1Z

t3
t4
l5
16

17

l8
l9
20

21

22

23

24

25

26

27

28

29

30

3l

32

33

34

35

36

37

38

39

Type of section3
cut or data col'lected

P.T.S., P.S., l,l.R.A.

P.T.S., l^l.R.A.

P.T.S., I^l.R.A.

P.T.S., l^l.R.A.

P.T. S.

T.S.

P. T. S.

P.T. S.

P.T.S., P.S.

P. T. S.

P.T. S.

F. I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F. I.
F.I.
F.I.

P.T.S., P.S.

P.T.S., P.S.

P.T. S.

P.S. , S.I.
P.T.S.

F.I.

P.T. S.

F.I.
P.T. S.

Section number2



Sampte field numberl
(tteld name and Jocation)

B 268/44.48

B 268/128.73

B 268113t.9s

B 268/41.46

B 264/67.75

B 268/58.4

B 252/43.30

B 276/99.70

A 268/¡,10.|

B 2s2/50.20

B 276/124.85

B 51 /79.90
B 7o/49.e0

B 22/48.96

B 268/118.77

D 259/22.10

D 268/70.87

D 2s9l30.90

Rd 259/126.87

D 276/73.4

D 5t/6ì.75
u 268/149.90

u(?) 268/ 38.0s

u 268/36.67

u 268/s0.34

u 259/52.75

U 259/+69

u 268/137.s

ulP 268/54.62

u 268/s6.68

u(?) 276/ 'n 6.05

u 22/s1.24

u 7o/'tBB. s8

ulP 22/143. et

u sll120.3
u 264/s4.05

PlT 2s9/123.32

T 259/88.6

Rd 276/126.75

Rd(?) 25e/eo.7o

Section number2
Type
cut

of section3
or data co]lected

P.T. S.

P.T. S.

T.S., l^l.R.A.

P.T.S., l,l.R.A.

P.T. S.

P.T.S., l,l.R.A.

T.S., l^l.R.A.

T.S. , l,l. R.A.

P. T. S. , h'. R. A.

P. T. S.

T. S.

P.T. S.

P. T. S.

P.T. S.

P.T. S.

P.T. S.

P.T. S.

P.T.S.

P.T. S.

P.T. S .

P.T.S.

P.T. S.

P. T. S.

P.T. S.

P.T. S.

P.T. S.

, l.l.R.A.

, l,l.R.A.

, I^,. R.A.

, h,. R.A.

, l,l.R.A.

P.T. S. , l^l.R.A.

P.T. S.

P.T. S.

P. T. S.

P.T. S.

P.T.S. , S.I.
P.T. S.

P.T. S.

P.T.S. , S.I.
P. T. S.



Sample field numberl
(t:eld name and location)

Type of section3
cut or data col'lected

Rd 276/47.8

RlG 22/29.ss

R 70/214.80

Rd 70/223.03

Rd 22141.36

Rd 22/136.70

Rd 276/128.00

BIF 276/84.10

Brt 276/88.2s

BrF 259/99.22

BrF 268ls8.84

BrF 22/33.9

Blr 264/70.20

Brt 70/77.82

BrF 5l /12s.s8
t/B/R 70/76.20

BIF 5l /1124
BrF 70/77.82

Blr 252/1r e.30

Bl r 252/11 6. 60

r(?) 276/r06.60

T(?) 276/r02.05
-t 70/132. 15

T 268/35.84

PlT 51/108.70

T/P 5l /u112
T 264/60.50

T 259/84.3s

T/P 22/65.1s

T 2s6/54.70

r/P 22/61.08

I lP 51/','112

r(?) sr /8e.20
't 256/s4.70

r lP 268/140. 55

PlT(?) 5llnlol
t4/G 2s9/t3s. t0
t4/G 276/86.90

vt/G 2s2/7s.33

80

8'l

82

83

84

85

86

87

88

89

90

9t

92

93

94

95

96

97

98

99

100

101

102

103

104
.l05

'106

t07

l0B

109

il0
ill
112
'll3

ì'14

It5
ll6
117

il8

P

P

P

P

P

P

P

P

P

P

P

P

P

P

T. S.

T. S.

T.S., bt.R.A.

T. S.

T. S.

.T.S.

.T.S. '

.T.S.

.T.S.,

.T.S.

.T.S. '

.T.S.

l^J. R. A.

S.I., t,l.R.A.

Ì,1. R.A.

TS
TS

P.T. S.

P.T. S.

P.T. S.

P. T. S.

P. T. S.

P. T. S.

P.T. S.

P. T. S.

P.T. S.

P.T.S.

P. T. S.

P. T. S.

P.T. S.

P. T. S.

P.T. S.

P. T. S.

P. T. S.

P.T. S.

P. T. S.

P.T. S.

P. T. S.

P. T.S.

P.T. S .

P. T. S.

P.T. S.

l^l. R. A.

S.I.

l/J. R.A.

hJ. R.A.

t^l. R. A.

Section number2



Sampìe field number
(field name and location)

G 252/138.67

G 264/q'l45

MG 268/t06.70

G 264/103.10

Itl/G 70/210.80

RlG zse/115.77

G I 53/47. s5

M/c sr /68.57
LlG 22/83.37

G 22/71.70

F 70/214.20

Rd 276/131.05

L 264/126.35

B 268/22.14

B 268/123.66

D 252/164.90

u 252/45.92

B 259/42.90

Q 22/1143

Q 7ol¡,183

Q 153/37.7e

Q 1e/32.43

Q 26/3i4.10

Q 263/2't.5

Q r3ls7.50

Q 45/4e. e0

Q 48/50.4

Q 53/46.76

Q 262/46.4

Q 262/q'l49

Q 274/70.55

Q 274/"v33

Q 2r 6/re0.5

Q 264/81.4

Q 253/14.7.6

Q 252/11s.s

Q 48/q'72

rt9
120

121

122

123

124

125

1?6

127

128

129

130

l3t
132

133

134

135

136

137

138

139
.l40

r4l
142
't43

144

145

146

147

r48

149

150

l5t
152

153

154
.l55

2
Type of sectionJ
cut or data collected

. , [^1. R.A.

. , S.I.

P.T.S., t^l.R.A.

P.T. S.

P.T.S., l^l.R.A.

P. T. S.

P. T. S.

P.T.S

P.T.S

P.T. S.

P.T. S.

P.T. S

P.T.S

P.-T. S

P.T.S

P.T.S

P.T.S

P.T.S

P.T. S

P.T.S

F.I.
F.I.
F.I.
F.I.
F.I.
F.I.
F. I.
F. I.
F.I.
F.I.
F.I.
F.I.
F.I.
F.I.

., l,l.R.A.

. , l^1. R.A.

., l.l.R.A.

., I,l.R.A.

. , l^,l. R.A.

F. I.
F.I.
F. I.
F.I.
F.I.

Section number2



Sample field numberl
(field name and location)

Type of section3
cut or data collected

Q 254/137.9

Q 254/148.1

Q 255/62.8

Q 2s6l108.4

Q 25e/21.4

Q 269/t 127

Q 25e14e.3

Q 256/+137

Q 275/8e.4

Q 276þ 158

Q 49/u47

Q 62ln'138

Q 263/137.7

sh/F1 42/10e.13

sh 31 5/s5.7

D 263113l .8

U 274/q'36

D 256/¡'108

A 262/135.0

A 49/129.4

D 269l'130. 3

B 254/132.5

D 259/25.6

t4/G 62/131.s

B 276/q'159

B 275/88.3

B 256/'u132

D 255/q' 65

14/G 274/c'61

t4/c 274/92.6

t4/c 274/139.5

t4/G 274/154.5

B 255/45.2

B 255/95.2

B 255/122.s

A 71/88.87

T 71/3s.5

u 71 / 40.5

u 71/112.2

156

157
'158

159

t60

t6t
162

t63

t64

165
'166

167

168

169

170

171

172

173

174

175

176

177
.l78

179

t80

t8t
182

183

184
'185

'186

t87

188

189

190

l9ì
192
'193

194

F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
F.I
P.T

P.T

.s.,

.s.,
P.T.S.,
P.T.S.,

P.T. S.

P.T. S.

P. T. S.

W. R.A.

l,l. R. A.

I^l. R.A.

l^l. R. A.

l,l. R. A.

I,¡. R. A.

h¡. R.A.

l^,. R. A.

l^l. R.A.

l^l. R.A.

W. R.A.

hl. R.A.

l^J. R. A.

P.T.S.,
P.T.S.,
P.T.S.,
P.T.S.,
P.T. S. ,

P.T.S.,
P.T.S.,
P.T. S. ,

P.T.S.,
l^l. R.A.

t^,. R. A.

t4l. R.A.

l^,. R.A.

W. R.A.

I^l. R. A.

l^1. R. A.

P.T. S.

Section number2



Sampìe field number
(field name and locati on )

Type of section3
cut or data col'lected

D 71/67.4

D 71/67.4

G 88/'v64

G '10/'\,120

G IB5/n49

c Mt. Mulgine (peak)

G 167 /45.1
c Mt. Mulgine (peak)

275/BB.2s

71/'v123

71/'\'144

31s/112.4

264/82.6

70ln'150

289/123.2

276/129.93

255/14s.3

3l 3/ 6l .3

252/126.1

51 /124.97
2s9/108.5

274/ 67.70

252/185.5

259/q'118

301/q'142

273/q'109

70/126.4

252/158.5

259/ 99.35

5l /"ì'1 08

268/ 67.3

31 3/ 98.8

314/218.5

Fl 314/n 86

30'l/l 33. 8

'195

'196

197

198

t99

200

2Cl

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

P. T. S.

P.T. S.

P.T. S.

P.T.S.,
P.T. S

P.T.S

P.T.S

l^l. R. A.

l^1. R. A.

W. R.A.

l^1. R. A.

hl. R. A.

.t

.t

P.T.S.,

s.I.
P. S.

P. T. S.

S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
S.I.
s. I.
S.I.

S.I.
S.I.
s.r.
S.I.
S.I.
S.I.
s.I.
s.I.
S.I.
F.I.
P. T. S.

Section number
2



APPENDIX 2

Lists of minera'ls identified in the sections studied.



Notes for Appendix 2

'1. In this Appendix, the sample number used is the same as the sample field

number in Appendix l, except that the code letters have been omitted.

The microscope section number is shown in the second row. The sections

and the remnant sampìes and sampìe chips are stored in the School of

Geo'logy, University of Adelaide, under the reference number 822.

2. The fol'lowing abbreviations are used in this Appendix:

Ad:
At:
Atm :

Ap:
Ars :

Bi:
B]:
Brn :

Cc:
ch:
Chr :

cht :

Cov :

Fd:
Gn:
Gb:
Ger :

Hml
K-t :

mor(m):
Mc:
Pt:
Pr:
ror (r) :

Sp:
Sps :

St:
sil:
tr or (tr):
T-t :

U.l:

Andradi te
Ant i gori te
Antimony

Apati te
Arsenopyçi te
Bismuth,

Bowl ingite (altered o'livine)
Branneri te
Chal coci te
Chert

Chromi te
Chrysot i 1 e

Covel'l i te
Pl ag'iocl ase feì dspar

Gal ena

Gal enobi smuti te
Gersdorffi te
Hematite

Kobel I ite-tintinaite
minor

Marcas i te
Pentl andi te
Pyrargyri te
relict.
Spha'lerite
Spessarti te
Sti bn i te
Sti I bi te
trace
Tetrahedri te-tennanti te
Ullmannite



Samol e
num'berl 237 /q'45

26
Secti on
number

Acti nol i te or
hornb'lende

Bi oti te

Carbonate

Chal copyri te

Ch I ori te

Pyroxene

Epi dote

Fl uori te

I I meni te

K-fel dspar

Magneti te

Moìybden i te

Mus cov i te

Phì ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti'le

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/

/tr /tr

/tr

/

v

ln

ln

Fd(r)

268/100.2 2s2/61.2 276/89.9 276/61.2 70/s6.09 51175.00

l9 20 21 22 23 24

sil,T-t Fd



Sample
number

Secti on
number

Actinol ite or
hornbl ende

Bioti te

Carbonate

Chal copyri te

Ch'l ori te

Pyroxene

Ep i dote

Fl uori te

Ilmeni te

K-fel dspar

Magneti te

Molybdeni te

Muscovi te

Ph'logopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0ther2

'l 2sgl6s.00

32

/ /tr

/r

/

/

/

Ars,Sp,
K-t

Ars , Sp,
St

AP, Il ,
Brn

264/116.27 3'r8/54.8 232/,v5151/ry122.8 259/108.92

27 28 29 30 3l

Ap Mc Ap



Sampl e-
numberl 268/44.48

40

/n

Secti on
number

Actinoïite or
hornbl ende

Bi oti te

Carbonate

Chal copyri te

Chl ori te

Pyroxene

Epi dote

Fl uori te

I'lmen i te

K-fel dspar

Magneti te

Moìybdeni te

Muscovi te

Ph1 ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

seri åi te

Sphene

Tal c

Tetrahedrite

Tremo'li te

0ther2

//

v

/n

/

/ln

/

/ ln

/

/

/ /

Ars,Cc,
Hm,Hbn

259/100.90 251 /64.7 22/33.5 259/97.1 251 /139.4

34 35 36 37 39

Hbn Mc st, ch



Samp
numb

le
er I 276/99.7

47

/tr

Secti on
number

Actinolite or
hornbl ende

Bi oti te

Carbonate

Chal copyri te

Ch'lori te

Pyroxene

Epi dote

Fl uori te

Il men i te

K-fel dspar

Magneti te

Molybden'ite

Muscovi te

Phl ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri c i te

Sphene

Ta'lc

Tetrahedri te

Tremo'lite

0ther2

/
/tr

/

/

/

/

/

/

ln

//

/

268/128.73 268/131 .95 268/41.46 264/67.7s 268/58.4

4ì 42 43 44 45



268/q'101 2s2/50.20 276/124.8s 51/79.90 70/49.9

48 49 50 5l 52

Sampì e
number l

Secti on
number

Actino]ite or
hornbl ende

Bi oti te

Carbonate

Chaì copyri te

Chl ori te

Pyroxene

Epi dote

Fl uori te

Il men i te

K-fel dspar

Magneti te

Mo'lybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol ite

0the12

22/48.96

53

/

/

// /

/

/

ln

v/

/n

/

/

//

/ ln

Pt,T,t

/n



Samo'le
numberl 51/61 .75

60
Se cti on
number

Actinolite or
hornb'lende

Biotite

Carbonate

Chaì copyri te

Ch I ori te

Pyroxene

Epi dote

Fl uori te

Ilmenite

K-fel dspar

Magneti te

Moìybden i te

Muscovi te

Phì ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Ta'lc

Tetrahedri te

Tremol ite

0the12

/

/

/

/tr//tr

/

/tr

/

/

/

Ars(m),Sp

/tr

/

/

/tr
/

/

/

/

/

/

/

ln

Hm

259/22.10 268/70.87 2s9/30.90 259/126.87 276/73.4

55 56 57 58 59

l'hn



Sampì e.,
number'

/tr /tr

2591q'69

66

ln

Section
number

Actinol ite or
hornbl ende

Biotite

Carbonate

Cha'lcopyrite

Chl orite

Pyroxene

Ep i dote

Fl uori te

I'lmen i te

K-fel dspar

Magnet i te

Molybdenite

Muscovi te

Ph'logopite

Pyrite

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/tr
/

/

/tr
/

ln

//

/ /

/

/

/tr

/n /

/

Fd (m)

268/149.9 268/38. 05 268/36.67 268/s0.34 2s9/52-75

6l 62 63 64 65

Ap st ch



Sampl e
number I

Sect i on
number

Acti no] i te or
hornbl ende

Biotite

Carbonate

Chaì copyri te

Chl ori te

Pyroxene

Epi dote

Fl uorite.

Ilmenite

K-fel dspar

Magneti te

Molybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti'le

Scheel i te

Seri c i te

Sphene

Tal c

Tetrahedri te

Tremol ite

0ther2

/

Y

51/120.3

74

/tr/tr

/

/tr

// /

/

/

/

/ /

/

/

/

/

/ /tr

/

/

/

FdAp( tr),
(r)

268/'t37.5 276/1'16.05 22/51.24 70l188.58 2U143.e1

7067 71 72 73

st

/n

Fd



Sampì e,
numberl 276/47.8

80

ln /tr

Secti on
number

Actinolite or
hornbl ende

Bi oti te

Carbonate

Chal copyri te

Chl ori te

Pyroxene

Epi dote

Fl uori te

Ilmenite

K-fel dspar

Magnet i te

Molybden'ite

Muscovi te

Ph'l ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti'le

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0ther2

/n

/

/

ln /

ln/

/

/ /

/

/

SpArs ,t

264/54.05 2s9/123.32 259/88.6 276/126.75 2s9 /90.70

75 76 77 78 79

Ch

T
Sp Mc,Sp



Sampl e.,
numDer

22/29.55 70/214.80 70/223.03 22/41 .36 22/136.70 276/84.10

/tr

lm

lm /tr

Secti on
number

Actinol ite or
hornbl ende

Bi otì te

Carbonate

Chal copyri te

Ch'lori te

Pyroxene

Epi dote

Fl uori te

Ilmenite

K-fe'ldspar

Magneti te

Molybdeni te

Muscovi te

Phlogopite

Pyrite

Pyrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Ta]c

Tetrahedri te

Tremo l i te

0the12

86

Y

Y

/r

/ /

/

8l 82 83 84 85



Sampìe.,
number' 264/70.2

92

ln

Cc,Cov,
Mc (m)

Secti on
number

Actinolite or
horn bl ende

Bi oti te

Carbonate

Chal copyri te

Chl orite

Pyroxene

Epi dote

Fl uori te

Ilmenite

K-fel dspar

Magneti te

Mo'lybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti I e

Schee'l i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

othe12

ln

/

/

ln

/

/tr

/n

ltr

/

/tr

276/84.10 276/88.2s 259/99.22 268/58.84 22/33.9

87 88 89 90 9l

Ars

ln

Cov,Ad



Samp'1e.,
numDer 2s2/1t 9.30

Secti on
number

Acti no] ite or
hornbl ende

Bì oti te

Carbonate

Chal copyri te

Chl ori te

Pyroxene

Ep i dote

Fl uori te

Ilmenite

K-fel dspar

Magneti te

Mo'lybden i te

Mus covi te

Ph'logopite

Pyri te

Pyrrhotite

Quartz

Ruti I e

Scheel ite

Seri ci te

Sphene

Tal c

Tetrahedr i te

Tremol ite

0ther2

98

/n

ln /tr

/

/m

/

I

/tr

/tr

70/77.82 st /l 25. 58 70/76.20 51 /."124 70/77 .82

93 94 95 96 97

ln /tr



276/106. 60 276/102. 05 70/132.15 268135.842s2/1 I 6.60

99 '100 I 0I 102 103

Sampl e.,
number' 5tl108.70

t04Secti on
number

Acti nol i te or
hornbl ende

Bi oti te

Carbonate

Chal copyrite

Chl ori te

Pyroxene

Ep'idote

Fl uorite

Il meni te

K-fel dspar

Magnet'ite

Molybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhot'ite

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/n

/tr

/n

ln

//

Cc, Fd ,
Bi ,Gb

/

ln

Pt , Ger,
UI,Ch

Ap Hm Pr



Sample.,
number' 22/61.08

110

/tr

/tr

Secti on
number

Actìnol ite or
hornbl ende

Bi oti te

Carbonate

Chal copyri te

Ch] ori te

Pyroxene

Epi dote

Fì uori te

Ilmenite

K-fel dspar

Magneti te

Moìybden i te

Muscovi te

Ph'logopi te

Pyri te

Pyrrhoti te

Quartz

Ruti le

Schee'lite

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/tr

/tr

/tr

/tr

/n

/tr

/n

St,Fd(r)

51/q''112 264/60.50 2s9/84.3s 22/ 6s.15 256/54.70

105 '106 107 't08 109

Br(?)
chr

cht



_ : ..1. s-

Sampl e
number

I 2s9/135.1

I l6Secti on
number

Actinol ite or
hornbl ende

Bi oti te

Carbonate

Chal copyrite

Ch'lori te

Pyroxene

Ep i dote

F'luori te

Ilmeni te

K-fel dspar

Magneti te

Molybden i te

Muscovi te

Ph1 ogopi te

Pyrì te

Pymhotite

Quartz

Ruti le

Schee'l i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/tr

/r

ln

ln

/ /

/

/

/

/

Ap, Chr

51/q'112 s1/89 .20 256/54.7 268/140. s5 5r /r 0r

112'll'l ll3 114 'l 'l 5

Ap Chr Ars Mc



Sampì e.,
number' 264/103.1

122
Secti on
number

Actinol ite or
hornbì ende

Bi oti te

Carbonate

Chal copyri te

Chl ori te

Pyroxene

Epi dote

Fl uori te

I'lmeni te

K-fel dspar

Magneti te

Moìybden i te

Muscovi te

Phlogopite

Pyrite

Pyrrhotite

Quartz

Ruti I e

Scheel i te

Seri cite

Sphene

Tal c

TetrahedrÍ te

Tremol i te

0the12

/tr
/n

/tr

/tr

/n

ln

/r

/

ln

ln

/

/

/

/

Mc

276/86.9 252/75.33 2s2/138.67 264/q'145 268/106.7

l't7 ì'18 il9 120 t 2 I

Sp



Sampl e.,
number' 5l /68. s7 22/83.37 22/71.70

128

/tr /r

Fd(r)

Secti on
number

Acti nol i te or
hornbl ende

Bioti te '

Carbonate

Chal copyri te

Chl ori te

Pyroxene

Ep i dote

Fl uori te

Ilmenite

K-fe'ldspar

Magneti te

Molybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhoti te

Quartz

Ruti'le

ScheeJ i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/

/n

/r

/

/n

//

ln

Sp

1s3/47.5570/210 2s9/115.77

123 124 125 126 127

Sp , Sps Cc Fd (r)



Sampì e.'
number'

252/164.90

134Secti on
number

Actinol ite or
hornb'lende

Bi oti te

Carbonate

Chal copyri te

Chl ori te

'Pyroxene

Epi dote

Fl uori te

Ilmeni te

K-fel dspar

Magnet'ite

Moì ybden i te

Muscovi te

Phl ogopi te

Pyri te

Pymhotite

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0ther2

/

/tr

/nln

/

//

/

/

/

/ /

/

/

/ /n

Ars (tr) ,
Cc, Fd

276/131 .05 264/126.3570/214.20 268/22.14 268/123.66

130 3I I 132129 133



Sampl e.,
number' 262/135

174Secti on
number

Actinol ite or
hornbl ende

Biotite

Carbonate

Cha'l copyrite

Chl ori te

Pyroxene

Epidote

Fl uori te

Ilmen i te

K-fel dspar

Magneti te

Mo'lybden i te

Muscovi te

Ph1 ogopi te

Pyri te

Pyrrhoti te

Quartz

RutÍ I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremo'l i te

0ther2

/

Y

/tr
/

/

/

/n

/

/tr

/n

/

/tr

/m

/tr

2s2/45.92 259/ 42.90 263/131.8 274/q'36 256/q'108

135 136 't7l 172 173

/



4e/129.4 269/130.3 254/132.s 259/25.6 62/131.5

175 176 177 178 179

Samp1e.,
number t 276/ry159

't80

/n

/tr

lm

/n

Secti on
number

Actinolite on
hornbl ende

Bi oti te

Carbonate

Chal copyri te

Ch'lori te

Pyroxene

Epi dote

Fl uori te

Ilmenite

K-fe'ldspar

Magneti te

Moìybdeni te

Muscovi te

Phl ogopi te

Pyri te

Pyrrhot'ite

Quartz

Ruti I e

Schee'l i te

Serici te

Sphene

Tal c

Tetrahedrite

Tremol i te

0ther2

lm

/tr

/n

/ /

/

/

Fd(r)

/r
Ap (m)



Sampì e.
numberl

255/,65 71/88.87 71/3s.5 71/ 40.5 71/112.2

194

/n /tr

Secti on
number

Actinolite or
hornb'lende

Bi oti te

Carbonate

Chaì copyri te

Ch I ori te

Pyroxene

Epidote

Fl uori te

Ilmenite

K-fel dspar

Magneti te

Mo'lybden i te

Muscoyi te

Ph 1 ogop'i te

Pyrite

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri c i te

Sphene

Ta'lc

Tetrahedri te

Tremo'l i te

0ther2

/tr

/trln

/

ln

/

/tr /n

//

/

/

/

27s/88.3 256/'\'32

l 8 'l 182 t83 l 9 ì 192 193

cht Mc



Sampl e.,
number' 167 / 45.1

201
Secti on
number

Actinol ite or
hornbl ende

Bi oti te

Carbonate

Cha'lcopyri te

Chl ori te

Pyroxene

Epi dote

Fì uorite

I'lmen i te

K-fel dspar

Magneti te

Mo'lybden i te

Muscovi te

Ph1 ogopite

PyrÍ te

Pyrrhoti te

Quartz

Ruti I e

Scheel i te

Seri ci te

Sphene

Tal c

Tetrahedri te

Tremol i te

0the12

/

/

/

/

/

ln

/n

/

/m

/tr /

/tr

lm

/

/

/

/

/

/

/ /

/

/

//

/

71/67.4 71 /67 .4 88/q'64 I 0/¡,120 I 85/t49 ineMt. Mul
( peak

195 't96 197 198 199 200

Ap Cov



Sample.,
numbert

3o'r/ì 33.8

229

/

/

Atm,Gn

Sect i on
number

Actinolite or
hornbl ende

Biotite

Carbonate

Chal copyri te
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APPENDIX 3

I^IHOLE ROCK AND TRACE ELEMENT ANALYSES

Preparati on of the samples for analvsis

Each of the selected samples was first crushed us'ing a small jaw crusher

and then ground to about 200-mesh in a chrome stee'l vessel on a Siebtechnjk

mill.
For the whole rock analysis, about 6 cm3 of each sample was pre-heated

jn an oven at tlOoC for 2-3 hours before being weighed and heated in a furnace

at 960oC for at least l2 hours. After ign'ition, the samples were cooled in a

dessicator and re-weighed.

Except for samp'le 268/58.84 which gained 0.?5% of its weight, a1l the

other samples lost weight on ign'ition, as much as 9.5 wt.% in sample 276/61.?.

Samp'le 268/58.84 is of a BIF and the gain in weight is thought to be main'ly

due to oxidation of Fe2+ to Fe3+.

The XRF whole rock analyses were done on fused buttons, each made from

the fol'lowing mixture:
0.2809 rock powder

0.0209 sod'ium nitrate
1.5009 fl ux.

The flux is a mixture of lithium tetraborate, lithium carbonate and lanthanum

oxi de.

XRF trace element measurements were done on pressed pe1lets. The sample

pellets, which have boric acid powder bases and sides, were made using the
method described by Norrish and Chappell (1967).

Nar0 values were obtained by flame photometry: About 0.03g of each sample

powder was djgested in 2 cm3 sulphuric acid and l0 cm3 hydrofluoric acid,'in a

teflon beaker. The so'lutions were made up to '100 cm3.

Other trace elements (Ag, Be, Co, Cu, Li and Pb) were determined on the
Techtron AA-6 spectrophotometer: Approximately 'lg of each sample powder was

digested in 2 crn3 perchloric acid and l0 cm3 hydrofluoric acjd. For some

samples nitric acid and/or hydrochloric acid had to be added to effect comp'lete
digestion. The final so'lutions were made up to 100 cm3 containìng 2,000 ppm K

as an ionization suppressor.

Detection I imits

The folìowing table shows the detection Iimits obtained by the XRF and

the AA techniques used for the trace e'lement analyses.



DETECTI0N LIMITS (in parts per mil I jon )

XRF AA

Sr

Rb

Y

Ga

Ba

Sc

7r

Nb

Ni

Mo

l^l

Sn

Cr

V

As

7n

Sb

Ce

Nd

2.7
't .8

5.4

1.5

0.6

3.0

a)

b)

c)

d)

Explanation of symbols in table of analytical data

e)

For explanation of the samplè numbers, refer to Appendix l.
Total iron is given as FerOr.

Totals are expressed as loss (on ignit'ion)-free.

Rb interferes with Y in XRF analyses and in the case of sample 259184.35,

the very high Rb (tne nighest obtained in thjs study) produced an unsatis-
factory Y vaìue.

Samp'les with an unsatisfactory value for Ce. Some of these sampìes have

very high As values and it is known that high As and/or Cs can cause

problems with Ce analyses.

The Cr va'lues may be high because of contamination from the chrome steel
grinding vessel that was used in preparation of the samp'les.

Detection I imit
(approximate )

El ementDetecti on 'l imit
(3o confidence)El ement

3

4

6

'l

0

4

6

4

3

I
2

9

4

0

5

6

0

6

I

2

4

I

2

l
3

2

5

4

4

2

2

I

6

8

4

1

1.2 Cu

Li

Pb

Ag

Be

Co

f)



g) Samp'le 268/58.84 which is a BIF gained weight on ignition. A'll the

other samples'lost weight on ignition.

h) G. M.M. peak - Granite samples collected from the Mount Mulgine peak.



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Total c

Loss on ignition

El ements (ppm)

(tfri s study
p

)

e grou

el
n erâ

Secti on
number

XRF
AA

XRF
AA

XRF
AA

XRF
AA

e

oxj des (wt. %)

si 02

Ti02

Al 203
Fer0rb

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Ag
As

Ba

Be

Ce

Co
Cr
Cu
Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

Sb
Sc
Sn
Sr
V

l^,

Y

7n

7r

(
(

l0
t93
332
330

't0

l3
44

189
315
l8

368
54

3
8

1't0
122
49

808
830
235

38
l0

176
233

30
I

'r4't
'140

38

6
6l

168
190

14
14
34

't84

242
28

392
29
I
I

53
6l

6
917

I 050
130

39
25

't77

269
50
l6

104
98
50

4
t4s
366
380

9

8
42

695
56
15
42

7
3
8

'l4s
'16'l

30
494
530

4
l6
33

729
154
l8

'140

3
49
85

r69
180

4
312
350

20
46

5
37

351
30
l9

ll4
il6

65

12
156

80
60
26

7

39
173
245

23
168
100

6
9

93
102
247
453
480
295
4l
20

273
216
170
ll

152
150

32

70

f

17
3'n

(
(

(
(

45

(
(

48
<5

't22

293
20
'16

It0
107

60

THOLEI ITIC META-BASALTS

A268/100.2 A252/61.2 4276/89.9 8276/99.70 4268/î,101

l9 20 21 47 48

49.63

1 .19

14.70

13.29

0. l8
7.22

7.69

0.il
5.t5
0.10

53.17

t .00

11.89

il .5ì
0.24

8.70

8.32

0.79

4.19

0.09

51 .98

0.7 6

14.58

t0.s2
0.20

7 .78

7.73

1.42

4.31

0. 07

56.27

1.12

14.62

12.07

0.t6
9.76

I.sl
I .61

2.52

0. 09

5t .76

0.75

15.t0
9.94

0. l8
7 .34

10.38

2.30

2.27

0.10

99.35 99.26 99.91 99.71 100.12

3. 05 4.51 2.27 4.79 3. 70



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Sample group
(tnis study)

Sample field
numberô

Pzos

Total c

Loss on ignìtion

El ements ( ppm)

Secti on
number

oxides (wt. %)

si 02

Ti 02

Al 203
Fer0rb

Mn0

Mgo

Ca0

Na20

Kzo

XRF
AA

XRF
AA

XRF

AA

Ag
As

Ba

Be
Ce

Co
Cr
Cu
Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

sb
Sc
Sn
Sr
V

l,J

Y

7n

7r

(
(

4
50
80
60

8
5

4l
608
'150

t5
275

'l'l

2

l0
164
167

40
't050

I't00
25
43
10
85

297
20
2s

166.l60

5l

6
172
126

90
12
't2

46
134
201
l8

't92

ll
5

IB
42
4s
34

739
730

85
36
l0

102
378
500

29
144
137
85

24
72

't44

80
59
14
36

251
448
28

323
59

3
I

58
64

460
805
790
lls
29
'15

136
185

2190
29

l0l
104

38

4
126
261
150

7
24
46

'165

96
l8
79

6
5

l8
63
60
ls

496
490

40
42

5
98

389
30
36

156
150
't09

17
167
393
250

9
l3
45

286
444
23

326
74
22
l0
6'l
72
I

758
870
400

4'l
20

4t3
308

60
l8
80
79
67

f

(
(

(

(

(XRF
(nn

THOLEI ITIC META-BASALTS

8252/50.20 0268/70.87 D259l30.90 D276/73.4 u268/149.90

49 56 57 59 6l

55. 99

0.97

12.93

I 0.07

0.17

9.1l
5.ll
0.35

4.98

0. l0

50.08

I .53

t4.0t
15.32

0.22

6. 36

7.87

0. 45

3. 73

0. 08

5l .00

0.83

13. 88

12.4s

0.21

5.67

9.76

0.61

4.04

0.08

5t .00

I .80

13.27

I 8.41

0.31

4.82

5.92

0.75

3.62

0.21

48.57

1.32

14.7 4

13.06

0.22

6.76

8.42

0.'t4

5. 60

0.29

99. 65 98.53 100.'t099.78 99.12

3.12 3. 87 6. 05 3. 09 5. 56



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

THOLEI ITIC META-BASALTS
Sample group
(this study)

Sample-field
numbero

Secti on
number

oxides(wt. %)

D263ll 3l .8

171

I .08

15.07

12.72

0.19

5.63

8. 00

0. 19

4.44

0. 't0

99. 65

3
70
95

l0
12
36

135
22
20

179
l6

3
tl
43

6
791

70
40
<5

233
291
'¿00

l5
il0

si0
Ti0

A1z

t"z
Mn0

Mgo

Ca0

l;'

52 242

2

Loss on ignition

El ements ( ppm)

Ag
As

(
(

Naro

Kzo

Pzos

Total c

Ba

Be
Ce

Co
Cr
Cu

Ga

L'i
Mo

Nb
Nd

Ni

Pb

XRF
AA

f

XRF
AA

*o[*ll

XRF
AA

5
ll4

75
170

6
IB
41

742
il5

15
It6

7
2
5.l40

141
30

508
540

85
44
<5

117
297

40
14
85
85
50

3
l6
2?
20

4
9

5t
700
lr3

14
134

22
2

'13

'r64

156
9

169
190

25
47

5
45

303
20
z1

133
132
57

4
38

106
50
21

ls
37

179
741

33
232
l0
l5
l0
58
51

t3
675
680

BO

54
30
99

3ll
210
24

232
223

93

6
5l

226

5
3
6

97

9
2

22
209
lt4

16.l07

77
527

.l00

43
<5

235
231
300

9
85

Sb
Sc
Sn
Sr
V

l^l

Y

7n

7r

(
(

u(?)276/11 6.05 8268/22.14 0252/164.90 B2s4/132.5

70 132 134 177

52. 88

0.8e

ll.78
ll.4r
0.24

9. 40

9.53

0.26

3.75

0.09

53.06

0.98

12.1

12.53

0.23

10.62

8.19

I .48

0.92

0.09

14.78

0.23

6.42

5.98

I .00

4. 05

0. l6

50.99

I .56

14.54

52.70

0.77

15.52

7. 55

0. l7
6.65

10.64

1.92

3. 55

0.08

r 00. 23 r 00. 20 99.71 99.53

2.95 2.34 2.71 3. 00 3.47

39 64



l^lHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Sample group
( tn'i s study )

Samo'le f iel d
numbera

Secti on
number

oxides (wt.%)

si02

Ti02

Al 203
Fer0,

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

b

Totaì c

Loss on ignition

3
3l

3

3
75

333
Ba

Be
Ce
Co
Cr
Cu
Ga

LJ
Mo

Nb
Nd

Ni

Pb

( xRF
(AA

f

3
't6

l9
165

96
20
39
I
5

1B
'16

5
l5

50
29
<5

255
359
t0
32
72

3
240
244

6
4

42
2'12
165
20

160
36

6
l0
75

0
s56

90
3B

5
250
348

50
t9

105

7
l0
'18

124
393
23

292
l0

5

20
38

2

1286

60
43
<5
96

407
50
34

'193

3
17

0

3
25
35

155
84

2

20
40
<5

234
418
<'10
29
68

6
55

l3l

l3
-e
26

126
685
l8

'188

9

3
l0
55

58
791

70
35

5
129
263
230

'14

138

(
(

30
I
0
5

25
25

17

Rb

Sb
Sc
Sn
Sr
V

Ì,l

Y

7n

7r

(
(

XRF
AA

XRF
AA

XRF
AA

(
(

THOLEITTIC META-BASALTS

)256/c'l08 A262/135.0 449/129.4 D269l't30. 3 D25e/25.6

173 't7 4 17s 176 178

56. 68

I .91

10.89
.l2.50

0.'lB

2.53

14.47

0.12

0. 13

0.t8

51.42

1.25

14.33

13. 57

0.21

5. 69

9. 05

0.12

3. 30

0.12

5l .36

1 .56
'14. s3
'l 4. 39

0.18

6.70

3. 03

0.13

6. 60

0.17

5'l .t5
I .65

12.65

14. 0'l

0.20

2.89

I 6.8t
0.14

0.02

0. l6

5l .78

0.99

14.57

11 .89

0.16

6. 08

7 .97

1.44

4.23

0. l0

99.58 99.06 98.65 99.67 99.21

4.48 2.53 2.73 1.62 3.75

107 66 It9 89 53



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Sampìe group
(tt¡i s study)

oxides (wt. %)

si02
ri02
Al 203
Fer0rb

Mn0

Mgo

Ca0

Nar0

Kzo

P^0.¿J

Total c

Loss on ignition

Sampìe field
numberâ

Secti on
number

El ements (ppm)

XRF
AA

XRF
AA

XRF
AA

(
(

Ag
As

Ba

Be
Ce
Co
Cr
Cu
Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

Sb
Sc
Sn
Sr
V

l^l

Y

Zn

7r

f

(
(

(
(

(
(

4
108
248

l6
4

27
159
'l06

17
218

3
9

6'l

9
9

l9
69

l4l
22

153
6
3

14
37

0

15
41
<5
4l

544
l0
23

174

l
'13

97

5
7

41
608
8l
l4
BO

4
3

l4
122

2
361

20
46
<5
79

294
l0
l9

147

2
69
20

2
5

68
'14s0

64
't4

63
4
2

l4
331

7
l0'l

45
44
<5
68

269
<10

17
94

9
3
B

72

15
797 490

100
37

5
142
192
4t0

12
100RF

AA
X

THOLEI ITIC META-BASALTS
HIGH Mg

META-BASALT

t4/G62/131.5 D255/ry65 B25s/ 4s.2 8255/122.s

179 183 188 190

54.05

0.85
'14.68

7. BB

0.20

6.37

9. 88

0. 48

5.ll
0.l'l

51.62
't .96

t 4.41

17.63

0.30

6.5t
3.76

0. 88

2.77

0.12

51.62

I .00

ll.2l
12.84

0.21

10. 82

8.94

0.54

2.55

0. 't3

50.14

0.85

9. 43

14.29

0.22

I3.60
9.44

I .35

0.67

0. 10

99. 60 99.46 99.74
.l00.10

4.87 4.34 2.40 I 52

55 86 72 5'l



I^JHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

HIGH M9 META-BASALTS
Sample group
(tfri s study)

Sample field
numberâ

Sect i on
number

8268/123.66

8
449
t0l
80
l3

5
60

2210.l53

9
624

9
2

8
270
280
ll

887
860
210

50
t0
40

231
30

6
127
124

26

oxides (wt.%)

si 02

Ti 02

At 203
Fer0rb

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total c

Loss on ignition

E'lements (ppm)

A9
As

Ba

Be
Ce

Co
Cr
Cu
Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

sb
Sc
Sn
Sr
V

I^l

Y

7n

7r

XRF
AA

XRF
AA

XRF
AA

(
(

9
't94

52
90
l5
l5
52

1620
215
l5

123
5
4

l'l
257
262

9
341
370
250

60
l0
8l

274
40
l6

146
l4'l

49

6
164
122
130

40
8

49
2450
lls
l3

178
l0

7
6

248
280

9
419
480
205

55
l5
57

234
I 070

ll
t4r
't34

22

6
593
299
3.l0

42
l0
37

1 020
220

't6

487
t8

4
9

89
123

2
I140
'l'140

'155

33
15'

251
269
'n0

I
210
t98

26

22
I 820

63
40

9
t4
77

2770
297
ìl

405
28

3
9

274
296
245
700
670
655

53
20
49

'19'l

40
4

247
223

'14

f

(
(

(
(

8268/131 .95 8268/41.46 8268/58.4 U259/q'69

42 43 45 66 133

52.17

0.87

6.53

I 0.04

0.24

15.06

12.72

0.32

1.74

0.09

53. 84

0.54

6. 03

I 0.91

0.27

14.46
.l1 

.03

0. 28

2.16

0.06

47 .33

0.92
'10.40

14.49

0.2'l

12.69

8.30

0.70

4.63

0.09

49.58

0.48

4.76

10. 03

0. 38

16.57

t3.56
0.12

3. 3l

0.04

12.82

0. 15

3. 64

0.06

48

5't .56

0.6t

04

23

77

5.

9.

0.

15.

99.77 99. 58 99.77 98.83 99. 36

2.33 3.33 3. 90 3.02 2 ìl

XRF
AA



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Sample grou
(tfiis study

p

)

Sampìe field
numberâ

Secti on
number

oxides (wt.%)

si 02

Ti 02

Al 203
Fer0rb

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total c

Loss on ignition

El ements ( ppm)

Ag
As

^ (xRr
ou( 

RR

Be
Ce

co-
Crl
Cu

Ga

Li
Mo

Nb
Nd

*'t*A[
Pb

*o['l[
Sb
Sc
Sn
Sr
V

l,J

Y

- (xRrtn( 
RR

Zr

9
60

2
2
9

3
78
l8
30

7
12
66

999
199

259
259

4
42
70
20
63
<5
52

278
<.l0

'15

120
lls
34

3
156

62

3
25
66
50

9
l'l
71

I 890
t40
l5
94

437
l9

822
8ì0

20
5t
'10

55
3l'l
130
3t

275
258

47

'n
45'l
8l

l0
_e

48
2430

206
I

382

32
878

't00

49
<5
36

260
l0

6
235

4
243

37

3

7

53
I 400

70

90
108

50
6?
<5

126
259
<10
l'l

112

12
_e

64
5l 40

85
14

147
12

4
l3

476

0
468

55
6t

5
44

?86
240
t4

247

9
17

2
I
B

227

9

l
6

,2u

9
3

l5
475

HIGH Mg META-BASALTS

8259/ 42.90 U274/q'36 u252/45.92 8276/q'159 8275/88.3

'136 172 135 180 'r8'l

51 .33

0.68

6.96

t2.0t
0.26

I 5.53

l1 .91

0.96

0.39

0. 06

53.87

0.58

5. 96

9. 4l

0.25

16.85

9. 83

0.24

2.17

0.07

5'l .82

0.91

12.7

ll.5s
0.23

I 2.33

6.48

0. 55

3.96

0. 09

5l .03

0.61

6.1'l

8.79

0.21

ls.92
12.22

0.21

3.7 4

0.06

52.37

0.58

6. 05

ll.l0
0.26

15.22

13.34

0. 46

0.72

0. 06

I 00. 09 99.23 I 00. 62 98.90 100.16

2.30 2.38 3. 07 I 52 2.19

27 24 26



I,IHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Sample grou
(tfri s study

p

)

Sample field
numbera

META-RHYODACITIC ROCKS

187Secti on
number

oxides (wt. %)

si 02

Ti 02

Al ^0-¿J
Fe203b

Mn0

Mgo

Ca0

Naro

Kzo

P^0-¿c
Total c

Loss on ign'ition

El ements (ppm)

Ag
As

'. [ 

*Al

Be
Ce

Co
Crf
Cu
Ga

Li
Mo

Nb
Nd

r't*ffi
Pb

*o ['l[
Sb
Sc
Sn
Sr
V

Ì,J

Y

- (XRFtn( 
RR

7r

4
46
3l

6
-e
45

2210
129

9
212
ll

0
t0

270

7
399

125
62
<5

49
268
4t0
l0

132

4
I

107
80

9
't3

38
137
250

24
195

7
3

l'l
BB
94

9
658
580

20
42
'10

l4
377

80
'13

85
87
67

2
12

693

2
27
23

'l

6
5'l

17 40
28

7
28

2
I

1l
281

0

25
65
<5
5B

273
<'10

12
67

70

't3

80
8

85
2s0

23
296

9
7

34
17

33
896

l0
'10

5
80
92
60

7
68

28

HIGH Mg META-BASALTS

B2s5/95.2 Rd276/128.00 t4/G27 41154.58?56/'v132

189 86182

52.92

0. 59

5.97

10. 
.l2

0.20

I 4.8.l

14.07

0. 39

0.47

0. 07

62.02

1.28

t5.86
ll.2s
0.13

4. 'r4

0. 53

0.17

4.48

0. 1l

67.3

0. 37

16.65

5. 08

0

2

0

0

6

0 20

.07

.30

.37

.lB

.7

52. 58

0.57

6.29

9.94

0.22

ts.56
11.86

0.56

I .70

0.06

99. 95 99.2299. 34 99. 60

1.44 4.02 3.64I .85

24 130



WHOLE ROCK ANALYSIS AND TRACE EL EMENT DATA

ALTERED ROCKS

Samp'le group
( tf¡i s study )

Sampìe field
numberâ

Secti on
number

F70/214.20

129

46. 50

0.89

10.16

17.19

0.25

I 0.04
'1 2.'1 5

0.1l
2.21

0.12

99.62

5. 85

oxi des (wt. % )

si 02

Ti 02

Al 203
Fer0rb

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total c

Loss on ignitÍon

Elements(ppm)

Ag
As

'. [*A[
Be
Ce

Co-
Crl
Cu
Ga

Li
Mo

Nb
Nd

*'[*A[
Pb

*o 
[ 

*l[
Sb
Sc
Sn
Sr
V

l,l

Y

^[*il7r

4
235

57
60

3
26
28

175
34
20

190
I
7

17
60
60
'15

211
250

'15

30
<5

6
379
l'10

39
107
104
144

3
il0
80

It0
3

l3
9

454
258

17
248

17
4
9

171
213

6
826
730

75
22

5
2l

175
40

7
'l84
'l8t

37

3
85

117
t00

9
l0
55

622
132
l9

103
6
2
8

124
'148

4
494
490

35
45
ì0

1s7
296
120
140

83
77
57

23
I 390

83
40
l0

4
56

3340
348

20
897
20

't

9
727
873

40
2160
2120

555
21
t5
38

128
380

_d

316
198
ì8

4
336

65
70
24
12
40

954
140
23

165
100

'12

8
t'18
134

0
454
440
285

40
'15

210
238'll0
l4

't56

144
45

4276/61.2 R70/214.80 1(?)276/102.05 T259184. 35

22 82 't0'l 107

48.54

2.33

12.42

29.90

0.14

4.s2

0. 39

0.29

1.29

0.27

45. 90

0. 82

7.43

26.60

0.09
.¡3. 

05

0. l5
0.30

4.50

0. 10

45.64
't .04

13. 28
.l3.85

0.t9
8.59

t0.23
0.20

3. 54

0.1I

44.85

1.02
.l3.00

13.78

0.19

8.39

I0. 't0

0.20

3.47

0.t0

39. 55

0.47

8.50
.l3.'ll

0.26

2l.tl
3. 78

0.1t

8.03

0.04

39.t1

0.47

8.37
.l3. 

03

0.27

2't.'t4
3

0

7

0

77

96

04

il

I 00.09 98.94 96. 66 95.ì0 94.96 94.27

9. 53 4.63 5.19 5.19 4.22 4.22



Sample grou
(tfri s study

p

)

WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

GRANITITIC ROCKS

Sample field
number â

Secti on
number

oxi des (wt. %)

si 02

ri02
Al 

203
Fer0rb

Mn0

Mgo

Ca0

Nlzo

Kzo

Pzos

Total c

Loss on ignition

El ements (ppm)

XRF
AA

Ag
As

Ba

Be
Ce

Co
Cr
Cu

Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

Sb
Sc
Sn
Sr
V

l^l

Y

Zn

7r

XRF
AA

(
(

3
209
556
580

9
58
ll

200
85
23

490
12

8
24
l0'il

4
683
760

25
6

'10

<5
5B

280
4

45
49

150

2
42

730
550

7
28

8
146

2
21

't8'l

9
7

l0
l0

8
It

678
710

5
3

'10

12
37
30

4
'19

20.l68

2
25
76
60

7
1l
4

240
168
l9
23
94
28
I

22
23
41

254
290
40

4
<5
45

7
'10

ll
3l
32
50

9
129

1221
1240

9
72

7
244
208
24

24
l0

7
lll
536
s60.l95

6
l0

203
53

120
5

65
72

ls4

f4/G274/q'61

t84

73.68

0. 3l
'l 6. 33

2.36

0.00

0.95

0.34

0.18

5. 54

0.12

99. 8]

2.93

9
46

663

I
45

0
127
'136

27
273
l3

6
l6

9

8
639

55
5
5

l9
63

120
l't
42

f

.l36

I
I

XRF
AA

XRF
AA

(
(

(
(

i'4/G2s9/135.10 t4/G276/86.90 c252/1 38.67 t4/c268/106.70

It6 117 il9 2l I

72.27

0.37

15.23

3. 86

0. 06

1.22

1.20

0.23

5.25

0.14

74.32

0.29

15.22

3. l8
0. 03

1.29

0.18

0.16

5.12

0. :ll

80.76

0.03
'l 3. 03

1.65

0. 04

0.ll
0. 63

0. 56

3.17

0.01

0

5

2

0

't

2

2

4

0

.29

.38

.75

.05

.18

.16

.62

.80

70

I

76

lt
99.84 99.90 99.99 1 00.1 0

3. 70 2.73 2.27 2-52

159



I{HOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

Samp'le group
(tnis study)

Sampl e_ fi el d
numberd

Secti on
number

oxi des (wt. %)

si 02

Ti02
A't203

fer0rb
Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total c

Loss on ignition

E'lements (ppm)

XRF
AA

XRF
AA

XRF
AA

XRF
AA

Ag
As

Ba

Be
Ce
Co

Cr
Cu
Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

Sb
Sc
Sn
Sr
V

t',1

Y

7n

7r

(
(

(
(

(
(

(
(

3
17

986

B

63
0

143
301

24
222

4
5

t4
46

240
4

38

4
7

147
247
l8

142
20
I

l0
7

6
450

105
4

<5

t5
27
50

3
23

3
209

2
l0

2
ll
29

346
153

5
4
2

l
12

t6l
120

0'tl
30
20
l
5
2

71
20
I

22
3t

ì

3
12
'13

30
'l

12
il

259
90
ll
30

45
45

t60
3

276
256

24

902

I
23

0f

0
2
4

20
l0

0
54
30
25

9
'10

'16

7
21

I
7

00

l;
6

GRANITIC ROCKS BIF

t4/G274/92.6 t4/c274/139.5 BrF276/88.25 BrF268/58.84

't85 .l86
8B 90

73.02

0.31

16.12

3. 00

0. 0t

I .10

0.40

0.19

5.51

0. l4

80.75

0.'t3
't 3. l0
I .05

0. 00

0.4'l

0.04

0.15

4.22

0.02

40.08

0.02

0.26

58.49

0.12

0.62

0. 49

0.08

0. 03

0.22

44.97

0.10

0.69

48. 07

0.t9
2.79

2.s5

0.17

0.25

0.13

99. B0 99.87 I 00.41 99. 9l

3.31 2.10 0.63 0.259

168 8'l



WHOLE ROCK ANALYSIS AND TRACE ELEMENT DATA

p

)

Sampl e_ fi el d
numberd

Secti on
number

El ements ( ppm )

oxides(wt. %)

si 02

ri02
A]203

FerOrb

Mn0

Mgo

Ca0

Naro

Kzo

Pzos

Total c

Loss on ignit'ion

Sample grou
(tfris study

XRF
AA

XRF
AA

XRF
AA

XRF
AA

78.69

0.10
'l 2. Bl

0. 94

0.01

0.08

0.47

I .68

4.86

0.02

99.66

I .88

Ag
As

Ba

Be
Ce

Co
Cr
Cu

Ga

Li
Mo

Nb
Nd

Ni

Pb

Rb

Sb
Sc
Sn
Sr
V

I,l

Y

7n

Zr

(
(

I
5

326

5

2
0

179
129

23
6B

7
17

6
4

7

55
4

<5
l6
25
40

6
26

0
8

875

4
47

0
213
l4
l8
33

3
I

14
9

46
211

<5

3
<5

200
21

<.l0
5

50

2
4

366

6
l3

0
252
299

17
32

6
l6

5
6

90
355

25
3

<5
32
l0

200
7

45

52

0
7

445

6
27

0
t8l
l3
l8
52

9
l0

9
7

2
3

719

f

<5

2
<5
57

7
10

7
lt

3
26

0
180
l0
l9
68
'15

7

4
7

64
309

<5
2

<5
5l
14
30

3
l9

(
(

(
(

435
74

323

(
(

86

MOUNT MULGINE GRANITE

G.MM peakh

t98 199 200 201 202

79.00

0.14

4. 0l

1.22

0.00

0.31

0.71

0.19

4.42

0.02

7 4.66

0.22

t3.34

0.08

'l

0

0

'l

4

3

36

.89

.04

47

00

60

81 .90

0.05

l't . 36

I .30

0.01

0.04

0.40

0.57

4.21

0.02

77 .64

0. 07

13.23

0. 6'l

0.00

0. 03

0.28

2.70

5.37

0. 02

99.65 99.84I 00. 02 99.94

2.26 1.22 't .66 0.66

133 87 82
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APPENDIX 4

E.| ectron Microorobe Analvses

Alt electron microprobe ana'lyses r{ere performed on the JEOL 733 Superprobe,

in the Electron Optica'l Centre of the Univers'ity of Adelaide. The machine is
equipped with three waveìength-dispersive spectrometers (utilizing LiF, PET, STE

and TAP crystals) and an energy-dispersive Si(t-i) spectrometer. It is controlled
by PDP-1'l/34 mini-computer. The operating programs are written in F0RTRAN IV.

Standard procedures were used for fu'll matrix (ZAF) corrections.

Samp'les (po'lished blocks or polished thin sections) were carbon-coated and

then analysed using an electron beam generaìly of l0 ¡rm diameter, using accel-

erating voltages of l5 kV (for oxides and silicates) and 25 kV (for sulphides).
The probe current was maintained at about 20 nA.

Primary standards used were a range of pure elements and simple compounds.

Secondary mineral standards were usually analysed prior to sample analysis.
Detection limits are given in the Table beìow.

TABLE 4A : ELECTRON PROBE DETECTION LIMITS

Program file name

OX I DES SILICATES SULPHIDES

DYI : Sl 6ø. DAT DYI:Sl4.DAT DYI:Sl3.DAT

0xi de Detecti on
I imit (wt.%)

El ement
as oxide

Detecti on
I imi t (wt. %)

El ement Detecti on
I imit (wt. %)

Pzos

si 02

ri02
Crr0,
Fe0

Mn0

Mgo

Ca0

Ni0

scro,

MoO,

Nb20

Taro

uoz

3
02

5

5

l^lO

Sn

0.02

0.01

0.02

0.04

0.03

0. 03

0. 0t

0.02

0.06

0.03

0.25

0.08

0.'tl
0. l3
0. 20

0.tI

Crr0,
Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

ct

Pzos

Ni0

si 02

Ti 02

Al 203

0

0

0

0

0

0

0

0

0

0

0

03

04

02

06

07

06

02

04

02

03

30

0l

l0
lì

0

0

0

Ni

Sb

As

Ag

S

cd

Bi

Ti
Sn

Fe

Cu

Pb

Zn

0

0

0

0

0

0

0

0

0

0

04

09

06

09

03

09

3t

04

l0
03

0.04

0.31

0. 05



Index to Appendix 4

The mineral anaìyses are arranged in three groups under the classifications
oxides, silicates and sulphides. The minera'ls are arranged in alphabeticaì order

in groups as shown below:

Oxi des and tun states S il icates and ohosphates Nati ve e'lements and sul phi des

Brannerite(Z)
Chromi te
Huebnerite

I'lmen i te
Magneti te
Ruti I e

Scheel i te

Adul ari a

Andradi te
Apati te
Bi oti te
Bowlingite(?)
Ch'lori te
Chrysoti ì e

Diops'ide

Epi dote

Hornbl ende

Mi crocl i ne

Muscovi te
Phl ogopi te
Spessarti te
Sphene

Sti I bi te
Tremol i te

Antimony

Arsenopyri te
Bi smuth

Chal copyri te

Ga'lenobi smuti te
Gersdorffi te
Kobel I ite-Tintinaite
Pentl andi te
Pyrargyri te
Pyri te
Pyrrhoti te
Sphal erj te
Tetrahedri te
Tetrahedri te-Tennanti te
Ul lmanni te

Expl anati on of notat'ions in the table of analytical data

n.d. = not detected., the value obtained was below.the detection 'limit.

'1. The presence of F and/or Cl produces high totals because all the cations

are assumed to be combined with oxygen although, in reality, some of the

cations would be bonded to these halides. Th'is assumption'leads to excess

oxygen and the high totals. Chlorine, where present, occurs in very small

amounts (usually less than 0.1 wt.%) bul- as much as 6 wt.% F was obtained

for some minerals. In those compounds ìn which the F content exceeds

0.5 wt.%, the oxygen equivalent of F (0 = F) was ca'lcu'lated as described by

Deer et al. (.1980, p. 516-5ì7) and subtracted from the high totals to give a

more reaìistic total.

2. The EDS programme used for some minera'ls does not print out very 1ow concen-

trations, hence, the b'lank spaces in the tab1e.

3. Low totals, mostly given by oxides, with no obvious explanation. Some may

be due to the presence of additional elements that were not inc'luded in the

anaìytica] programme or they may be just bad analyses.

4. For epidote, the va'lue shown for FeO is actua'l'ly that of Fe203, reca'lculated



from the FeO va'lue.

In magnetite, Fe is also present as Fe20r. The former total iron (as FeO)

was recalculated and the Fer0t vaìue is shown below the FeO value.



OXIDES AND TUNGSTATES

Analyses in wt.%

Mineral and
samp'le no.

OX or
e'lement

Pzos

si 02

Ti02

C120t

Fe0

Mn0

Mgo

Ca0

Ni0

Scr0,

wo¡

Sn0,

Mo0,

Nb205

Tar0U

uoz

Totaì

P

Si
Ti
Cr
Fe
Mn

Mg

Ca
Ni
Sc
h,

Sn
Mo
Nb
Ta
U

Ilmeni te
2681140. 55

Chromi te
268/140. s5

Huebneri te
251164.70

Brannerite(Z)
232/'\'51

2 l2 t 'lt

0.'16

n. d.

n. d.

n. d.

I .63

21.57

0.20

0.04

n. d.

n. d.

79.52

n. d.

n. d.

n. d.

n. d.

n. d.

0.ì7

n. d.

n. d.

0.08

I .31

2l .80

0.16

0.04

n. d.

n. d.

78.49

n. d.

n. d.

n. d.

n. d.

n. d.

0.02

0.03

48.96

0.24

38. 89

7.96

0.20

n. d.

n.d.

n. d.

n. d.

n.d.

n. d.

n. d.

n. d.

n. d.

0.08

2.98

34.93

0.'n

0.85

0.68

n. d.

6.62

n. d.

n. d.

0.25

n. d.

n. d.

0.53

n. d.

29.27

0.08

2.67

35.73

n. d.

0.84

0.68

0.02

s.21

n. d.

n. d.

30

n. d.

n. d.

0.82

0.30

29.93

n. d.

0.43

0.il

47.89

33. 83

2.42

2.48

n. d.

n. d.

n. d.

0.26

n.d.

n. d.

n. d.

n. d.

n. d.

76.583 87.42 3 '103. l2 I 02. 05 96.30376.303

Basis:
4 oxygens

Basis:
4 oxygens

Basi s:
4 oxygens

Basis:
6 oxygens

olos
0. 90
0.01

't 00

0
0
0
0
0

97
0'l
86
t8
0'l

0:
'1.

0.
0.
0.

0.

:

52

0 48

0.20

22
94
0l
05
04

0.0t

03

05
04

0.20
2. 00

0.
0.

0.4't

0:
0.
0.

01
49

020

1
't

0
0

64
23
09
l6

o. oz
0.89
0.01

r loo

3. l4 1.97 I .96 2.033. 46 3.24Total



Mineral and
sample no.

oxide or
e'lement

Pzos

si 02

Ti02

Crr0,

Feo4

Mn0

Mgo

Ca0

Ni0

St2

wog

Sn0

Mo0

Nbz

0
3

OXIDES AND TUNGSTATES

Analyses in wt.%

NUMBER OF ATOMS

Tuz

2

3

05

05

U

P

Si
Ti
Cr

Mn

Mg

Ca

NJ

Sc
Ì^l

Sn
Mo

Nb
Ta

Fe4

Total

Ruti I e
232/'u51

Scheel i te
232/'"51276/73.4

l

te
268/140;55

2

Magnet
269/130.

l II I

n. d.

0. 06

0.08

0.1I

29.91
66.47

0.10

0.0'l

n. d.

n. d.

n.d.

n. d.

n. d.

n. d.

n. d.

n.d.

n. d.

n. d.

0.01

0.02

n. d.

29.61
65.80

n. d.

0.01

n. d.

n. d.

n.d.

n. d.

n.d.

n. d.

n. d.

n. d.

n. d.

0. 02

0.02

n. d.

5. l0

28.14
62.5

0.?2

0.03

n. d.

0. 28

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

0. 02

0. 03

0.02

5. 00

28. 3l
62.91

0. l6

0. 05

n.d.

0.29

n.d.

n. d.

n.d.

n. d.

n. d.

n. d.

n. d.

n. d.

0.0t

90.78

0.00

I .07

n. d.

n.d.

0.02

n. d.

n. d.

0.34

n. d.

n. d.

'l .96

0. 64

n. d.

n. d.

0.06

0. 02

17. 88

n. d.

0. 34

8'l . l8

n.d.

n. d.

n. d.

n.d.

n. d.

0. 19

n. d.

0.02

n. d.

94.823 99.6996.743 95.45 3 95. 863 96.79

tsasrs:
4 oxygens

óasl s:
Basis 4 oxygens 2 oxygens

o]o
0.94
l.88
0.01

0.01

0. 0l

0 97

0 0t

't .00
I .99

I
2

00
00

0
0
'l

0

l6
94
87
0'l

0.01

U.UI

0 92

1 0l

2.99 3. 00 2.99 2.99 0.99 1 .94Total



OXIDES AND TUNGSTATES

Analyses in wt.%

Minera'l and
sampìe no.

oxide or
nt

Pzos

si 02

Ti02

Crr0,

Fe0

Mn0

Mgo

Ca0

Ni0

Sc20t

!'lo¡

Sn0,

Mo0,

Nb205

Ta

UO

0.
32

2

Total

NUMBER OF ATOMS

Si
Ti
Cr
Fe
Mn

M9

Ca
Ni
Sc
t^l

Sn
Mo

Nb

Ta
U

Sch
1/108.7

e'lite
268/3s.84

Schee'l i te
251/64.70

4 5 6 I 23

0.'19

n.d.

n. d.

0. 06

n. d.

0.07

0.0t

19.04

n. d.

n. d.

82.21

n. d.

0.14

n.d.

n. d.

n. d.

0.22

n.d.

n. d.

0. 04

n.d.

n. d.

0.01

18. 94

n. d.

n. d.

82.41

n.d.

n. d.

n.d.

n. d.

0. l9

0.t4

n. d.

n. d.

n. d.

n.d.

n. d.

n. d.

'19.36

n.d.

n. d.

83.23

n. d.

0.24

n. d.

n.d.

n. d.

0.19

n. d.

n. d.

n. d.

n. d.

0.08

n. d.

'18.82

n. d.

n. d.

83. 68

n. d.

n. d.

n. d.

n.d.

0.12

0.1B

n. d.

n. d.

n. d.

n. d.

0. 06

n. d.

19. l0

n. d.

n. d.

83. l2

n. d.

n. d.

n. d.

n. d.

n. d.

0. l7

n. d.

n. d.

n. d.

n. d.

0.il
n. d.

18. 95

n. d.

0. 03

82.79

0.t0

n.d.

n. d.

n. d.

n. d.

102.97102.46 't 02. 't 5 101.72 I 0l .81I 02. 89

4 oxygensBasis Basis : 4 oxygens

0. 0l

0 96

l 00

0 95

I 00

0.u I U.UI

I 00

0.96

0.0 1

olg+

'l .0t l.0t

0.01

0 96

0. 0l

0.95

l 0l

1.97 't .96 1 .97I .96 I .98 1.97Total



Mineral and
sampìe no.

OX or
el ement

SILICATES AND PHOSPHATES

Analyses in wt.%

NUMBER OF ATOMS

si 02

Tj 02

Al 203

Crr0t

Fe0

Mn0

Mgo

Ca0

Nar0

Kzo

Fl

cll

Pzos

Ni0

Total
0=F I

Si
TJ
AI
Cr
Fe
Mn

Mg

Ca
Na
K

F

c'l
P

Ni

Bi oti te
?76173.4

Apat'ite
268/149. 90

Red biotite
22/136.70

Adul aria
268/1 49. 90

Andradi te
?2/33.9

3'l 2 2 2I4

36. 82

2.14

t4.59

n. d.

20.35

0.19

ll.0l
n. d.

0.10

9.57

I .33

0.02

n. d.

n.d.

37.63

2.34

I 4.43

0.09

17. 68

0.27

12.45

n. d.

0. 06

9.69

1.22

n. d.

n. d.

n.d.

34.06

n. d.

5.90

n. d.

23. l0

0.57

0.05

32. 3l

0.03

n. d.

n.d.

0.01

n. d.

n.d.

n. d.

n. d.

0.02

n. d.

n. d.

n. d.

n. d.

56.50

n. d.

n. d.

6. 00

0.04

42.71

n.d.

n. d.

n. d.

0. 03

n. d.

n. d.

n. d.

0.02

56.84

n. d.

n. d.

6.19

0. 03

42.80

n. d.

37. 03

I .93

I7.31

0. l4

13. 5l

0.24

13.94

n. d.

0.08

10. 68

1.26

n. d.

n. d.

n.d.

65. 37

n. d.

17.70

n. d.

0. 03

n. d.

n. d.

n. d.

0. 20

16. l8

n. d.

0.05

n. d.

n. d.

105.27
-2.53

I 05. 9l
-2.61

96.12
-0.53

96.12
-0.56

95. 86
-0.51

99.53 96.03 3

as s:
I oxygens l2 oxygens

s s
l8 oxygens

102.74 I 03. 30

as s:

95.59 95. 56 95. 35

Basis:
24 ns

1.74
0. 04
0.0t
3.12

3. 07

0.63

6. 05
0.24
3.33
0.02
I .85
0.03
3.39

0.02
2.23
0. 65

6.26
0.29
2.83
0.0'l
2.46
0.04
3. 09

0
2
0

2.87
0. 03
2.76

03
06
71

0.02
2.06
o-uo

6.20
0.27
2.90

3.03

0-97

0
0

02

4.98

96

8.6ì

7.23

13.79 I 3.87

7.21

2.26
0.0't
4.31

2.33
0.0t
4.30

17. 80 17.83 17.72Total



Mineral and
sample no.

oxide or
el ement

SILICATES

Analyses in wt.%

NUMBER OF ATOMS

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

cl

Pzos

Ni0

s'i
Ti
A]
Cr
Fe
Mn

Mg

Ca

Na
K

F

cl
P

Ni

Total

Chl ori te2
251 /139 .4 259/135.'t0

Bowlingìte(?)2
22/65.15

altered ol ivine

I l2 3 4I

30. 82

19.75

1.62

9.54

l.t8
23.94

37.61

1.79

7 .40

0. l6

5't.42

37. 34

2.41

8.72

0. l5

50.15

36. 75

2.28

8.20

0.18

49.92

24.92

0.12

19.91

0.42

27 .11

0.30

13.22

0.22

't .83

37. 85

7.35

0. l9

51.22

86.22 86. 8598.44 98.38 98.77 97. 33

Basis: 28 oxygensBasis: 4 oxygehs

5
0
5
0
4
0
4

0. 09

.43

.02

.'t'l

.07

.94
06
29

0. 4l

6.07

4.58

.l.57

0.20
7.02

0
0

0.'15

I .90

03
94 0

0

0.15

I .91

94
03

0
0

93
05

0.t8

I 86

0
0

0. 17

04

l 88

93

20.01 19.8s3.02 3.06 3.04 3.02Total



Mi nera'l and
sample no.

oxide or
el ement

SILICATES

Anaìyses in wt.%

NUMBER OF ATOMS

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

Fl

cll
Pzos

Ni0

Total
o=Fl

Fe

si
Ti
A]
Cr

Mn

Mg

Ca
Na
K
F

ct
P

Ni

Chl ori tes
268/"t 49.90 '¿7 6/73.4

4I I 2 3

27.,63

n. d.

17.19

n. d.

27 .19

0.47

14.75

n. d.

0.02

0.05

0.1l

n. d.

n.d.

n. d.

25.36

n. d.

19.21

0. 16

3l .90

0.49

9.67

n. d.

0. 05

0.03

n. d.

0.03

n. d.

n. d.

24.38

n. d.

19.32

0.23

33. 5l

0.52

7.95

n. d.

0.03

n. d.

n. d.

n. d.

n. d.

n. d.

25.34

0.04

IB.83

0.t5

30.35

0.40

10.66

n. d.

0. 06

0.08

n. d.

0.01

n. d.

n. d.

Chrysoti I e
2216s.1s

41.23

2.77

I .0t

n. d.

5.42

0.52

36.22

n. d.

0.02

n. d.

0.71

0.03

n. d.

n. d.

43.15

n. d.

0.90

n. d.

3.'t5

0.12

37.92

n.d.

0.02

n. d.

0.62

0.01

n. d.

n. d.

l 3

29.07

n. d.

17 .17

n. d.

16.25

0.42

21.78

n. d.

0.03

n. d.

0.4ì

0.06

0.t5

n. d.

87.41 86. 90 85.94 85.9285. 34

85. 63

85.89
- 0.26

Basis: 9 oxygensBasis z 28 oxygens

4.t9

6 02

0l

02
03

.8.l

.07
2
0
6

0

72

0.
0.
o:

27

9l

33

86
08

0
0
0

Ê

4

0l
0l
07

4.
0.
A. 70

5. 6t

5. 0t
0.03
5. 90
0. 09
3.19

0.02
0.01

0.0.l

5

5
0
6
0
2

0

.16

.04

.35

..l0

.68

52

0l

63
0'l
93
03
64
08
53

03
02

5
0
4
0
5
0
3

0
0

0.14

0
0
3

28
03
29

2.52
0.13
0.07

0

63

07

2

0

0
0
3

'16

0t
45

12

20.14 19.97
.l9.87

1 9.86 19. 90 6.46 6.44Total



SILICATES

Analyses in wt.%

Mineral and
sampìe no.

OX e0r
el ement

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

Fl

c't'l

Pzos

Ni0

Tota'l

0=Fl

Basi s

NUMBER OF ATOMS

6 oxygens

SJ

Ti
AI
Cr
Fe
Mn

Mg

Ca
Na
K

F

cì
P

Ni

Epi dote
268/149.90

-268/1?T:66

Di ops i de
268/149.90

2

2 1 2 l tI

53. 85

3.78

1.16

l4.Bl

25.27

1.17

54.68

0.24

2.98

0.96

16.34

25.67

37. 56

n. d.

22.04

n. d.

ß.224

0.20

0.05

23.98

0. 13

0.03

n.d.

0. 07

n. d.

n. d.

53.47

14.26

25.33

5

0

0.62

0.22

49

35

54. 09

0.65

0.37

5. 46

0.25

14.47

25.55

46.44

0.37

8. 18

n.d.

15.64

0. 48

12.27

12.32

0.93

0.86

0.54

n. d.

n. d.

n. d.

48.93

0.44

6. 54

n. d.

14.50

0.51

13. 34

t2.33

0.73

0.7 4

0.24

0.05

n. d.

n. d.

I 00. 84 I 00. 04 I 00. 87 97.28 98.03
-0 .23

97.80

98.3599.7 4

Basis:
T3 oxyqens

Basi s:
23 oxyqens

0.03
0.0ì
0.17
0.01
0.79
I .0ì

1.98

0. 03
0.01
0.17
0.01
0.79
'r .00

I .98

0
0
0
0
0

0.01

04
8'l
99
0l

12

1.98

0.05

'l.99

0.0.l

0
0
0
1

.03

.89

.00

09

3.25

2.25

0
0
0
2

0

04
0l
0l
22
02

0. 02
0.01

't

0
2
I
0
0
0
0

I
0
2
t
0
0
0

7 .17
0.05
I .13

.27

.16

.25

95
06
72
97

.78

.06
9l
94
21

l4
lt
0'l

6.91
0. 04
1.44

15.774.00 3.99 4.00 4.00 7.83 15.51

Hornbl ende
27 6/73.4

2

Total



ox or
e'lement

Mineral and
sample no.

SILICATES

Analyses in wt.%

NUMBER OF ATOMS

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Nar0

Kzo

Fl

cll
Pzos

Ni0

Total
0=F

'l

Si
Ti
AI
Cr
Fe
Mn

Mg
Ca
Na
K
F

CI
P

Ni

(Magnesio) - Hornb'lende
276/73.4

9

45.76

0.52

8.32

n. d.

16.00

0.47

11.96

12.25

0.97

I .05

0.27

0.09

n. d.

n. d.

45.61

0. 37

8.07

n. d.

15.67

0.52

l1 .8t
.l2. 

38

0.84

0.91

0.38

0.09

n. d.

n. d.

46.18

0.43

7.92

n. d.

't 6.'t6

0. s3

l'l .86

12.46

0.81

0.92

n. d.

0.02

n. d.

n. d.

48.32

0.42

6.91

n. d.

14.67

0.58

12.99

12.27

0.79

0.7 6

0.47

n. d.

n. d.

n. d.

45.45

0.40

8.30

n. d.

16.30

0.53

1.l.65

12.44

0.90

0.99

n. d.

0.04

n. d.

n. d.

47.74

0.4r

7.24

n. d.

14.87

0. s4

12.43

'11 . 9l

0.77

0.76

0. 53

0.02

n. d.

n. d.

48.55

0.37

7 .17

n. d.

14.97

0.48

12. 35

11.92

0.79

0.77

0.34

0.03

n. d.

n. d.

98.1 8 97.00 97.66 96.65 97.29 99.22
- 0.22
99.00

97.74

Basis : 23 oxygens

I .8t
0. 07
2.85
I .94
0.22
0. 't4

0.22

7
0
I

12
.05
.20

2
0
2
2
0
0

06
07
62
0l
t9
1l

6.85
0.05
1 .48

6
0
I

2
0
2
'l

0
0
0
0

86
06
47

0l
06
67
97
28
20
'13

02

6
0
l
'l

0
2
2
0
0
0
0

9B
07
67
0l
25
'lB

t8
02

90
04
44

2
0
2
2
0
0

6.92
0.05
I .40

03
07
65
00
23
l8

o,ot

7
0
1

l
0
2
l
0
0
0

17
05
25

83
07
73
88
22
l4
25

2.25
0.06
2.72
1.89
0.23
0.t4
0. l6
0.01

7 .17
0.04
1.25

15.72 I 5.44 'l 5. 73 15.74 15.54 ls.s9Tota'l 15.92



Mineral and
sample no.

OX or
el ement

si 02

Ti 02

Al 203

crro,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

cll

Pzos

Ni0

Total

S IL I CATES

Anaìyses in wt.%

NUMBER OF ATOMS

Si
Ti
A.|
Cr
Fe
Mn

Mg

Ca
Na
K

F

C1

P

Ni

Mi crocl i neZ
70/223.03

Muscovi teZ
259/135. I 0

ì 2 l 2 3 4 5

65.71

17. 60

0.48

0.25

16.58

64.55

17.54

0.41

16.77

0.12

47 .36

0.95

29.68

10.78

3. l5

I .38

47.23

0.9t

29.85

I 0.80

1.47

3. 33

45.61

1.03

29.73

I 0.59

I .53

2.95

46.50

0.99

29.43

't0. 69

'l .50

3. 59

46.40

0.92

29.13

10.53

3.33

1.32

'100. 62 99.39 93. 30 93. 59 91.44 92.70 9l .63

Basis: 32 oxygens

12.09

3.82

0.09
0. 09
3. 89

0.08

3.99

0.04

12.06

3.86

42
09
78

6
0
4

I .88 t. 87 t.88 I .87 I .83

Basis: 22 oxygens

0. l8 0.17

0.61 0.7 4

6.46
0.10
4.77

0.16

0. 64

0.17

0.67

6.44
0. l0
4.77

0.15

0.69

6.36
0.1I
4.89

6.40
0. l0
4.77

19. 98 20.03 I 4.0t 14.00 14. 03 14.08 13. 98Total



SILICATES

Analyses in wt.%

Mineral and
sample no.

OX or
el ement

si 02

Ti 02

A1 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro,

Kzo

F

cl

Pzos

Ni0

Si
Ti
A1

Cr

Total

Fe
Mn

Mg

Ca
Na
K

F

CI
P

Ni

Muscovi tes
22/136.70

2

7 I 9 't0 l'l 126

45.29

l.l4
33.92

I 0.50

't .69

I .05

45.46

t .l4

33.37

I 0.63

2.15

1.12

45.84

l.l3
33.55

0.20

10.64

2.09

0. 99

46. 't4

I .34

33.73

0.29

10. il

1.24

'l .88

47.36

I .41

34.23

0.t7

I .81

I 35

0.30

9.15

1.77

1.22

45. 45

l.l4
33.60

0.30

10.63

45.12

32.93

10.96

't .94

0.98

'r.tì

93. 87 94.44 94.73 95.7894 ll 92.64 93.59

0.27

NUMBER OF ATOMS

6.23
0. l4
5.31
0.02
0.20

0.08
I.s4

Basis z 22 oxygens

'l 3. 90 t3.94 13.92 13.92
.l3.79

14.0t I 3.93Total



S]LICATES

Ana'lyses in wt.%

Mineraì and
sampìe no.

OX or
el ement

Muscovite

ì8 l9

si 02

Ti02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Nar0

Kzo

F

cl

Pzos

Ni0

Si
Ti
A'l
Cr
Fe
Mn

Mg

Ca
Na
K

F

CI
P

Ni

Total

6
0
E

0
0

30
'l'l

.03

.06

.12

0.50

I .83

22/136.70 251 /13s.4

'14 l5 16 17l3

46.82

l.l7
33.67

46.30

I .46

33.64

47.52

0.60

32. 55

0.26

I .01

46.95

0. 85

3.l.98

0.36

0.98

46. 89

0.9't

32.19

0.31

0.88

45.70

0.92

3l .04

0.59

0.94

47.56

t.ls
32.21

0.58

l.lì1 .71 'r .71

I .07 I .39 2.58 2.63 2.38 2.36 2.s3

9.22

0.16

8.87 I 0.80 I 0.88 I 0.85 '10. 79 I 0.84

93.65 93.53 95.32 94.63 94..41 92.34 95.98

NUMBER OF ATOMS

Basis : 22 oxygens

0. l9

0.28

0.04
1.s2

6.22
0.15
5. 33

6
0
5
0
0

32
06
10
03
l'l

0.51

I .83 I .86

6
0
5
0
0

0

3l
09
06
04
lt
53

6
0
5

0
0

30
09
l0
03
l0

0.48

I .86

6
0
5

0
0

30
09
04
06'll

0.49

't .90I .58

0.t9

0.21

6.29
0.12
5. 33

13.73 13.96
.l4. 

00 't 3. 96 13.9913.72Total 'l 3. 95



Mineral and
sample no.

OX or
el ement

SILICATES

Ana'lyses in wt. %

NUMBER OF ATOMS

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

ct

Pzos

Ni0

44.25

11 .68

4.22

23.32

10. l9

93. 66Total

Muscovit
268/'t28.73

e2Muscovi te
251 /139.4

I 220 3 4 5

47.28

0.99

32.27

0.23

0.88

2.49

10.95

44.85

1 0.86

3. l4

0. l8

23.40

'10. ì 7

42.65

I 0.86

3. 78

0.27

22.46

t0.12

43. 98

ll.3s

3. 58

0.20

23.14

10.34

43.6.l

0. l3

l't .32

3. 48

0.22

23.07

I 0.51

92.6095.09 90.'14 92.59 92.34

Basi s: 22 oxygens

Si
Ti
AI
Cr

6.32

1.97

0.50

4.97

I .86

Fe
Mn

Mg

Ca
Na
K

F

CI
P

Ni

6.3.l
0.t0
5. 08
0.02
0. l0

I .86

0.50

6. 45

1 .84

0.38
0.02
5.0.l

1 .86

6.35

I .9.|

0.47
0.03
4.98

1.92

6.35

I .93

0.43
0.02
4.98

't.9.| I .95

6.33
0.01
I .94

0.42
0. 03
4.99

13.97 15.56 I5.66 15.62 1s.67Total 15.62



Mineral and
sample no.

OX or
el ement

SILICATES

Analyses in wt.%

NUMBER OF ATOMS

Basis : 22 oxygens

si 02

Ti 02

Al 203

Crr0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

Fl

ctl

P^0.
¿J

Ni0

41.73

0.72

12.92

n. d.

6.58

0. 46

2l .68

n. d.

0.10

10.19

3.12

0.1I

n. d.

n. d.

Total

o=Fl

Si
Ti
A'I
Cr
Fe
Mn

Mg

Ca
Na
K

F
cl
P

Ni

6.'t5

2.00

0.48

5.27

6.23

I .9'l

0.48

5.25 5.22

6
0
2
0
0

'10

0t
02
05
49

Phì ogopite
Muscovite

264/54.05
2

3I 9 I 0 'n I7

42.84

il.16

24.24

10.24

3.92

4't .99

0. l3

11 .83

0.47

4.06

24.11

10. l3

42.76

.l.l.37

24.25

r0.14

4.07

4l .61

10.96

0.21

4.15

0. l6

23.57

10.00

41.52

0.7 4

12.76

n. d.

8.2?

0. 3l

20.53

n. d.

0. 08

10.19

3.04

n. d.

n. d.

n. d.

42.25

11 .65

3.91

24.27

10.16

97.61

-l .31

92.24 92.7292.40 92.59 90.66 97.39

96.11

l 28

96. 30

Basis:24 oxygens

6.19

92
02
5l
02
22

I
0
0
0
5

I .90

60
09
39

02
05
53

0
2
I

.09

.04

6
0
2

I
0
4 86

0
0
5

0
2
l
0

03
05
55
03

6. 58
0.09
2.40

.09

.87

.06

6.20

1.94

0.49

5.24

I .88

15.79 15.77 15.77 I 5.75 15.78 18.67 I 8.75Total

I .89 I .90 I .88



Mineral and
sample no.

OX 0r
el ement

si 02

ri02

Al 203

Crr0,

Fe0

Mn0

Mso

Ca0

Naro

Kzo

Fl

cll

Pzos

Ni0

Total
0=Fl

. SILICATES

Anaìyses in wt.%

NUMBER OF ATOMS

Si
Ti
A]
Cr
Fe
Mn

Mg

Ca

Na

K

F

CI
P

Ni

Sp
71

,2
nene
/67.4

Sphene
268/149.90

Spessarti te
259/115.77

2 l 2 II

30:81

32.97

29.24

1.65

0.12

37.83

0.08

t9.86

n. d.

7 .4s

29.76

t .40

2.14

n. d.

n. d.

n. d.

0.0t

n. d.

n. d.

47.22

0.'14

17.05

0.07

6. 68

24.83

l.14

1.97

0. 02

n. d.

n. d.

0. 04

n. d.

n. d.

30.41

33.99

28.35

I .45

0.12

29.02

32.52

3. 00

n. d.

0.62

0. l4

0.03

29.04

0.02

n. d.

0.72

0. 06

n.d.

n. d.

98.53 99..l6 94.793 94.323 3

394.87

95. 17
-0.30

Basis: 24 oxygens Basis : 6 oxygens

6.'19
0.01
3. 83

1.02
4.12
0.34
0.37

7
0
3
0
0
3
0
0
0

29
02
10
0t
86
25
26
33
0'l

0 0l

28
03

'l

I

0.06

1.30

0. 05

1.27

1.27
1.07

0.02

I 24

'l

I
0

.02

. 't5

0. 09

21

I 5.88 15. l4 3.67 3.66 3. 73Tota'l



Mineral and
sampl e

oxide or
el ement

SILICATES

Anaìyses in wt.%

NUMBER OF ATOMS

si 02

Ti 02

Al 203

Crr03

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

F

c1

Pzos

Ni0

Total

Basis: 72 oxygens

Si
Ti
A]
Cr
Fe
Mn

Mg

Ca
Na
K

F

ct
P

Ni

b I
2 00

te
2

St
68

it
/1

t 'l 2

54.44

0.60

0. l9

23.92

I 3.20

0.t7

0.1I

0.52

0. l3

24.02

I3.59

58. 06

0.22

0. l6

s8.17

0.21

3

Tremo'lite
264/54.05

t.1l

0.21

23.34

13.34

60.36

0.04

17. 03

n. d.

0.05

n. d.

0.24

8.12

0.79

0.15

n. d.

0.02

n. d.

n. d.

86.80 96.63 96.7 0 96.38

Basis: 23 oxygens

0
0
4
l

07
02
89
94

0.02

8.02

0. 03

0.02

0l
0t

ol or

27
0
I 98

0.1.6
3. 89
0.68
0. 09

0.06
0.0t
4.9t
2.00

0.03

7 .97

0.04 0. 03

8.02

0.'t3
0.02
4.79
1.97

40.86 14.99 'r5. 02 14.96Tota'l



NATIVE ELEMENTS AND SULPHIDES

Analyses in wt./"

Mi nera] and
sample no.

El ement

Fe

Cu

Pb

7n

Ni

Sb

As

Ag

S

Cd

Bi

Ti

Sn

Total

Mineral and
sample no.

El ement

Fe
Cu

Pb
7n
Ni
Sb
As
Ag
S

cd
Bi
Ti
Sn

Arsenopyri te
259/123.32

Bi smuth
5l /t 08. 70

Chal copyri te
259l¡,1l8

Antimony
3ot /'l 33. I

3 I 2 I II 2

n.d.

n. d.

n. d.

n. d.

n. d.

l0t.2r

0. B0

0.04

0.05

n.d.

n. d.

0.07

0.43

35.70

0.07

n. d.

n. d.

0.17

n. d.

44.67

n. d.

20.79

n. d.

n. d.

n. d.

n. d.

35.40

0. l9

n. d.

n. d.

0. 05

n. d.

44.71

n. d.

20.58

n.d.

n. d.

n. d.

n. d.

0. l0

0.21

n.d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n.d.

102.23

0.07

n. d.

29.41

36.67

n. d.

0.26

n. d.

n. d.

n. d.

n. d.

34.26

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

99.64

0.70

n. d.

0.05

n. d.

0. 34

n. d.

0.42

n. d.

n.d.

98.64

0.76

n.d.

n. d.

n.d.

n. d.

n. d.

0.48

n.d

n.d

n. d.

I 02. 56 I 0t .40 I 00. 93 I 02. 6t I 00.60l0l.ls 99. 88

Pyrargy-
ri te

5l /l 08. 70

Gal enobi -
smuti te
5l /'l 08. 70

Gersdorffi te

268/35.84

Kobel I ite-
Tintinai te
264/116.27

Pentl and i te

268/35.84

I I 2 ì 'l I

0.
0.

65.
n.
n.
n.
n.
0.
o

n.
25.
n.
n.

03
06

40
d.
67
d.
d.

67
d.
d.
d.
d.
22

98
d.
d.
d.
05
09
34
d.
85
d.
d.
d.
d.

n
9
n
n
n
n

t

8
n
n
n

27
0

44

67
d.
d.
d.
74
d.
72
d.
71

d.
d.
d.
d.

10.
n.
n.
n.

25.
n.

n
9
n
n
n
n

'l

44

17
d.
d.
7B
d.
72
00
d.
d.
d.
d.

46.
n.
n.

15.
n.
l.

17.
n.
n.
n.
n.

0.03
1.24

25.90
0.07
0. 45
n. d.

30. 78
0.34
0.07
n. d.

42.19
n. d.
n. d.
n. d.
n.d.

OB

09
d.
d.
d.
80
l6
B6
27
d.
d.
d.
d.

0
0
n
n
n

23
0

59
17

n
n
n
n

10t.05 1 00.31 I 00.84 I 00.94Tota'l 99. B0 't0l .26



SULPHIDES

Ana'lyses in wt.%

Mineral and
sample no.

El ement

Fe

Cu

Pb

7n

Ni

Sb

As

Ag

s

cd

Bi

Ti

Sn

Tota'l

Mineral and
sample no.

El ement

rhoti te

7.11
n. d.
n. d.

59.28
n. d.
n. d.
n. d.
n. d.

33. 44
0.32
n. d.
n. d.
n. d.

Fe
Cu

Pb
7n
Ni
Sb
As
Ag
S

cd
Bi
Ti
Sn

100.'15

riteP

t I 2 3I tl

46.27

n. d.

n. d.

0.05

n. d.

n. d.

0. l3

n. d.

53. 2t

n. d.

n. d.

n. d.

n. d.

46.23

n. d.

n. d.

n. d.

0.09

n. d.

0.08

n. d.

53. 37

n. d.

n. d.

n. d.

n. d.

59.53

n. d.

n. d.

0. s4

0.3t

n. d.

n. d.

n. d.

38. 69

n. d.

n. d.

n. d.

n. d.

59.55

n. d.

n. d.

0. 38

0.28

n. d.

n. d.

n. d.

39.08

n. d.

n. d.

n. d.

n. d.

59.67

n. d.

n. d.

0.43

0.28

n. d.

n. d.

n. d.

39.00

n. d.

n. d.

n. d.

n. d.

47.52

n. d.

n. d.

n. d.

n. d.

n. d.

0.06

n. d.

54.59

n. d.

n. d.

n. d.

n. d.

47.37

n. d.

n. d.

n. d.

0.12

n. d.

n. d.

n. d.

54.30

n. d:

n. d.

n. d.

n. d.

99.77 99.07 99.29 99.38'l 0'l .79 99.66102.17

Pyrrhotite
259/ry118

Sphal eri te
259 /115.77

Pyrrhoti te
259/100.90

2 'l 2 3'l 2 'l

d.
d.
d.
d.
d.
d.
d.
67
d.
d.
d.
d.

n.
n.
n.
n.
n.
n.
n.

38

60 28

n.
n.
n.
n.

60. 07
n. d.
n. d.
n.d.
0. 06
n. d.
n. d.
n. d.

37.91
n. d.
n. d.
n. d.
n. d.

n
n
n
0
n
n
n

3B
n
n
n
n

d.
d.
d.
54
d.
d.
d.
d.

04

60 04
d.
d.
d.

6.95
n. d.
n. d.

58.53
n.
n.
n.
n.

34.
0.
n.
n.
n.

44

d.
d.
d.
d.

27
d.
d.
d.

7
n
n

57
n
n
n
n

33
0
n
n
n

44
d.
d.
76
d.
d.
d.
d.
lt
3l
d.
d.
d.

n. d.
n. d.
n.d.
n. d.
n. d.
n. d.
n. d.

n. d.
n. d.
n. d.
n. d.

59 47

38 32

98.04 98.62 't00. l9 98.6297.79 98.95Total



haleri teS

/

I 2 3 3

33.21

1.26

n.d.
0. 07

n.'d.

8.62

n. d.

n. d.

n.d.
n.d.
n. d.

n. d.

54.56

8.67

n. d.

n. d.

54.t8
n. d.

n. d.

n. d.

n. d.

33. 05

1.23

n. d.

0.05

n. d.

n. d.

n.d.

55. 55

n. d.

n. d.

n. d.

n. d.

8 49

32.72

l.'t3
n. d.

n. d.

n. d.

97.72 97. 18 97.89

Mineral and
sample no.

El ement

Fe

Cu

Pb

7n

Ni

Sb

As

Ag

S

cd

Bi

Ti

Sn

SULPHIDES

Anaìyses in wt.%

S halerite

8.22

n. d.

n.d.
57.22

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n.d.

3.l.10

0.24

96.78

6

1 0.09

Total

Mineral and
sample no.

El ement

Cu

Pb
7n
Ni
Sb
As
Ag
S

cd
Bi
Ti
Sn

Fe
4.
n.

sl .

n.
n.
n.
n.

33.
0.
n.
n.
n.

35
d.
70
d.
d.
d.
d.
l3
27
d.
d.
d.

4 5l 2 3

n. d.
n. d.
n. d.
n. d.

32.56
0.39
n. d.
n. d.
n. d.

58 39

7.13
n. d.
n. d.

7.25
n. d.
n. d.

58.43
n. d.
n. d.
n. d.
n. d.

32.67
0. 33
n. d.
n. d.
n. d.

I 0.54
n. d.
n. d.

54.46
n.
n.
n.
n.

33.
n.
n.
n.
n.

66

d.
d.
d.
d.

d.
d.
d.
d.

00
04
d.
58
d.
d.
d.
d.
02
22
d.
d.
d.

n.
n.
n.
n.

33.
0.
n.
n.
n.

7
0
n

58
d.
d.
d.
d.
35
30
d.

7
n
n

59
n
n
n
n

33
0
n
0
n

40

02

04
d.

d.
d.

98.66 98.86 100.1'l 99. 5498.47 98.68Total



SULPHIDES

Analyses in wt. %

Mineral and
sample no.

El ement

Fe

Cu

Pb

7n

Ni

Sb

As

Ag

S

cd

Bi

Tì

Sn

Total

259/123.32

eTetrahedri Tetrahedri te
-Tennanti te
2s9/123.32

U'llmannite
268/35.84

I t I 2 l 2I

5. 43

3l .38

n. d.

2.03

3.59

26.37

9.72

I .05

24.38

n. d.

n. d.

n. d.

n. d.

0.14

n. d.

n. d.

n. d.

27.63

56.0'l

2.73

n. d.

ì 4.31

n. d.

0.51

n. d.

0.23

2.91

34.17

n. d.

3. 94

n. d.

30.15

0.50

4.37

24.38

0. 64

n.d.

n.d.

n. d.

4.13

35.7 4

n. d.

2.69

n. d.

29.73

0.36

2.95

24.45

0.ì3

n. d.

n. d.

n.d.

2.27

28.68

n. d.

4.41

n. d.

23.67

3.44

13.28

23.79

0. 37

n. d.

n. d.

n. d.

5.42

36. 28

n. d.

1.82

n. d.

30.58

0.33

1.47

24.16

n. d.

n.d.

0. 05

n.d.

0. 05

n. d.

n. d.

n. d.

27.51

56.90

2.87

n. d.

15.'t6

n.d.

0.41

n. d.

0.26

t00.18 99.91 t00.il
I

I
I

I 03. 95 0l .56 I 03. '16101.06



APPEND]X 5

Fluid inclusion homogenization and melting data and leach'ing analyses.



APPENDIX 5

Fluid inclusion homoq enization and meltinq data and leachinq analyses.

Crushi nq and 'leachin of f'luid inclusions

The crushing apparatus was an agate mortar and lid and a zirconium ball.
These were cleaned thoroughly and rinsed several times with disti'lled water.

They were then soaked in nitric acid (20% HN03) for 30 minutes after which

they were rinsed again.

The selected samples ¡,ere weighed indiv'idually and also cleaned as des-

cribed for the apparatus. This u,as done 'in a tef'lon dish.

The usual precaut'ions were taken to prevent Na and any other contamination

from the body, i.e., handling the mortar and'lid with gìoved hands and the

sampìes and the ball with tongs. After cleaning, the ball and the sampìe were

put in the mortar, being careful not to break the sample at this stage.

Us'ing a previously rinsed'10 ml syringe, 5 mìs of distilled water were

put in the mortar. The water was del'iberately passed over the ball, the sample

and the sides of the mortar. After al'lowing'it to settle for a few minutes,

the 5 m'ls of water were drawn out of the mortar and kept as a blank sample.

This procedure was repeated, thus obtaining a second blank sampìe.

To get the first'leach sample,5 ml of disti'lled water were poured into
the mortar, the lid was put on and the apparatus was then shaken v'igorously by

hand for I minute. It was then left to settle down for l0 minutes after which

2 mls of solution were drawn off. The 2 mls were then made up to 10 mls and

this became the first leach.

For the second leach sample, the 2 mls drawn off were replaced by 2 mls of
distil'led water and the apparatus was again shaken vigorously for I m'inute

after which it was al'lowed to settle for about l5 minutes before drawing off
another 2 mls of solution which was then diluted to'10 mls and labelled

" second 'leach" 
.

The third, fourth and fifth leach samples wereobtained ina similar rnanner,

the only variation being in the time allowed for settl'ing of the quartz frag-
ments before drawing off the 2 mls of solution. This time had to be increased

for successive crushings because the quartz part'icles take much'longer to
settle down as they get finer.

The'leach samp'les were then analysed by atomic absorption in the normal

manner. The M was adjusted for maximum sensitivity and the aspiration rate
was reduced because of the small volumes of the samp'les involved. Chlorine was

determined using a specific ion e'lectrode.



Index and notes for the fluid inclusion data tables

There are seven tab'les, labelled and arranged as shown below:

Tabl e

Tab'le

Tabl e

Table

Tabl e

Tabl e

Tab'le

5A

5B

5C

5D

5E

5F

5G

Carbon dioxide incl usions

Inclusions in f'luorìte
Inclusions in scheelite
(0ther) jnclusions jn quartz

Inc'lusions in quartz from l^l-rich areas and samp'les

Inclusions in quartz from W-poor areas and sampìes

Inclusions that developed new vapour bubbles.

Abbrev'iations:

(see pages 76-77)

C : Concentrated.

D : Dilute; depending on the abundance of daughter minerals etc,
(see text); it was usual'ly poss'ible to tell whether inclusions

in any one samp'le had concentrated or (relatively) dilute
sol uti ons.

L : Large; th'is refers to samples from large quartz veìns, arbitrarily
defined as those veins with wjdths greater than 6 cm.

S : Small; this refers to samples from smal1 quartz veÍns, arbitrariìy
defined as those veins with widths of less than 2 cn-

lst (melting temperature): that temperature at which it was c'lear that the

frozen inclusion(s) had started me]ting. This could only be

recorded for a few inclusions.
Final me'lting temperature which, ideally, should be the freezing

temperature. T, is, in practice, different from the freezing

temperature because of supercoo'ling and formation of hydrates and

cl athrates.
Final meìting temperature of (presumab'ly) solid carbon dioxide.

Homogenization temperature of the whole fluid inclusion.
Homogenization temperature of the carbon dioxide (or carbon

dioxide-rich) phases. This temperature should not exceed 3'loC,

the critical temperature of carbon dioxide.

Last melting temperature (Tr) of a hydrate. In most cases, such

hydrates are believed to have been salt hydrates but some wou'ld

have been gas hydrates (clathrates) - the dist'inction is not easy.

Samp'les in which experiments were done on any suitable fluid
inclusion, without considering whether the inclusions are primary

or not.

T
F

Tr(co,)
THL
rH (co2 )

*

**



Notes for Aopendix 5 (cont'd)

p

d. n. f.
dec

:

: Inc'lusions in fluorite, thought to be definitely primary-

: Incìusions that did not freeze (see text p. 83).

: Inclusions that decrepìtated at the temperatures indicated.

: greater than

: less than

: approximately equaì to
: between

: In Tables 5B-5G, readings along the same horizontal line were

from the same inclusion.



TABLE 5A CARBON DIOXIDE INCLUSIONS : FREEZING DATAl)

Samp
numb

'le

er

2l Ql'.'33( D, L )

262/c'149(D,S)

252/115.5(D,S)

264/81.4(D,L)

2s9/21.4 (D,S)

27 6/q'158 (D )

48/50.4(C,S)
27 4/70.5s (C, S )

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

-57

-57

-54

-56

-64

-52

-54

-54

-55

-56

-57

-55

-56

-56

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

263/137. 7 (c)

269/q'127 (C)

252/170.0(D)

252/130. 30 (D )

252/116.0(D)

Tr (co, )

-57

-56

-60

-63

-62

-63

-60

-63

-66

-68

-64

-65

-60

J

Type of
incl usion

Tr (co, )
Sampl e
number

Type of
inclusion

TABLE 5A 2) CARBON DIOXIDE INCLUSIONS : HOMOGENIZATION DATA

Sampl e
number

DBSzt (C,L) DB52't(C,L)

T

IIB
IIB
IIB
IIB
IIB
IIB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IB

IIB

27

29

29

26

29

30

4
6

B

l0
I

l3
4

12

12

22

28

BSr e(s)
252/11 6. o (D )

IB

IB

IB

IB

IB

IB

IB

IB

IB

IIB
IB

]B

IIB
IB

IB

IIB
IIIB

H (Co )2

6

14

l8
-5

9

l0
3

9

21

22

9

17

28

I

3

25

21

Type of
i nc'l us i on

H (COT
)2

Sampl e
number

Type of
inclus'ion

BSre(s)

DBS]6(C,L)



TABLE 5A 2)
( cont'd ) CARBO N DI0XIDE INCLUSI0NS : HOMOGENIZATION DATA

Sampl e
number

BS]e (s )

7olr 88. 5

252/11 6.0 (D)

252/1oo.30(D)

IIB
IB

IB

IB

IB

IB

IB

IIB
IB

IB

IB

IB

IB

IB

IB

IB

IB

IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB

IIIB

l4
-5

2

5

'n

t6
25

30

7

t4
7

ll
il

6

0

-l
9

23

29

l6
28

26
'15

17

25

20

26

24

24

26
'16

29

12

t6

IIB
IIB
IIB
IIB
IIB
IIB
IIB
IIB

IB

IB

IB

IB

IB

IB

IIB
IIB

IB

IB

IB

IB

IB

IB

IIB
IIB

IB

IB

IIB
]IB
I]B
IIB
IIB
IIB
IIB

IB

l9
23

19

25

22

21

17

21

24

28

27

25

3

5

30

30

l
-3
'10

-12

20
'18

25

28

12

l6
20

3l

30
'18

20

21

17

l4

252/1oo.30(D)

259/21.4(D,S)

264/81. q(0. L)

Type of
i ncl usi on

TH( co, )
'le

er
Samp
numb

T¡(co2 
)

Type of
i nc'lusi on



TABLE 5A 2)
( cont' d ) CARBON DIOXIDE INCLUSIONS : H0MOGENIZATION DATA

Sampl e
number

2s2l17o. o(D)

BS2l (C,S)

zse/21.4(D,S)

48/50.4(C,S)

262/q'149(D,S)

IB

IB

IB

IIB
IIB
IIB

IB

IB

IB

IB

IP
IB

IIB
IIB

IB

IB

IB

IB

IB

IB

IIB
IB

IB

l9
5

l0
12
'15

l6
?

l5
l4

6

4

0

2

3

-9

-4
4

l0
16

27

Type of
inc'lusion H(coz)TType of

inc'lusion
THlcor) Sampl e

number

7

17

t9
9

l0
l5
17

t6
7

l5
12

8

23

21

-9

-3

-2

1

2

7

29

-9

-6

252/l't5.5(D,S)

48/s0.4(C,S)

IB

IB

IB

IB

IB

IB

IIB
IIB
IIB
IIB

B

IB

IB

IB

IB

IB

IIB
IIB
IIB
IIB



na
F

s
.ocMel tin Homoqeni zati on

temþ. (TH)oc
Type of

inc'lusion

TABLE 58: IN CLUSIONS IN FLUORITE

Sampl e
number

42/1oe.l3(D) IIA
IIIA
II.IA

IIA
IIIA
IIA

IIIA
IIA

-47

-49

<- 50

-57

-t0
-10

-'t4

-15

IIA
IIA
IIA
IIA

IA

IA

IA

IA

IA

-4

l6*
-35

-35

-35

147

148

121

l3t
<l 57

218

233IIA
IIA

IA

I
I

I

II
I

II
I

-58

-14

-.l5

-'t l
-13

-14

-t0
-9

36

45

78

10

64

43

I

I

I

I

l
I

l
I

I

I
'l

rvA( P)

IIIA(P)
rrrA(P)
IIA(P)
IIA(P)
IIA(P)

IA

IIA
IIA
IVA

IIA
IIA
IIA

52

28

50

IA

45

45

0*

5*

l4*

-36

15*

l5*
-34

3'l 4/î,86 (D)

121

t75



TABLE 58 (cont'd) INCLUSIONS IN FLUORITE

Sample
number

3ì4/t86(D) IIIA
IIA
IIA
IIA
IIA
IIA

IC

IIA
IIA

IC

r rA( P)

IIA
IIA

IA

IA

IA

IA

IIA
IIA
IA

IA

I]IA
r rA(P)

I IA( P)

r rA(P)

r rA( P)

IIA(P)

-48

n,-50

-50

-50

-47

-48

0*

-14

-'15

-15

-15

-12

-23

-17

-17

-18

I

I

I

II
I

I
I

I
I
I

II
I

-17

-19

-t l
-12

-t0
-10

IA

IA

IA

-21

-15

-14

-13

-'17

-t5
-15

-15

-15

AI
IA

A

132

103

l3l
144

105

Ï11

lt8

192

199

258

-23

I

na
F

s
.ocMe] ti n Homogenizati on

temp. (Tr)oC
Type of

i nc'l us i on



TABLE 5C : INCLUSIONS IN SCHEELITE

Samp
numb

le
er

42/1oe.l3 (D)

Mel tin oc

s na
F

Homoqen i zati on
tem[. (TH)oc

Type of
incl usion

,11

-12

-1'l

-t4

-t5

-40?

-32?

-10

-12

-12

-13

210

212

220

222

224

204

179

230

240

234

214

't80

182

246

206

204

-49

-67

-50

-53

IIA

IIA

IIA

IC

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA

IIA



TABLE 5D: OTHER INC LUSIONS IN OUARTZ

Sample
number

2521100.30(D)** IIA
IIA

IIIA
IIA
IIA
IIA
IIA
IIA

IIIA
IIA
IIB
IIA
IIA
IIA
IIA
IIA
]IA
IIA
IIA
TIA

IIA
IIA
IIA
IIA
]IA
IIB
IIB
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA

252/116.0(D)**

-49

-57

-61

-66

-76(?)
-69

-37

-37

-36

-18

-25

-'18

l5*
17*
'10*

-19

-27

-20
-14

-12

-20
-22

ts8

172

l6t
t64

ts9

170

t73

162

166

197
.l33

180

185

<200

150

-49

-48

-56

-38

-34

-31

-30

-51

-48

-33

-42

-42

-46

-43

-46

-51

-43

-4'l

-44

-73(?)
-36

-15

-16

-25

-25
-25

-22

-'15

-15

4*

-15

-26
l8*

-23

-23

-26
-t5
-21

-23

-23

ì3*
-ì3

6*

-21

Mel tin
na

o

F

Homogeni zation
temp. (TH)oC

Type of
i ncl usi on



TABLE 5D: OTHER INCLUSIONS IN QUARTZ (cont'd)

Sampì e
number

2521116.0(D)** IIIA
IIA
IIA
IIA
IIA
IIA
IIA
IIB
IIA
IIB
IIB
IIB
IIB
IIB
IIB
IIA
IIA
IIA
IIA
IIB

TIIA

IIA
IIA
IIA
IIA
IIA

IIIA
I IIA
IIIA

IVA

IVA

IVA

IIA
IIA
IIA
IIA
IIA

-27

-27

6*

-16

-16

-12

-14

-10

-24

-l 0^-s

-9 ^-4
-5
l5*
3*

4*

12*

27*

l5*
l9*
28*

dec. I 93

dec. 231

dec.3ì3
-25'^-27

-28

-2e(?)
49

-43

-43

252/ q'128 (O¡**

252/170.0(p)**

d.n.f
199

152

6*
'19*

23*

-41

-10

-14

-49

-3t

-'18

dec.300
dec. 279

dec. 258

na
F

oc
Mel ti

st
Homogeni zati on

temp. (TH)oc
Type of

'incl us i on

5l /n l 22(C¡xx

152



TABLE 5D: (cont'd) OTHER INCL USIONS IN OUARTZ

Sampl
numbe

e Homogen i zati on
temp. (TH)oC

173

232

249

212

215

<240

172

192

<l 60

203

246
'190

.l96

r

27 6/158 (D)

269/q'127 (C)

IIIA
IIC
IVA

IIB
IIB
IIB

IIIA
II IA
IIA
IIB
IVB

IIA
IIA

II IA
IC

IIA
IIA

II IA
I IIA
IIA
IIA

-40

-40

-58

-57

-68
<-60

l6*
6*

172

185

159

215

<l 70

166

IIA
IIA
IIA
IIA

-22

l9*
ll*
ll*

-42

-26

-24

-17

I
I

I

I
II
II
II
I
I
I

d.n.f.
-53

IA

IA

IA

IA

IA

IA

IA

IA

IA

IA

166

170

212

147

158

152-20

-14

na T
F

s

ocMe]ti nType of
inclusion

27 4/ry33( D, L )

IIA



TABLE 5D (cont'd): OTHER INCLUSIONS IN TZ

Sampl e
number

Homoqen i zati on
rem[. (TH)oc

27 4/q'33(D,L)

2s6/108.4

259/21.4(D,S)

IIIA
IVC

IIIA
IIIA

IVA

IIA
IIA
IIA
IIA

IC

IC

IIA
IIA
IIA
IIA

IIIA
IIIA
IIA

IIIA
IIIA
IIIA
IIA
IIB
IIB
IIB
IIB
IIA
IIA
IIB
IIA
IIA
IIA
IIA
IIA
IIA
IIA

d.n.f l5s
339
't65

207

387

-4?

-40

-52

-49

-40^-50

-40" -50

-43

-42

-45

-47

-t5
-12

-14

-t3
-21

24

158

162

r 6'l

165

227

252

t58

308

3'13

381

193

274

225

250

263

262

213

187

-20

-19

-l I
-16

-.l5

-.l3

-12

Mel i oc

s
Type of

inclusion



TABLE 5D: (cont'd) OTHE R INCLUSIONS IN QUARTZ

Sampl e
number

259/21.4(D,S)

B52l (C,S)**

IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA

IIIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA

-57

-57

-21

-.l8
-20

-14

-14

-10

-21

-14

-9

-7

-30

-33

-30

-49

-37

-24

-35

-42

-49

-44

-46

-48

-28

-35

-23

-31

,33

-61

-76

-76

-62

-67

-72

-72

-74

-75

-72

-68

-76

-76

195

193

174

283

189

t48

l3l
1s8

160

150

182

153

160

194

>l 90

192

260

224

262

204

216

240

226

236

240

na
F

oc
Mel ti n

st
Homoqenization
tem[. (TH)oc

Type of
inc'lusion



TABLE 5D: (cont'd) OTHER INCLU SIONS IN QUARTZ

Sampl e
number

BS2l (C,S)
**

IIA
IIA

IIIA
IIIA
IIIA
IIA

IIIA
IIA
IIA
IIA
IIA
IVA

IIA
IIA
IIA
IVA

IVA

IIIA
IIA

IIIA
IIA
IIA
IIA

IIIA
IIIA
IIIA
IIIA
IIIA
II IA
IIB
IIA
IIA

IIIA
IIIA
IIA
IIA
IIA

-75

-76
<-67

-40

-74

-69

l9l
269

259

155

208

217

185
'183

dec.405

-48

-32

-30

-20

-26

-29

-49

B52o(C,S)**

DBsl6(c,L)**

-67

-65

-26

-33

175
'165

l6s
>476

405

330

169

166
'l8l

215

213

192

213

217

178

l9t
222

168

ì65

164
'190

230

162

148

155

-68

-68

-69

-45

-43

-46

t
na

F
s

oc
Mel tin Homoqen i zati on

teñp. (TH)oc
Type of

inclusion



TABLE 5D: (cont'd) OTHER INCLUSIONS IN RTZ

Sampl e
number

DBS't6(C,L)**

DB52't (C,L)**

DBslT(C,L)**

Mel ti n
oc

s na
F

Homoqenization
teñp. (TH)oc

Type of
inclusion

-43

-24
-18

-20

-35

-41

-'ls
-27

-32

-25

-32

-28
-27

-49

t96

229

259

180

206

'r,305

215

l9l
>5'15

r46

130

327

234

405

209

146

158

t4l
152

203
'19'l

192

196

325

A

IA

]A

IA

IA

IA

IA

IA

A

A

A

I

IIIA

IIA
IIA
IIA
IIA

IIIA
IIIA

II
II
I

IIA
IiA
IIA

IIIA
IIIA

ITA

I

I
I

I

II
II
II
II

-69

-34

-60

-71

-66

-58

-59

-59

-66

-54

-70

-67



TABLE 5E: INCLUSIONS IN OUARTZ, FROM hl-RICH AREAS AND SAMPLES

Sampl e
number

263/137 .7 (c)

252/115.5(D,S)

Type of
inclusion

Itin tem oc Homooeni zati on
tem[. (rr)oc

IIA
IIA
IIA

IIIA
IIIA
IIA
IIA

IIIA
IIIA
IIA
IIA
IIA
IIA
IIA
IIA
IIA

IIIA
II IA
IIIA
IIA

IIIA
IIA

I IIA
IIIA
IIIA
IIA
IIA
IIA

IIIA
IIIA
IIA
IIB
IIB

-73
<-70

<- 68

<-69

-63
<-66

<-66

<-66

<-66

<-65

-64( ? )

t73

185

189

218

279

172

186

197

198

186

199

341

189

205

211

263

271

238

<250
.l69

dec. 263

240

-30

-42

-48

-45

-35

-32

-33

-38

-24

-46

-25

-44

-41

-32

-19

-66 -'19

Finaì (Tr)lst



TABLE 5E: (cont'd) INCLUSIONS IN OUARTZ. FROM W-RICH AR AND

S le
ern

amp
umb

25211'1 5. 5 (D, S )

48/50.4(C,S)

2541148. r (D)

SAMPLES

o
C

na
F

s
Mel tin Homogenization

temp. (TH)oc
Type of

inclusion

-62

<-64

<-64

<-64

<-64

7*

-22

-17

-27

-24

-14

-24

-9

-29

-32

-20

-19

-17

-7

-5

156

>350
't59

t58

IIIA
I
I
I
I IA

A

A

A

IA

IA

IA

IA

I
I
I
I

I
I

IIA
IIA

IIIB
IIA

IA

IA



TABLE 5F: INCLUSIONS IN QUARTZ, FROM l,J-POOR AREAS AND SAMPLES.

Samp
numb

le
er

264/81.4(D,L) IIB
IIB
IIB
IIB
IIB
IIB
IIA
IIA
IIA
IIA
IIB
IIA
IIA
IIB
IIB
IIB
IlB
IIA
IIA
IIA
IIA
IIA
IIA
IIB
IIA
TIB

IIB
IIB
IIB
IIB
IIB

-27

dec.208
dec. 247

dec. 209

dec. 214

244

143

dec.204
215

dec.208
178

137
.¡40

-25

-62
<-60

l*
-'ls
-6

-12

-14

-5

-.l5

-27

-22

-25

-22

-14

-17

-17

-8
-R

-7

l*
3*

l*
0*

-33

-2e(?)
-28

-25

-28(?)
-26

na
te oç

F
s

Mel ti n Homoqen i zati on
temþ. (TH)oc

Type of
'inclusion



TABLE 5F: (cont'd) INCLUSIONS IN QUARTZ, FROM l'l.POOR AREAS AND SAMPLES

Sample
number

274/7o.s5(C,S)

262/¡'149(D,S)

na
F

oc
Mel ìn Homooeni zati on

temþ. (rr)ocS

Type of
inc'lusion

-29

-23

-30

-27

-33

7*

-32

-19

-23

-'19

-21

-26

-33

-30

-25

-24

-20

178

175

172
'r7l

d.n.f
d.n.f
d.n.f
d.n.f

-67

-66

-65

-64 ^-69
¡,- 69

-66

-65
n"- 65

.,r- 65

.v- 65

I

II

IA

IIA
IIA
IIA
IIA

C

IA

IA

IA

IIA
IIA
IIA
IIA

IIA
IIA
IIA
IIA
IIA
IIA
IIA

IC

II
I

I



TABLE 5G : INCLU SIONS THAT DEV ELOPED NEhl VAPOUR BUBBLES AFTER HOMOGENIZATION

Sampl e
number

First homo
temP.

gen izatì on
oc

Temperature at whjch
new vapour formed/

was observed

256/108.4

269/q'127

ll!/r 33

314/228

2s2/115.5

l58

?

168

?

<l 60

211

?

?

298

300

325

313

183

242

270

273

338

381

>41 I

370

<30.|

,r'259

321

367

Second
homogen i zati on

temp. oç




