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ABSTRACT

Mineralisation in the Grey River Tungsten Prospect,
Newfoundland, is contained within a swarm of quartz veins
and fractures which traverse the contact befween a shearéd
Devonian '(405 bt 10 Ma) K-feldspar megaqrystic granite, and
Jmetamorphic rocks which are typical of the gn%ﬁssic terrain
of the Gander Zone. The mineralisation is genetically
related to a suite of post-tectonic, highly differentiated,
alkali-rich leucogranite dykes.

The tungsten—bearing hydrothermal veins, dated at 330
Ma, range from.tensional fractures and veinlets to lodes
containiné several injections of qua . The mineralisation

is divided into four stageé; the Early Stage; characterised

by quartz-feldspar-molybdenite veins; the Compasite Stage,

consisting of five vein types (in paragenetic order),
quartz-bismuthinite, guartz-wolframite (Fe-rich), greisen,
quartz-sulphide, and quartz-wolframite (Mn-rich) veins; the

Sulphide Stage, characterised by silver-bearing quartz-galena-

sphalerite veins; and thevLate Stage, composed of zoned
- fluorite—calcite-~-barite veiné. R spatial mineral zonation
from south to north matches the 'temporal sequence outlined
above, with the exception of the Late Stage veins _which
crosscﬁt Composite Stage veins.

Fluid inclusion data indicate a complex evolutionary

history for the hydrothermal fluid. Initially a homogeneous

supercritical fluid (X, = 0.4) with a density of 0.65 g/cc
2 ' .
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deposited quartz-feldspar-molybdenite veins at temperatures
of 450-500°C and fluid pressures of 1200-1400 bars (120-140
MPa). The simultaneous trapping of C02—rich and Hzo—rich
" . f£luid inclusions, as well as solid inclusions of calcite
in quartz of the quartz-bismuthinite vein type is evidence

for the existence of an immiscible heterogeneous fluid

during this stage of mineralisation. Fluid phase equilibria
g .

indicate immiscibility occurred at temperatuxes of 390 - 4306

and fluid. pressures of 1000;-12_0(; bars (100-120 MPa). Oxygen
isotope data indicate: that gf-eisen alte‘ ation halos of/./'the
composite lodes were: foi:;\ed at temperatures between 350-400°C.
In fhese lodes quart(sulphide and quartz-wolframite A
veihs were deposited ‘in c‘>pen spaces created by normal faulting.
These movements prompted rapid decreases in flaia pressur‘e'_
and tenmperature and caused retrograde boilimjv of the hydro-
thermal fluid (at 350 bars and 300-390°C) during deposition
of quartz—sulbhide veins. Deposition of wolframite in
quartz-wolframite veins occurred a':t 270-330°% and f1luid

pressures less than 350 bars, *from an aqueous fluid of low
- » .

salinity (< 0.5 wt% NaCl) and CO, content (< 10 bars R
: 2

and after separation of a C()2 vapour -phase by retrograde.

bdiling.

ealculated 8180H o Values indicate a progressive deple-

2

180 ‘isotopié composition of the hydrothermal fluia ™~

tion in
with time (7.3 ©/oo to 0.5 ®/oc). The depletion is due to the
loss of 40 mol% co, from the hydrothermal fluid by immisci-

" bility and retrograde bdiling, and subsegquent fractionation

I3
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effécts. The oxygen igotope data suggest that the hydro-

A o, 0 S et

 § ‘thermal fluid was dominantly of magmatic origin.
Heavy REE enrichment ‘and _light REE depletion durin%
. ~ greisenisation indicate extensive REE mobility, and imply

s both that C032- was the dominant anionic species in the

hydrothermal fluid and that mobilisation of REE occurred

by REE carbonate complexing. A positive correlation between
heavy REE enrichment aﬁgthigh‘tungsten concentration sugéests
that REE moblllty is related to tungsten transport. Together
with the fluid 1nc1usxon evidence these data suggest that - |
the transport of tungsten in hydrothermal fluids might be

due to carbonate/bicarbonéte complexing. T : ’
‘ - _ - The fluid inclusion and. isotopic data from the Grey

’ ~ River Tungsten Prospect serve to illugtrate the previously

unrecognised role of co, in the transport and deposition

)///’\ »  of tungsten in the hydrothermal envircnment.
y * -
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"There is no necessary connection between the size

of an object and the value of a fact and ... though the
objects I have described are mimute, the conclusions to

be drawn are great."

~—

H.C. Sorby 1858
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CHAPTER 1

INTRODUCTION

1.1 LOCATION, TOPOGRAPHY, AND ACCESS

The Grey River Tungsten Prospect is located at the
village of Grey River.(Lat. 47° 357; Long. 57° 10'), one
kilometer from the entrance of Grey River fiord on the
south coast of Newfoundland (Figure 1.1).

The village o£v250 people, established in the 1820's,
is built on a small triangular alluvial fan about 150 m
by 200 m in dimension. ‘It is bordered on two sides by
cliffs, which rise steepiy to 250 m above sea level,‘and
on the third side by Grey River. The nearest major settle-
ment, Burgeo, lies about 40 km west along the coast, and
Ramea, a minor fishing port, lies 18 km offshore to the
'soutﬁwest, on Ramea Island. (7\

The Grey River area is dominated topographically by
" two features - the barrens, and the Grey River fiord. The
barrens represent an eroded peneplain {Twenhofel and

MacClintock, 1940), and has an elevation ranging between

—

250 m amd 350 m above sea level. 1In detail, the surface of
.the barrens is rugged, cut by many qullies and dotted with
numerous ponds, bogs and depressions. Large lakes occur
along glacial valleys and depressions controlled by

régional faﬁlt systems. Major vegetation is poorly developed
except along portions of the Grey River fiord.

The peneplain is dissected by overdeepened glacial

valleys - fiords - which now provide egress for Grey River 5\
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to the sea coast. The fiord extends 10 km north of the
sea coast and branches into three arms - northwest,
northeast and southwest.

The area is accessible only by float plane or coastél
ferry service from)Fortune, Terrenceville, Or Portjauxj-‘l

Basques, but access is hampered by the hostile south coast

)

climate. .
1.2. HISTORY OF DEVELOPMENT

Early in the‘}950's Mf Henry Rose, a trapper from
Grey River, dispatched several "mineral” samples to ‘
geologists of Buchans Mining Cé. Ltd. One or more of the
samples contained cagsiterite and silver but the sample -
locality was unkndwn. The area was prospected in 1955 by
Buchans Mining Co. ﬁersonnel and several occurrences of -—g)
ecoggéaﬁ minerals were reported. The source of the tin and }j ~

silver eluded the prospectors, however veins containing
tungsten‘minerals were found south of Long Pond near the
village of Grey River.

The following‘years saw extensive development work
completed on the prospectJ?nd petween 1956 and 1958 over 300
veinlets were delineated by trenching and mapéing. Soil
geochemical pr?spection was useful in delineating the over-
all dimensions of the mineralised area but its use in

“finding individual veins was limitéd prima;ily bécause of
poor soil development{ltﬂe lack of drainage and the occur-

rence of hundreds of small £ungsten—bearing'veins in the

area. South of Long Pond a mineralised area 1 km by l'km

A

F'}’ <
s
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trending N 20 E was outlined by this method. Anomalies

‘north of Long Pond indicate an extension of the mineralised

area to the North.
-~ The major veins south of Long Pond were trenched and
sampled in the 1956-1957 field seasons and only two appeared

to contain economic grades (Vein $10, #6) . During this time

. the general geology of the area was compiled on a scale of

1" to 100 feet. In 1957 1400 m of drilling was completed

mainly to determine the behaviour of vein #10 at depth.
Concentration tests were made on two samples of ore from
the prospect by the Mineral Processing Division, Dept. of
Mines, Ottawa (Mathieu, 1961).

Numerous scheelite and wolframite occurrences were also
found in an area 15 km north of the Grey River Tungsten
Prospect., The area was prospected in 1957 using both soil
and stream geochemlcal sampling, but detailed geologlc

poorly® known. Most occurrences in the north-
east branch of Gxey River occur as float, with in situ veins
within high grade metamorphic rocks.

The prospect lay dormant till the late 1960's when an

adlt was excavaf{ed to explore the largest of the vems,.

Vein #10. The portal is situated on the cliffs above Grey

Ri\)er settlement (13 m above sea level), and p_roceeds

horizontally underg'ro'und northwards for nearly two kilo-
meters. 'The northern ﬁalf of the total strike length of
Vein #10 expos‘;eq on surface (250 m above sea level), was

intersected at adit level and channel and chip samples were
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taken for assay. Bulk éamples (250 tonnes) from 26 raisesv
in the adit were shipped to Ottawa for assay aﬁd pilot
plant tests (Mathieu ;and Bruce, 1970; Raicevic and Bruce,
1971).

At that time an overall grade for the prospect of 1.09%

WO, was calculated from bulk samples, channel samplés and

3
drill core intersection assays. Reserves were estimated at
360,060 tonnes assured and probable and 160,000 tonnes
possible. 1In all a total of 68 drill holes wére completed
(mainly Ex core) for a total lengﬁh of 4963 m (16,282 feet);
3834 m from surface drilling and 1129 m in the adit.

Excavation ceased on the adit in/_l/971' and development
work on the prospect has been a“t;_,a/s;:andstill since then.
Total expenditure on explgl;afidn from discovery to present
day is estimated to be“/i/éss than $1 million. The Grey River
Tungsten prospsect is/presently owned jointly by Abitibi-
Price Mineral Resources and ASARCO.

A silica prospect ( orthoquartzite) occurs 2 km ést )
of the Grey River Tungsten prospect. Recent drilling and
evafuation by the Newfoundland Department of Mines (Butler
and Greene, 1976) has delineated 12 million tonnes of 95.5%
"silica. This yields an 8th quality glass (suitable for

making brown bottles!) after a simple benefication process.

1.3. PREVIOUS HWORK

Two graduate students have presented theses on the
Grey River Tungsten prospect. Bahyrycz (1957) t;riefly

described the mineralogy and sfructure of the prospect and

elaborated ori the metamorphism of the sedimentary and vol-
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canic rocks of the area. Gray (1958) dealt mainly with
ore mineralogy and the origin of the deposit.

The Grey River area occurs on the boundary of two
Geological Survey of Canada maps (Riley, 1959; Williams,
1971). A number of unpublished company reports and maps
are available (Bahyrycz, 1956; Higgins aﬁd Swanson, 1956;
Kadowacki, 1957), and several metallurgical reports
(Mathieu, 1961; Mathieu and Bruce, 1970;: Raicevic and ﬁruce,
1971).

1.4. PRESENT STUDY

This thesis is directed towards the formulation of a
model f.or the genesis of the Grey River Tungsten Prospect.
Ore formation requi‘res a source, both'of the ore-forming
elements, and the transporting medium. Also sufficient
energy must be av\ailable to promote their transfer to a site
of deposition which is governed by ‘structurai and physico-

chemical controls. Any model describing the genesis of an

ore deposit must evaluate these parameters.

The excellent underground and surface exposures of the
mineralisation in the Grey River prospect facilitate sampling
for a detailed study on the transfer and deposition of
tungsten in the hydrothermal environment. Furthermore,
underground exposures provide evidence of the chemical and
structural development of the deposit that was unknown
previously. This allows new exploration criteria to be
established both on local and more regional scales.

In oxrder to fully evaluate these aspects a muli;i—

directional research approach was sought utilising fluid
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inclusion techniques, major and trace element geochemistry

(including REE analysis), stable isotopes, and radiometric l

dating techniques.
Field and laboratory work was completed during the

period September 1976 and August 1980.
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CHAPTER 2
THE GEOLOGICAL AND GEOCHEMICAL FACTORS CONTROLLING

THE DISTRIBUTION OF TUNGSTEN

® >, 1 TUNGSTEN CHEMISTRY

Tungsten, a member of the third transition series,
belongs to Group VI of the Periodic iable along with
chromium and mol_ybdem;m.“ There is considerable chemical
coherence between molybdenum and tungsten resulting from
the reduction of the 4f shell with progressive addition
of electrons in the Lanthanides - the Lanthanide contraction.
However, molybdenum and tungsten separate in nature because
of the tendency of molybdenum to form M082 ?nd tungsten to
form tungstates. The differencé is apparent in the free
energies of the two reactions. ‘

MoS, + 1.5 0, = MoO; + S, NG00 = -80.6 Keal.  (1.1)

WS, + 1.5 0,45 WO3 + S, AG7oo° = -107.5 kecal. {(1.2)
At concentrations of oxygen and sulphur to be expected in
hypogene environments, the first equilibrium would favour
the sulphide and the second the oxide (Krauskopf, 1970).

The similarity of energy levels of the 5d and 6s

shells allows oxidation states ranging from.w6+ to Wo, however

the higher oxidation states of tungsten are more stable than
lower oxidation states. A characteristic feature of tungsten
is its ability to form a wide number of polytungstate acids

and their salts, but the naturally occurring compounds of

tungsten are limited to the tungstates and hydrated tungstates.

An ‘exception is tungstenite, a rare tungsten sulphide. The

R, ‘“‘W/’"‘ I gl

e
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complex hydrated tungstates together with fussellite,
sanmartinite and stolzite are common as alteration products
after the hypogene tungstates, wolframite and scheelite.
Limited solid solution exists between wolframite and
scheelite (Grubb, 1967; Chang, 1967), although a broad
immiscipility éap persists at low temperatures. Solid
solution has been demonstrated between scheeiite (Cawo4) and

powellite (CaMoO4) (Hsu and Galli, 1973). However the two

as an alteration product of molybdenite (Hsu, 1977). Chang
(1967) reports a complete solid solution in the synthetic
system between scheelite and stolzite (PbWO4). The chemistry
of secondary a2lteration minerals is rather complex and

R ,
there is a pcssibility that a four-way solution may exist of
the type (Pb, ca) (W,.Mo) O, (Clark and Sillitoe, 1970)."
Complete solid solution within wolframite exists between
the end members ferbérite (FeW04) and huebnerite (an04)'
and variation of the ratio of Fe/Mn in wolframite has been
related to changing thermal conditions (Hosking and

Polkinghorne, 1954). The contradictory evidence exposed

by Taylor and Hosking (1970) suggests that other mechanisms

are responsible for the changing Fe/Mn ratio within deposits.

" Recently Hsu (1976) has shown experimentally that Fe/Mn
variation of the wolframitg series cannot be used to
evaluate such physico-chemical variables as ‘foz, pressure
and temperature. Neither 1502 nor fsz exerts any noticeable

influence on the composition of wolframite (Hsu, 1976), and

the Fe/Mn ratio is probably controlled by the activities’bf

T ] 6

Com wemeata s
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Fe and Mn in the hydrothermal fluids (Clark, 1970).

2.2 CRUSTAL ABUNDANCE

Data pertaining to the crustal abundance of tungsten

are scarce due to its relatively low concentration and

difficulties with analytical prosdures. Krauskopf (1370)

listgg gseveral tables of tungsten concentrations for
diffei{ing rock types, and for concentrations in si;icate
and non-siliéate minerals. Generally, felsic rocks

exhibit uniform concentrations of tungsten around 1-4 ppm.
This has led people to suggest a Clarke concentration of
1.5 ppm (Krauskopf, 1970). Many felsic rocks have tungsten
concentrations much greater than the Clarke value even
when not associated with ore deposits. This is indicative
of the tendency of tungsten (and@ molybdenum) to remain in
a residual crystallising melt (Kosals and Mazurov, 1970) and
reflects a slightly higher concentration of the element

in mineral phases which crystallise la'te in the intrﬁsive
granite. Such an enrichment is predicted on ¢rystallo-
chemical grounds, particularly the high ionic potential of
the w6+ ion.

The limited data indicate a possible increase in
Clarke values from ultramafic to felsic. rocks, and tungsten
values are often enhamced in granites with some degree of
alteration. This is especially true of greisen alteration
where tungsten conteént increases dramatically with degree
of muscovitisation (Ivanova, 1963, 1969; Hall, 1971).

Molybdenum does not follow this enrichment and values are
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close to those for unaltered rocks (Ivanova, 1963, 1969).

The Clarke value for arenaceous sediments is approx-
imately the same as felsic rocks, and carbonates fall
within the narrow limits of 0.2 ppm to 0.7 ppm (Foster,
1973). There is a tendency for carbon-rich sediments to
be enriched in tungsten relative to those that are carbon-
deficient, and anomalously high concentrations are known
from some recent sediments. Up to 130 ppm are recorded
from the Black Seg sediments and 16-18 ppm from red clays

- of the N.E. Pacific (Krauskopf, 1970).

Amongst tﬁe silicate minerals, feldspar and quartz
contain quite large (0.1 - 1.3 ppm) amounts of tungsten
(Ivanova, 1969; Ivanova and Butuzova, 1968; Krauskopf, 1970)}.
This seems upusual in light of the abparent incompatibility
of the small, highly charged ion with silicate structures.
It is possible that tungsten is present in fluid inclusions
within the phases or within crystal defects. The former
mechanism might also be applicable to the quartz associated
with greisenisation; Biotite and especially muscovite are
knqyn to contain very high cdhéentrations (1-70 ppm)
of tungsten, even in rocks devoid of mineralisation (Krauskopf,
1970). The high cation-exchange properties of micas are
well known, andrthe high tungsten contents aie possibly due
to an isomorphous replacement of the octahedrally coordin-

\

ated aluminium (Foster, 1973).
3+

The H6+ ion, having a similar ionic radius te Fe

and Ti4+ readily enters such minerals as magnetité, ilmenite
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and sphene. It‘has been noted that the elément'is readilyv
leached from these accessory minerals (Lyakhovich and
Balanova, 1969), which suggests that isomorphous substi-
tution may not be the dominant mechanism (Foster, 1973).
Extremely high concentrations of tyngsten are found
in manganese minerals such as psilomelane and pyrélusite.
These minerals are known in épithérmal deposits (with quartz
and carbonate) as supergene alteration products of other
primary manganese minerals or as precipitates around hot
" springs. Concentrations of up to 8.8 wt% WO, have been
-reported in manganiferous clays at Golconda, Nevada (Hewett
‘ and Fleischer, 1960). |
The mobility of tungsten in natural waters is thought
to be slight and although the data are limited, the tungsten

A}
contents of waters in the vicinity of ore deposits appear

. , .o, :
to be somewhat elevated (Kraynov et al., 1965); that is,
greater than 1 ppb compared to 0.3 ppb in average river water

(Riley and Chester, 1971). It is suggésted by Kraynov et al.,

(1965) that high tungsten concentrations are possible in

alkaline carbonate-rich waters with a pH greater than 6.

2.3 GEOLOGICAL OCCURRENCE OF TUNGSTEN DEPOSITS

Both wolframite and scheelite are known to occur in a ,
widesvariety of ore deposits. Most of these depdsits can
be attributed to plutonié activity, with the development . o
of skarns, veiqs ;nd greisen deposits in close spatial ' L
relaFion to granitic intrusions. Recognition of syngenetic

stratabound deposits and deposits of metamorphic origin

7 BRI BN
R vt sy wal T




are recent developments.
' 2.3.1 Pegmatites
Pegmatités containing scheelite or wolframite or both
have been reported in many parts of the world and are often
closely associated with tungsten-bearing quartz veins |

near the contdcts of intrusive rocks.- Considerable

controversy surrounds deposits that have been termed

pegmatitic, mainly as a result of the mis-identification of
so-called pegmatites. Most, if not all, tungsten-bearing
pegmatitic deposits are probably more correctly described '
as gquartz lodes. Wolframite and scheelite have rarely '
been described as accessory minerals in igneous roqks
(Stemprok and Sulcek, 19@9) and then are not magmatic, but
the result of hydrothermal alteration {Foster, 1973).
However, Hsu and Galli {1973) described a scheelite-bearing
pegmatite dyke from the Oreana Mine, Nevada, where the
mineral is aséociated with quartz,‘oligoclase, potash
feldspar, muscovite, beryl, fluorite and minor accessories.
For the most part pegmatite deposits are small and have
yielded an insigﬁificant portion of world tungsten production
in the past.

2.3.2 Skarn

These deposits are a product of high temperature
replacement and recrystallisation of pure and impure lime-
stones and dolomites, at or near the contact with intrusive -
igneous rocks. They are produced basically by two processes

- i) a simple thermal metamorphism of impure carbonate

strata followed by ii) an additive metasomatic event caused
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by the migration of a hydrothermal fluid generated from

a magmatic iptrusive (Taylor and-D'Neil, 1977). Major
features of the metasomatic procéss in skarn bodies involve
the removal of carbonate components ca0 and CO2 and

addition of considerab;e quantities of Sioz, A1203 and total
’iron.

Skarns reported from gneisses of Fhe Bindal area,
Norway, are regarded as reaction skarns (metamorphic skarhs)’
which were formed solely by exchange of material between
the limestones aﬁd bordering supercrustal rocks. The skarn§
were formed during the peak of metamorphism and migmatisation,
the granites themselves having no direct influenée on their
formation (Skaarup, 1974).

Scheelite is essentially restricted to the skarn
bodies rather than the calc-silicate hornfels and appears
to be deposited durihg the early formation of the skarn
silicate mlnerals, per51st1ng to lower temperatures in cross-
cutting quartz veins (Kerrlck 1977; Taylor and 0'Neil, "1977).
Scheellte is seldom unlformly distributed in skarn bodies
but in mapy mines is found in fairly well defined shoots
or concen%rated along certain bands in the skarn. In most
places the skarns form sharply bounded bodies whose shape
and dlstrlhutlon are controlled mainly by the contact of

the associaged intrusive rock and the structural orientation

and chemicalipgcuriarities of the favourable host rock.

Deposxts ranée in size from small isolated-pods scattered

along an 1ntru51ve contact to massive bodies comprising




- 15 -

millions of tons. Typical grades fall in the range 0.5 =
1.5% WO, with 1% WO, being an average concentration. While

they are the principal commercial source of tungsten in
*

North America, skarns place second to quartz veins as a
’,

commercial source on a worldwide basis.

2.3.3 Quartz Veins

Tungsten-bearing quartz veins are widely distributed
;nd account for more than three quarters of the world's
known reserves of the metal. Like skarn deposits they are
generally associated épatially, and in most c;ses gene-
tically, with plutonic rocks of granitic composition.; |
Deposits, commogly consisting of sheeted systems of veins,
occur near the contacts ofvthe granite either in the “
border zonés of the granite or in adjacent country rocks
or in both. Being mineralogically simple most tungsten-
bearing veins consist of guartz with scheelite and/or
wdlframite and minor amounts)of sphalerite, galena,
chalcopyrite, pyrite, pyrrhotite, molybd%nite, cassiterite,
and arsenopyrite. Fluorite, feldspar and calcite may be
present as gangue minerals.

The metallogenic,digtrict of south-west England provides
excellent examples of granite-related vein systems contain-
ing tu;gsten (and tin) mineralisaﬁion. Lode mingxalisation
began in the late stages of the emplacement of a Permo-
Carboniferous granite batholith into a lower Paleozoic

geosyncline (Rayment et al., 1971). The present erosion

level hés'revealed several of the higher level portions of
E
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this batholith which are associated with numerous sheeted
vein complexes (e.g. Cligga Head, Hemerdon Bell) and
vein-lode systems (Sth.Crofty and Geevor Mines). The
sheegéd vein complexes ocdupy the earliest brittle fractures
to form in the cooling intrusion and are thus confined to |
granite cusps (Moore, 1977; Moore and Jackson, 1977). The
vein-lodes occupy fissures in a conjugate system of normal
faults, the fissures being produced as a part of a regional
stréss systen imposed by the underlying batholith {(Moore,
1975, 1977). |

Tunésten—bearing quartz veins often have associated
greisen alteration produced by reaction between the hydro-
thermal fluid and wallrock. Greisen alteration assemblages
a;e dcminated by quartz-muscovite-fluofite but a number of
accessory minerals may or may not be present,'for example,
topaz, tourmaline, and wolframite. Greisenlalteration can
ocgur as’an envelope to aAquartz vein (Hall, 1971; Moore and
Jackson;1977) or more pervasively (Shepherd et al., 1076) .
puring greisedisafion trace elements such as F, Li, Rb, Sn
and W are concentrated, whiielua is decreased relative to
unaltered rocks (Hall, 1971).

Tungsten-bearing quartz veins are typical hydrothermal
vein deposits, being tabular bodies that vary greatly in
length, width, and depth. Although most sheeted vein
systems have quite large diménsions, individhal veins tend

to be discontinuous and pinch and swell over relatively

short distances. Within these component veins, tungsten

3
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minerals have a generally erratic distribution, their
deposition from the hydrothermal fluid being controlléd

by such factors as pressure, temperature, structure, wall
rock alteration and chemical composition of the fluid.
Such patchy distribution is.commqnplace and makes explor-
ation and exploitation extremely difficult. While local
concentr;tions of tungstén in veins can be quite high, the
average grade from productive veins is close to 1% woa.

Not all vein deposits are genetically associated with
igneous rocks and processes, in fact there is considerable
evidence for the involvement of metamorphic fluids in
hydrothermal ore deposits, especially those of the gold;
tungsten association. Many vein deposits previously
assigﬁed an igneous-hydrothermal or%gin have been reclas-
sified as products derived frém dehydration reactions during
prograde metamorphism (Henfg? EE_EL'; 1976;: Kerrich, 1977;
Kerrich and Fryer, 1979). Such fluids leach trace’metals
from the metamorphic rocks and are focussed in zones of
dislocation where they migrate to higher crustal levels

and deposit ore-bearing lodes when certain physico—chemiéal

e

.

conditions are reached.

2.3.4 'Stockwork and Related Deposits

There exists a number of tungstén deposits in which the

tungsten minerals do not form bodies of skarn nor discfete

¢

hyq;othermal vein systems but occur as_fracture fillings

.

and replacements in stockwork and breccia zones. Two types

of deposits are evident; tungsten asspciated with molybdénite—

1.
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bearing porphyries and tungsten ass;aciatced with multi-metal
poxrphyry (typicAally breccia pipe) Aepos‘its.

. Huebnerite occurs in small ‘amount;s disseminated
through large volumes of the porphyry molybdenite ore body
_at Climax, Colorado. Although the grade of the tungsten

of 1 percent, the-

huebnerite is recovered as a byproduct. -of the large scale
~mining of molybdenite and now constitutes a significant
source of the United States supply of the metal.
Wolframite concex;trates are produced from several
breccia pipe-like deposits in- Australia and elsewhere.
These tontain significant quantities of other metals,
including bismuth, tin, m'olybaenite and copper. The
aeposits occur in a subvolcanic setting in breccia pipes
related to volcanic rocks and in most cases are thought to
be genetically related to the host rock
A W-Mo-Bi stockwork dep(:;it occui‘s at Mt Pleasant (New

Brunswick) and is associated with two subvolcanic plugs of
quai‘tz—feldSpara porphyry (Dagger, 1972). 'Hin;ralisati_qp is
intimately related to the volcanic phase since volcanic
breccia in part postdates the mineralisation. The W-Mo-Bi
mineralisation-occurs w'ithin the"plutjs on joinf surfaces, and
disseminated throughout the rock. Subeconomic tin, copper
and‘ zinc mineralisation octur mainly as >irregul’ar replace-

ments in the contact zones between volcanic plug and wall

rock. - A distinct zoning patirn is evident, with a central

wolframite core passing outward into a cassiterite zone.

-

LY
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then a sphalerite-chalcopyrite-galena zone. ROck alteration
is centered‘,on the two plugs and is a broadly zdned
greisen-type aiteration bassing outwards into loritisation

with silicification {Dagger, 1972). .

\

2.3.5 Stratabound Scheelite Deposits  \,» A

In recent years a-number of stratabounci’ depogyzs have
been found in the early Paleozoic rocks of the Europe.na\ﬁ‘ }
Alps (Maucher, 1965, 1976; HOll et al., 1972; Holl, 1977).\
Two generations of scheelite-bearing ore occur within lower
Paleozoic sediments consisting of ‘g‘raphitic schists
alternating, with layers of metatgffs;"and dolomites. The
first generation consists of massiv‘e to banded streaks and
lenses of mostly fine grained stibnite, without gangue
minerals, but: with irregular, dispersed patches of scheelite.
The ore is generally restricted to onme bed of either graph-
_itic and sericitic schist or quartzite or dolomite, above
almﬁetavolcanic tuff horizon. Locally synsedimentary-
diagenetic fabrics are preserved within the ore horizon,
e.g. rhythmic bedding, glide folds etc. (HS1l et al., 1972).

The second generatlon consists of short fissure veins
whlch cut the ore horizon of the first generation. These
metamorphlc veins are malnIY filled by quartz or calcite
dependlng on the lithology of the transected rocks.
‘Scheelite and other ore minerals within them are derived

by remobilisation of primary ore and the veins are generally

spatially associated with the primary ore horizon. Of the

. ore minerals scheelite, cinnabar, and stibnite, scheelite

Y
&
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" is remobilised the least, with increasing mobility in

the metamorphic environment being observed for stibnite‘
and cinnabar. In fact later orogenic processes have
reimobilised many stratabound cinnabar and stibnite occur-
rences, to form younger epigenetic deposits ‘(Maucher,
1976). ~ ,

For a variety of reasons, researchers conclude that the
primary ore was deposited contemporahedﬁsly with its
surrounding volcanic-sedimentary host rocks and are
related to deep-seated magmatic sources in a volcanic-
hydrqthérmal system. Similar strat;bound de_posi'ts az;e now
recognised‘aroun‘gi the world and range in age from Precambrian
to Silurian (Skaarup, 1974; Stumpfl,‘1976).

2.3.6 Other Deposits

Several unusual occurrences of high concentrations of

tungsten are known from hot springs ;qpa Krines. A small
.bu't highly anomalous amount of WO3 is present in the saline
brineé of Searles Lake (Carpenter and Garrett, 1959) and

to a leser extent in Owens Lake, both of which are part

of the Pleistocene Owens River interior draimage system in
eastern California. Searles Lake occurs in a region of

many small tungsten deposits from which much of the tungsten
in the brines was probably leached. Carpenter and Garrett

(1959) note that one of the many springs feeding into

Searles Lake contains 240 .ppb tﬁnésten and thus may have

confributed to the total tungsten that collected in the

lakes.

Tungsten in Searles Lake occurs as a solute, probably
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4s a complex ion in the brines and concentrations vary from

40 to 'h!&pm WO3. The calculated amount of.Wo3 in the brines

is thought to be 8.5 million s.t.u. of W03, more than half
the known reserves of the United States.,

Many manganese- and iron-oxide deposits- contain signifi-

cant amounts of tungsten (Hewett et al., 1963). These
deposits, formed at or near the surface, comprise various

. : . s . . s . ¢
mixtures of manganese and iron oxide in surficial alluvial

material, as hotspring aprons, ox as near—-surface veins.
One of the largest deposits known occurs at Galconda,
Nevada, where tungsten-bearing oxides occur within a
Pleistocene fanglomerate (Kerr, 1940).

, Alluvial deposits are relatively rare because of the
extrxeme friability of tungsten minerals in the weathering
enviromént (and during ore benefication - a curse for the
metallurgist!). Some alluvial deposits are woz;ked espec—

ially on the African continent (e.g. Zaire).

2.4 PLATE TECTONICS AND TUNGSTEN MINERALISATION

Many authors have—attempted to relate the genesis
of mineral deposits to plate tectonics’ Se.g. Mitchell and
Garson,v 1976; Pereira and Dixon, 1971). Plate tectonics
cannot yet conclusively explain where metals in the ore
deposits originated from, but it may explain the origin of
rocks hosting the ore in terms of global theory.

Generally speaking, tungsten is known to occur in
most tectonic environments. Bolivian, Mexican, Alaskan,

Malaysian, Indonesian, E. Australian and Western European
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deposits of tungstén are believed to have formed ~a\t conver~
gent margins abdve subduction zones (Sillitoe, 1972,I 1976;
‘Mitchell and Garson, 1972; Mit.chéll', 1973).. A model involving
a progressive sequence of metallogenic provinces away from -
a subduction trench was devised from studies of’An’dean and
Western U.S.A. mineral deposits (Sillitoe, 1972). Generally
tungsten (and tin) concentrations are believed to arise from
the deepest part of the subduction zones. 1In detail however,
the mddel breaks down and Clark et al. (1976) maintain .that
the ore dc:!posits are formed as a result of igneolis processes
?pera_tive dbove subduction zones, reinforcing a persistent
anomal}’r drawn on periodically from-the Paleozoic.

Tungsten and tin deposits in intraplate environments
| where magmatism is largely related to hotspot activity,
are well documented. Many tin deposits (and tungsten) are
associated with crustal melting during the éarly stages of
hotspot activity and are génetically related t0 small
alkaline and peralkaline.granite plutons of anorogenic
- character. .

At mid-ocean ridges. anomalous tungsten concentrations
are recorded from manganiferous cherts and other chemical
sediments formed at, and associated with, constructive
plate margins (Krauskopf, 1970).

2.5 PHYSICO-CHEMICAL PARAMETERS OF TUNGSTEN DEPOSITION-

Over the last few decades a considerable -body of.
literature has been amassed on the spatial, témporal and

chemical parameters that govern the deposition and distri-

TR e )
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bution of tungsten in ore deposits.

2.5.1 Paragenesis

Parasenetic sequences are thought to reflect a gradual

decrease in temperature of the ore-forming fluid with

time, and studies of vein paragenesis show there is
considerable overlap in the relative times of deposition of
wolframite and scheelite'and associated minerals in any
given deposit. Commonly an association of wolframlite,

cassiterite and arsenopyrite represents an earlier stage

of mineralisation succeeded by deposiEion of base metal
sulphides - (Kelly and Turneaure, 1970; Dagger, 1972; Groves

gg;gi., 1970; Hosking, 1951). Reversals of this sequence
éan be found, for example, the Ima mine, Idaho (Anderson,
1948) , where complex silver-sulphide veins occur as
fracture controlled veins'at a margin of a’granitic body. , v
These veins extend into the quartzitic country rock for
over half a kilometer. Beyond this distance the vein
mineralogy passes from a complex sulphide assemblage to
huebnerite and quartz which persists for another half a
kilometer away from the intrusive contact. This paragenesis
assumes however that the hydrothermal fluid emanated from
this intrusive body and not some unexposed pluton.

Repeated deposition of wolframite occurs in some
deposits (Landis and Rye, 1974) and may reflect episodic
influx of the hydrothermal fluid into a vein and/or the ]
. formation of a coﬁpoai£e vein by repeated reopening of the . t

- .

vein system.
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2.5.2 Zoning

zonal relationships are often fairly well developed in

vein tungsten deposits.and broadly defined tungsten and

tin zones give way to base metal sulphides with increasing
distance from intrusivé‘centres (Dagger, 1972; Blake and
Smith, 1970). Generaliy tungsten appears to be deposited
closer to the emanative centre than tin, and deposits in
Cornwall exemplify this with sheeted vein systems containing
tungsten confined to qargihs of granitic cusps while cross-
cutting tin-bearing veins transect the granite/killas
contact (Moore and Jackson, 1977; Moore, 1977).

zoning can be on a district-wide scale as is the case
for the Herberton tin field, North Queenslénd (Blake and
Smith, 1970). Vertical zoning is noted in some deposits,
and matches lateral distribution {Hosking, 1951; Dagger,
1972).

Zonal arrangements'appear to match the paragenetic
sequence and although the distribution of ore minerals is
not unique, the agreement between the paragenetic'position
of any mineral and its approximate zonal poéltion implies
some Aégree of temperature—controlled'deposition in vein

tungsten deposits.

2.5.3 Temperature and Chemistry of the Mineralising

Fluid
‘ ¢
Greisen deposits generally have been accorded a
higher temperature origin than lode deposits accompanied by

little alteration. However, fluid inclusion data indicate
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‘that there is a variable and widé range of crystallisation
tempe;atures for greisen deposits. Table 2.1 is a compii—
aZion of fluid inclusién and isotopic temperature determin-
ations and chemical data for tin and tungsten deposits.
Note that greisen deposits é’n record‘fairly low temperatures
of deposition (Naumov and Ivanova, 1971) even after pressure
and salinity corrections have been applied.

Temperatures of deposition’for wolframite generally
fall within an upper mesothermalito epithermal range (500-
200°C). cassiterite has a close paragenetic refationship
to wolframite.and thus has a relatively similar deposiﬁional
temperature range. Scheelite also has a considerable
range in dépositional temperagures, similar to wolframite.

However, several skarn scheelite deposits have quité high

homogenisation temperatures of 550-650°C (Kerrick, 1977).

Chemical data obtained from fluid inclusion studies
emphasize that solute concentrations may vary during the
deposition of tungsten minerals in different deposits.
Kelly and Turneaure (;970)‘record solute concentrations
ranging from 18.5 to 46 equivaient wtt NaCl. Thé~highe§t'
values occur in the'high‘temperature'qﬁartzécassiterite
stage and decrease to 1.5 equivalent wt% NaCl at the end of
the mineralisation epique; Sawkins (1966) records.
salinities up to 50 equivalent wf% NaCllfrom Cornish deposi;s
and Groves et al. (1970) found an—average salinity for the
Rex Hill Mine, Taémania, of 5.2 - 10.6 = wt% NacCl, althougﬁ

[ ] .
early high temperature quartz also yielded high salinities
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Table 2.1
7leid Inclosion Temperature and Chesical Data
SOURCE MINTRAL WETHOD mgmm BALINITY {wwth BaCl) LOCALITY REFENTNCE
wolf-cass-qtt Quares [ 299-310 P2 Bigh. 18.5-46 vieh Central ¢ Rellyor 1370
volcemic setting Cassiterite [} 390400 8 bolling indicated Bolivia .
Volfranice-cons Quarts L) 329-330 8 . . -
Pilutonic settiag Chesiterite | 338-310 M3 - . .
oez-velfcamite duarts = s v - south Croley,Cormwell ldti.lll!
ssins wolZzamite ° 60 P - - i -
Quz-sassiterite Quares [} 423440 nex. 30 Cormwall Savking . 1968
Guz (post-cass) Quarts 1 ] »0-)14¢ * - .
Qta-flwecite-
sulphide Quarts [ 260-410 P9 $.2-10.8 Bz #ill,Tewmenia Croves &t Al.,l’?.
Greisea veins Quacts,baryl,
fluorite ,cass " 209-)01,. M - frannbaykalia, USSR naunove Lvameve 1973
Oue—mlf veiss fisorlte ' 3e-311Ms . Lasakhatan SN .
Qtr—wolf-cass Quarts,cass,
»aryl | § 3AT1-)14 I8 - Chuhotha USSR -
Qreisan veins Quarts, topas
cess , fluvorite,
peryl,woll 108404 7 - Rongolia,Uvsh d
ou—vob Quarts,well [ ] 200-340 18 - sragebirge RawmoveIvemovs, 1971
Qre-{ealdepar- .
volf veise ? » 260394778 - Sulaktay, 0880 Zosalsstinits iyeva, 1973
Qex-husd-och :
velias r ] 230410798 - - - he
. Qes-wolf-sulphide
vaias ? » 8- 21018 - ° h
M- Lt-woll velas Fluorite ] s0e-2%0 1 - nongoits Movmowe Ivenovs , 1973
Shatn fiicates 1 %6 - wevada Tay lox+0'Beil, 1977
Qui-wolt-cssn - L] 420-300 - Yano-Adyehan USSR b‘um;-u,
(U9 localicies} - - 328-1% - . 10
Qes-wolf velas Woliramite = 499-2%0 - world : -
{78 localities}
QuirtI-case Cansiterite » 450~ 300 - . -
Quartz-welt Quares » 300-110 - - -
Qex-scheslite o
vein Sohealite ] 118-130 Japan TaNeaswchisinsi, 1971
Quz-welf veis Caseizerite ] 139138 - d
volf Stage I sushearite u 239220 08 18.1 Poru . tendinetys 1974
woll Stage I Ferborite [ ] i . . -
Sharw #ith - [ 393-304 -t Slosrs Weveds ' Rerrich, 1977
sehealite - - o634 78 - - e
ez-yold- - X JIT ) - Wow toaland Pacearnen 197
schealite lodes - . 279-37¢ - . is prep. £ 8. .17
Qsy~wolt-greiess Ouarts [ ] 337-13% 1.) Catvock Pell,V,K. Shapherd og 31.,1974 .
Scheelite-velf
veias Scheelite n 100-430 - world TegarinevsBountv, 1972
=Y s tien temparacures wolf » wolfrmmite
® » tearepitatien teaperatur ssus = casairerite
1 » Isstepis tempurature detarmisation qts = quaers .
P  Preseure cevveetion applisd hueb = hushherite ‘
8 = Salinity eervescies applied sch = scheelite
w = mblybdenite ©




(26-30 equ1va1ent wts NaCl)

Landis and Rye (1974) in a study of the Pasto-Bueno -
‘tungsten-basemetal debositrin Peru, showed that there were
fhrée stages of deposition in the evolution of the deposit;
initially greisen deposition (60—56% of depositioh), the;

vein deposition (25-35%) followed by vug deposition (5%).
Fluid inclusions revealed that gréisen and early vein
'stage fluids were very saline (40 equivalent wt% NaCl),
high temperature solutions (400—500°C)., In subsequent
main vein stages ore fluids attained a temperature range
of 175—290°C and a salinity range of 2-17 equivalent wt#
NaCl. Boiling was indicated only for early vein stages.
Results from stable isotope studies of fluids in primary
inclusions indicated mlxlng of a meteoric orx other water -
component with magmatically derived water. Wolframite
deposxtlon was associated with episodes of meteor}c water
infldx; sulphide deposition on the othér hand wa§ associated
with water of magmatic derivation. |

Ivanova et al., (1976), from studies on many ca551ter1te-

tungsten deposits, found that there were two maln types of
jnclusions. Firstly two-phase gas~liquid 1nc1u51ons and
secondly three—phase aqueous solution-liquid CO,-gas

* inclusions. CO2 is a characteristic component of inclusions
in minerals for all types of tungsten depgbits in Mongolia.

Solid phases are less typical but are morg common in later

stages of mineralisation. Naumov and Ivanova {1971) record

a maximum of 26.4 wtt CO, from some USSR tungsten deposits
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but 38-40 wtd CO, is recorded elsewhere (Tugarinoy and Naumov,
1972). _

It is known that the solute in fluid inclusions is not
exclusively NaCl. Ratiéﬁ of Nat/k' ranging from 0.98 to
7.1 were measured from inclusions frbm Rex hill, by Groves
et al., (1970) . Sawkins (1966) records a maximum Na+/K+
ratio of 17.9, and in fact Ivanova et al., (1976) maintain
that two types of tuﬁgsten—beaffng solutioqs can be distin-
. guished from the composition of inclusion ;;1utions,

> 1) high salt contents of Na-F-Cl composition

and 2) medium salt content of Na-Cl-bicarbonate composition.

2.6 TRANSPORT OF TUNGSTEN IN HYDROTHERMAL SYSTEMS

puring upward movement of a crystallising magha the
separation of an agueous phase o?curs when Ptotal is less
than Pfluid' The temperatufe and presgure at which a vapour
phase can be evolved from a graﬂ‘tic melt is dependent on .
its bulk composition and depth of emplacement (Whitney, 1975,
1977) .

The coexistence of magma and agueous fluid results in
partitioning of elements between two phases. It is known
that, of the major anions, cl is strongly concentrated
into the vapouf phase (Holland, 1972; Kilinc and Burnham,
1972), a factor which is likely enhanced by increasing silicd_
activity (Stormer and Carmichael, 1971). Furthermore, .,

because of the *galting-out effect” and lréer solubility

/ , ‘
(Burnhéz;/1967), co, readily enters a vapour phase, generally

pefore 1. Thus a fluid phase formed at high pressure is
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likely ﬁo be C02-rich and halogen-poor, while léter and/or
lower pressure fluids would be ﬁalogen—rich and CO,-poor
(Burnham, 1967). .On the other hand F~ appears strsngly
‘retained by a simple albite melt in the system NaAlSi3O8 -
NaF - H,0 (Koster Van Gros and ﬁ;llie, 1968).
| Foster (1973)<experimented with partitioning of
tungsten between agueous Na2WO4 - KCl solutions ngﬁgranitic
melts. He found that for an adamellite melt, coefﬁiciepts of
the order of N x 10-2 were indicated, ‘where as for é melt of
composition Ab30 Or30 0240 at 780-870°C and 1000 bar%,'coef-
ficients of N x 101 were obtained. ?he reason fo? the
diffeience in partition coefficients is uncertain (Foster,
1976) but the concentration of tungsten in a flﬁid'separating
from a granitic melt undoubtedly increases as the final melt
approaches the ternary minimum of the system Ab - Or - Qtz.
Many transport mechanisms have been proposed for
tungsten. These result from consideration of the available
partition coefficients as well as studies on paragenesis,
and the evidence of the composition of hydrothermal fluids
from fluid:inclusion studies. The association of flubrite
with many tungsten deposits led to the belief that halides
and oxyhalides were responsible for the transport of tungsten

in hydrothermal fluids (Kogarko and Ryabchikov, 1970)

although Ivanova's (1966) thermodynamic evaluation did not

support this interpretation.
Studenikova et al., (1970) studied the dissociation of
tungstic acid (H2W04) in moderately concentrated fluoride-

potassium solutions under temperatures and pressures
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typical of hydrothermal conditions. In the presence of
excess fluoride, tungstic acid is completely dissolved and
on cooling precipitates complex oxyfluorotungstates that
have low solubility in cold water. The occurrence of
complex potassic oxyfluorotungstates in nature is limited
becausé the complex ion(W02F4)2- is immediately destroyed
as salts of caz+, caF. and H-zwo4 are precipitated. This -

2

) -
means that ifi the presence of calcium ions, fluorite (Can) \

will be formed Sefore oxyf luorotungstates. Thus for the
A
jatter to form there must be an excess of F. available. It
is postulated that this is the reason for the development
of wolframite instead of scheelite ip greisen, as all
available Ca2+ is precipitated as fluorite (Studenikova
et al., 1970). '
In natural silica-bearing solutions, transportation may
be provided by tungsten-bearlng heteropolyacids. In an
acid environment heteropolyacids may be stable up to 300°c.
Gundlach and Thormann (1960) showed that pure sxllcotungstlc'
acid remalns completely stable at 200 Oc and 20 bars and
'exhlblts no dlssoc1atlon into (810 ) " and (WO ) ions in
the presence of Fe, Mn and Ca. Titration of the acid with
NaOH results in its dlssociation, and in the presence of Fe,
. Mn and Ca, the tungstates of these cations precipitate
in order of 1ncreaplng solub111ty, FeWO4 at pH 5.9; ano4 at
pH 6.7; CaWO4 at‘pH,773. Gnndlach and Thormann (1960) stress

the presence of si, P and Sb as almost a precondition for

the formation of tungsten-bearing heteropolyacids. The
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formation of scheélite occurs by the neutralisatign of
these acids and is accompanied by the formation of quartz,
apatite and stibnite if sulphur is preéent. Trahsportation
of tungsten in this way is postulated by Mauchgr {1976)
and others to explain the existence of the stratabound
Sb-Hg-W ores of the eastern'%uropean Alps and else#here.

In pure water the solubility of tungsten compopnds is
low, in fact scheelite solubility in water posesses a
negative temperature coefficient, decreasing‘from 13.3 mg/l
at 20°C to 2.3 mg/l at 90°C"(Bokii and Anikin, 1956).
However, scheelite solubility increases with addition of
chloride (Bok11 and Anlkln, 1956) and recently Foster (1977)
1nvest1gated scheelite solubility in dilute KC1 solutlons
where the molality of tlie solution was buffered with the
solid-phase assemblage quartz —feldspar-ﬁuscovite. The
sdlubility of scheelite at 1000 bars increased almost
exponentially from approximately 200 ppm at 350°C to more
than 1000 ppm at 550°C. The solubility is a function of
which is buffered by the silicate minerals according

Prca
to the following reaction, which is essentially a greisen-

isation reaction. . ‘ f/’

. + . i + ,
3 RAl5i404 + 2 = KA13513010(0H)2 + 6510, + 2K (2:3)
Maximum deposition of tungsten is expected at a
temperature interv of 350-450°C provided the solution is
saturated with tuhgsten at these temperatures (which is
: 2

- unlikely). Mo reasonaﬁly, deposition is probably

restricted to subcritical temperatures where HCL is low,
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"VH'Cl is partially dissociated and ionic tungstates exist
| (Foster, 1977). \

If the fluids respOnsible for mineral deposition were
relatlvely high den51ty prines during the early stages of
.mrnerallsatlon (Sawkins, 1966; Landls and Rye, 1974) the
-role of 1on1c species in transport ‘may  be qurte J.mportant
At temperatures above '400°C and P o greater than 1000 bars
a dilute chlorrde ;olut1on would bZ supercritlcal (Sourlrajan '
and Kennedy, '1962) and molecular spec1es are more likely to

persjst. Tungstlc a01d (H WO ) is only sllghtly dissociated

at low temperatures and will perslst -as a molecular spec;.es

at hlgh temperatures in dllute chlorlde solutlons (Foster,

1977). For solutrons at or near crrtlcal temper res ‘
equrl:.br:.um mlght Shlft to partially d155001a.ted s c1es ‘

©

‘such as H (si (W 10)) (Barabanov, 1971) and at subcntlcal
temperatures the ma]or tungsten species will llkely be lom.c.
The stablhty fleld of ionic spec1es 15 enlarged ‘with increase
_3n solute concentra'tlon and thus hlgh densrty brmes could
e.xl'ubit subcr1t1ca1 phenoména over a w1de range’ of tempera-—
tures and PR, would be buffered at values greater(than neutral
< (Barnes and Ernst 1963) 'rhus the - s:ul\ple tungstate ion, wo42
_may have a conslderable range of stablllty at hrgh ‘temperature
: (Eester, 977) However, uncertalnty remains as to the

,

lldentz.ty of tl‘ae Lonlc or" molecular specl.e—s that tungsten can

" be transported as’ under Varylng condrt:.ons of temperature,

'“‘f‘—,#"‘"ﬁ"z‘mﬂ"v?“f—‘-';.w" R
" . - . «

A(pressure and compos":.tlan. -

Deposu:;on of wolfram:.te and scheelrte apparently
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s

depends ‘on a number of para.\\reters including temperature,
;;H, ;02, {Sz and the activi/ty Iratio a(Ca2+)/a (E‘e2+ + Hn2+).
Temperature, {02, {52 and a(C:az"')/a(Fe2+ + Mn2+) are most
iniportant at super- and near critical temperatures whereas

pH is important at lower, subcritical temperatures (Foster

et al., 1978). -

-—
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CHAPTER 3

THE GENERAL GEOLOGY

3.1 INTRODUCTION

The Appalachian structural province has been subdivided
into five main zones based on 11.tholog1ca1 and structural
similarities (Williams, 1978, 1979). Four of these zones

are represented in Newfoundland (Figure 3.1) and are from

west to east} the Humber Zone (the eastern margin of early

Paleozoic North America); the Dunnage Zone (the remnant of

the early Paleozglc Iapetus ocean); the GCander Zone ( the

continental rise of the Avalon mlcrocontlnent) ; and the
Avalon Zone ( the: remnant of a late Precambrian and early
Paleozoic mlcrocontinent)

The study area (Flgure 3.1) lies within the Gander
Zone, on the southwest limb of the Hermitage Flexure (Williams
et al., 1970).

3.1.1 The Gander zone

‘The Gander ‘.ZOne forms a linear belt of crystalline
rocks bounded to the wvest by the Davidsville Group (punnage
Zone, Williams, 1979) and to the east along the Hermitage-‘
pover Fault (Blackwood and 'Kennedy, 1975) by the Avalon Zone
(Wwilliams, 1979).

Most work has been concentrated in the northeastern section
of the zone where Twenhofel (1947) named interbedded sedimen-
tary and volcanic rocks in the éander Lake area the "Gander

Lake Series” and assigned them a Silurian age. Jenness (1963)

defined these rocks and others as the Gander Lake Group and

[

<
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subdivided them into three units (lower, middle, and upper) .
He assigned a Middle Ordovi;:ian age to the group based on
jdentification of brachiopods and graptolites in the middle
and upper units. He interpreted the units within the

group to be conformable and recognised an increase in
metamorphisn from west to east.

This interpretation was challenged by Kennedy and
McGonigal (1972) who redefined the Gander Lake Group to
include only the lower. unit defined by Jenness and excluded
most of the gneissic rocks-to the east. Blackwood and Kennedy
(1975) renamed these gneissic rocks the Bonavisté Bay gneiss
complex ahd presumed them to be a basement terrain of probable
Precambrian age. Blackwood (1976, 1977) further subdivided
the gnéissic complex into a pax.;agheiss unit (Square Qond
gne:.ss) and a mlgmatlte unit (Hare Bay gnexss) Kennedy
and McGonxgal (1972) renamed the upper and middle units of
Jenness (1963) the Davidsville Group, of Middle Ordovician
age, and inferreé a pre—Middl'e ordovician age for their
Gander Lake Group. /

A presumed tectonic contact between the Gander Lake
Group and the Bonavista Bay gneiss complex was 'regarded as
a cover/basement Eslatioxxship (Blackwood, 1977). In the

. Gull Pond area, the contact separates low-grade metamorphic

rocks from paragfxeiss and migmatites of the Square Pond

gnexss (Blackwood, 1976). Similar interpretations were made
in the Herm:.tage - Bay D'Espon: area (Colman-Sadd 1974)

and Port-aux-Basque region (Brown, 1975). Pierld relation-
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. a late Precambrian age for the éneissic and granitic rocks
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ships near Gambo Pond and elsewhere however  indicate a

P

conformable contact between lower grade rocks of the Gander
Group and those within the gneissic terrain, which closely
approximates a metamorphic biotite isograd (Blackwood, 1978).

Blackwood thus reinterprets the rocks of the Gander Group,

R e el et A il

Square Pond gneiss, and Hare Bay gneiss as a conformable
sequence which underwent prograde metémorphism from west to
east, thus confirming the interpretation of Jenness (1963).

3.1.2 Igneous Rocks of the Gander Zone

Intrusive rocks are a dominant component of the Gander
Zone lithologies and may be.divided into three types; micro-
cline-megacrystic biotite granite, equigranular 'biotit:e
granite, and two-mica leucogranite (Strong and Dickson, 1978;
Strong, 1980). beformed coarse megacrystic granite and
garnetiferous leucogranite are found within the gneissic
terrain, the deformation being rextremely: marked along contacts
(JayAa‘singhe and Berger, 1976; Jayasinghe,:-1979)}. Their
emplacement was. thought to postdate the qne‘issic banding of
the country rocks (Kennedy and McGonigal,v 1972) although
recent work suggests that the emplacement arﬁ deformation
of the granites was contemporaneous with most, if not all,
of the deformation in the country rocks (Jayasinghe, 1979).

The foliation within the granites was initially
interpreted to have forméd during the deformation of the

Love Cove Group (Avalon Zone) (Bla¢Kwood, 1976). This .implied
)

because the Ldve Cove deformation was presumed to predate
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the formation of the late Hadrynian Musgravetown Group

N

(Blackwood, 1976; O'Driscoll and Hussey, 1977). Radiometric

_ dating of the granites in the gneissic terrain has yielded

Devonian or younger ages (Bell et al., 1977) suggesting
that the deformation in the Gander Zone was dominantly N
Devonlan if the contemporaneous deformation and emplacement.

.

model is valid.

According lo Kennedy and McGonigal (1972) leucocratic
musgovite granites intrude the Gander Group as pretectonic,
pre—Middle Ordovician intrd;ions. pata presented by
Jayaéinghe aﬁd-Bérqer (1976) and Currie and Pajari (1977)
show that this age connotation and interpretatioﬁ conflicts
with detailed observation of the geology. Radiometric
dating of these granites also conflicts with a Precambrian
to pre-Middle Oréovician age for these intrusion§ (Bell et-al.,
1977; Bell and Blenkinsop, 1977).

Undeformed coarsely crystalline, microcline megacrystic,
piotite granites truncate the major structural and litho-
logical units of the Gander Zone. One of these, the Ackley
City bathollth, appears to truncate the Dover Fault (Strong

et al., 1974 a,b), the boundary between the Avalon and Gander

zones. These post- tecton1c granites postdate the S2 schls-

.tosity of the metamorphlc rocks, and radiometric dating has

confirmed their late Devonian - carboniferous agg.(Bell et al.,

1977; Bell and Blernkinsop, 1977).

3,1.3 Tectonic Models — Gander Zone

Most workers appear: to agree that thé Gander Zone
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sedit;nents_ represent an .accreted continental rise prism or
cla_stic sedimentary wedge (Williams, 1964, 1979; Colman-Sadd,
1974; Kennedy, 1975) although much debate continues on the
‘tim}_ng and nature of post-depositional events. Many workers
stréss the importance of a Precam};rian basement, a pre-Middle

Ordovician orogeny, and minor Acadian reworking (Kennedy

and McGoniQal, 1972; Kennedy, 1975, 1976; Blackwood, 1976,
;977) while others propose southeastward obduction of oceanic
crust in Lower to Middle Ordovician times\ (Pajari.et al.,
'1979; Pickerill et al., 1978), mirroring the northwestern
continental margin of the Appalachian system during .the
Taconic Period (Williams and Stevens, 1974) .
Subdx;ction—related models explaining the Atiming and
nature of granitoid plutonism (Strong _eLg_l_., 1974b; Strong,
1974) are constrained by subsequent field a;\d geochronological
studies (Bell e_t__q_l_.\, 1977; Jayasinghe, 1979). Although )
gsubduction ceased wifh the closure of Tapetus in the Middle
Ordovician (Strong, 1977; Dean, 1978), compression continued
well into the upper Paleozoic and produced significant
crustal shortening and thickening (Dean and Strong, 1977).
Available geochemical and. isotopic data (Bell et al., 1977; «
Strong, 1980; Jayasinghe, 1979) suggest a crustal, brigin' for
the granitoids of the Gander Zone, the most recent synthesis
relating thgir'genesis and emplacement to the development
“of a "megashear" environment (Strong, 1980). This reflects ,l/"

changing patterns of plate behaviour from collision and

compression to rotation and oblique interactions, and is /
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supported by available paleomagnetic data for the Phanerozoic

(Morel and Irving, 1978) as well as recent structural

studies (Jayasinghe, 1979; Hanmer, 1980) .

3.2 THE GREY RIVER AREA

Thélgeoloéy of the area is more complex than previously
deascribed (Bahyrycz, 1957; Gray, 1958; Mullins, 1958) and is
dominated byra number of tectonic and gynkinematic intrusive
events followed by a complicated post-kinematic history of
multiple intrusion. Table 3.1 lists these events in terﬁs‘
of the various mappable units and the order of their inferred
sequential development. The va;ibus 1ithologies and their
distributions are shown inMapsl and 2 (in hap folder) which
were derived mainly from maps produced by Bahyrycz (1957)
and from Buchans Mining Co. files. However, this thesis
differs markedly from previous horkers in the interpretation
of the signifiéance of units.

The geology of the Grey River area is shown in a
simplified form in Figure 3.1. There appear to be three
main components of the geology of the Grey River area: The

‘metamorphic suite consisting of various lithﬁlogies, namely
hornblende gneiéses and biotite schists; the igneoué suite,
dominated by K-feldsparAmegacrystic granite; and the hydro-:‘

thermal vein system which postdates all the above lithologies.

~
. e e s memAmenE e

3.2.1 . The Metamorphic Syite

\

Metamorphic rocks underlie most of the Grey River
peninsula, extending from Long Pond to the coast. The belt

has a width of 2.5 km and can be tracgd aiong.striké at least

‘
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Rock Units

Table 3.1

of the Grey- River Area

BEDIMENTARY

INTRUSIVE

DEFORMATION

-Diabase dykes

-Leucogranite, aplite, pegmatite

-Peénatlte, diorite, alaskite
Composite dyke suite. -

—

AN

-K-feldspar megacrystic granite
-Mafic to intermediate dykes
-Peridotite

X

-lLeucogranite-orthogquartzite

~Calcareous schist, ?
-~Phyllites

~Mica schist
~Amphibolite gneinss

~Quartz diorite/diorite gneiss
~-Tonalitiec gneila'
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- . ,
to La Hune Bay, a distance of 14 km.. Striking E-W and

dipp@ng at moderate angles to the north, these metamorphosed
rocks contain & variety of lithologies which are described
below. Detailed petrographic notes are contained in Table
3.2.

o

v 3.2.1:1 Unit l: Tonalitic Gneiss

The tonalitic gneisses occur‘as rafts or screens within
quartz diorite (Unit 2) exposed along sea cliffs west of
.Grey River point and in coastal se;tigns to the east. The
gneisses are light to dark grey, medium grained and variably
well banded on a 1-2 cm scalel ‘A diséordant confict suggests
that the quartz diorite gneisses are intrusive into the
tonalitic gneiss unit.

Minor xenoliths of a medium-grained, porphyritic -amphib-
olite occur:bithin the ponali;ic gneiss (Plate 3.1A) and
either represent an earlier host to the tonalitic gneiss or
disrﬁpted dykes. An apparent alignment of these xenoliths
in one locality might .suggest that they were boudinaged
dykes. ‘

As well as being intruded by the quartz-diorite gneigs,
the tonalitic gneiss is host to a series of late syntectonid
‘and post-tectonié intrusives dominated by pegmatites, aplites
" and various basic dykes.

The gheissic banding is inconsistently developed and
the dominant fabric is a strbng foiiation (8,) which is
défined by aliggment of mafics. Rarxe intrafolial folds are

found (Plate 3.1B) within the S, foliation and represent

a
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Plate 3.1 '
Field relationships of tonalitic and dioritic gneiss.

A

3.1A Porphyritic amphibolite block in banded tonalitic

gneiss (Unit 1). The amphibolite may either be a
xenolith or a disrupted dyke. West of Grey River
Point. ' '

Intrafolial fold in tonalitic gneiss. West of
Grey River Point.

Hornblende foliation transposed by biotite in
tonalitic gneiss. Sample 79-5, X 40.

L

© Banded quartz .diorite gneiss (Unit 2) with anjectlons
of syntectonic granite cut by post—tectonlb pegmatlte.
West of Grey River Point.

Dlorlte gneiss with injections of syntectonic granite
parallel to FZ' cut by late syhtectonlc granite
dyke that is folded into D, folds. Grev River -Point.

Banded amphibolitic gneiss (Unit 3a) cut by leucos
cratic granite dyke which exhibits a cataclastic
texture. Grey River Fiord, location 535.
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an earlier transposed deformation. A distinct mylonitic
fabric (Sm) is also found in zones within the tonalxtlc .

gneiss. This strong sm schistosity is coaxial to the 82 ¢
\ Iy
schistosity. "

In thin section the non-sheared tonalitic gneiss shows
; e

a typical lepldoblastic texture with alignment of mafic
minerals,as well as subparallel arrangement of quartz and
feldspar deflnlng 82 ontite appears to overgrow hornblende

and in some sectxons a transposed cleavage is ev1dent (Plate
3.1C) . | ‘

The mineralogy of the tonalitic'gne@ss unit'conéiqts of

plagioclase (40-60%), guartz (10-30‘)} biodtite ((4-10%) and

horqblende (1-4%) with accessory amounts of flﬁorapatite,

epidote, chlorite, and opagues.

3.2.1.2 Unit 2: Quartz piorite to Diorite Gneiss

These rocks have a similar distribution to Unit 1 and
are found in seacliffs along the southern shoreline} The
tonalitic gneiss is cut by these grey to dark green, medium
to coarse grained rocks which were probébly originailf
large sills and,dykes. A variability in ‘the amount of mafics

(from 10-70%) accounts for the great diversity of rock types

in this unit which ranges fron guartz dioritic to amphibblitic‘

conpoqitions. The unit is host 'to a number of post —-tectonic
intrusives including pegmatites, aplites, diorites and

. ’

diabase dykes.
These rocks are strongly foliated (plate 3.1D), the

dominant regional gchistosity (S, ) being defined by allgnment

+
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of mafics. 1In places the unit is extensively migmatised
to. produce a banded 1n3ectlon migmatite with J.ndJ.V1dua1 bands
being 1-5 cm thick. Many of the coarse grained amphibole-
rich bodies in this unit lack this migmatitic character.

Granite dykes cut the migmatitic banding and are themselves

folded into tight to open folds (Plate 3.1E) with S, as the
axial planar faﬁric. Fabric relationships in the quartz
diorite unit are similar to those. of the tonalitic gneiss
unit., . ' ‘ / .

The n{ineralogy of the ynit is composed of plagioclase
! (40-50%), quartz (10-30%), hornblende (5-60%), and biotite

and apati te. N

{ 5—20%)"’v;ith minof amounts of-chlorite, opaques, epidote,

sphene

{ 3.2.1.3 Unit 3a: Amghibol:.tic Gnelss (A_gen Gneiss)

: M!‘ch of the Grey River area is underlain by what has
¢

. ' 4 been pieviously called metasedimentary rock represented

egj

presently by amphibolitic gneiss (Unit 3a), mica schist (Unit
3b) and@ phyllites (Unit 3c). | ' ~ -
/ = _ . Thé greatest proportion of Unit 3 is composed of amphib- | |
- Olltif: gneiss (Unit 3a). This medium to coarse grained, .
. dark. green to dark grey rock may texturally be called an augen
Ny qnei;s for it counonly displays coarse augen of feldspar ;
L~ : ‘ within a dark hornblende~rich matrix. Bands ‘of coarse amphib- B
. L : ol:lte are also common throughout the seqﬁence. o

The amphibolitic gneiss is extensurely nigmatised by

T injection of grnnitic material (Plate 3.1F) paxnlle]: to the

foliat.ton of the rock producing am injection miguute. Late Lo

o

* ’ ) . 7
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. Plate 3.2 ]
Field relationships of amphibolitic gneiss and mica schist.

3.2a - Fold hinges of isoclinally folded granitic material 5
in migmatitic amphibolite gneiss. Adit level, !
location 93. Bar scale = 30 cm.

3.2B Sheared out limbs of isoclinally folded injected . :
granite in migmatitic amphibolitic gneiss. Note

£01d hings preserved (arrow). Adit level, location
92.. ' '

3.2C conjugate shears developed in feldspar (f) porphyro-
clast in amphibolitic gneiss. One shear direction
strongly developed. Sample 69, x40, X-polars.

.3.2D Kinked hor_nblende in amphibolitic gneiss. Brittle
deformation in.response to faulting. Sample 69,
x40, x-polars.‘

3.2E  Twinned hornblende crystal in amphibolitic gneiss.
S'ample 69, x40, X-polars. '

. 3.2F  Bands of mica schist (m.s.) alternating with migma-
titic amphibolitic gneiss.’ _I_.ocation 381. ’

~, w : . : {
. .
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Syntectonic granitic dykes cut across the migmatitic banding
and retain their igneous texture although a weak mYlo;litic
LS fabric is evident.

The relationships of these amphibolitic gneisses to
Unit 2 and Unit 1 are unknown, but equivalents of Unit 2
may be pi‘esent witﬁin the sequence. The gneisses of Unit 3a
are c1;t by a number of,post—tectonic intrusives, namely
pegmatites, aplites, megacryst-:ic granite and basic dykes.

The fabric of Unit 3a is dominated by the regional 52
schistosity, striking E-W, dipping at intermediate angles
to thé north, and axial planar to megaécopic tight to .
isoclinal folds (Plate 3.2a). ‘Th'ese folds are emphasised by
the leucosome bands, although“most fold limbs have been
sheared out and transposed to produce the banded gnefssic
fapric parallel to the axial planar'schistosity. h In places
small fold h%nqes are preserved between the migmatitic
banding (Plate 3._28)_.

The regional s, folijation is poorly developed, but a ‘
relatively strong cataclastic fabric is also evident. Tgis |
fabric (Sm) is emphasised in thin section by alignment of
biotite crystals (which replace hornblende) and by stretched
recry.tallised aggregates of quartz and in hand ‘specimen,
by augen of feldspar.

In rocks that have suffered a later brittle deformation
through proxinity to t‘hults, a stronq conjugate shearing

par.tem is’ developed with one direction more prominent than

the other. The sheari.rtg direction is enphasised by zones of
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recrystallised quartz that displace fractured plagioclase

crystals (Plate 3.2C). Large (2-3 mm) hormblende crystals

are commonly kinked (Plate 3.2D) and where their orientation

is coincident with the shearing direction they show simple

twinning (Plate 3.2E). More intensive kinking and fracturing

results in the break-up of large hornblende crystals into

subgrains, a relatively rarely observed phenomenon (Biermann,

1977; Dollinger and Black, 1975; Allison and Le Tour, 1977).

The blue-green hornblendes  are often partially hltered to

muscovite along fractures and grain boundaries (Plate 3.2E).

The e_s'éential mineralogy of the amphibolite fraction

of the migmatite is hormnblende (40-50%), feldspar (30-40%),

‘ biotite "(3-5%) and quartz (3—-5%) with accessory amounts of

. i
opaques, chlorite, epidote and muscovite. The leucosome ’ v

is composed of gquartz (20-30%), feldspar (50-60%), and

chlorite (1-2%) with minor phases sgch as epidote, biotite,
/ .

‘gericite and opaques.
3.2.1.4 Unit 3b: Mica Schist (Mylonites)

Large bands of mica schist
gt

C ’ mapped withir the amphibolitic gneiss terrain which underlies

striking east-west can be

1 much of the Grey River péninsula. There are no sharp

i . contacts between the two units and'generally a bhroad

transition zone is marked by increasing amounts of biotite

within the amphibolitic gneiss and an :l.ncr:\easing catda'clasticﬁ

texturo.. Sometimes on outcrop scale, bands of mica schist 3
alternate with amphibolite gneiss (Plate 3,2F) and there '

»
(-3

tBe contacts are wore 'sharply defined.

T
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Plate 3.3

Field and thin section’ relatlcnshlps of mica schist and

phyllite units.

3.3

oy
!

Mica schist (Unit 3b) wx% mylonitic texture.
Augen gf kinked feldspar and aggregates of gquartz
in recrystall:n.sed matrix. Sample 383, x40 x-polars.

Porphyroblasts of andalnslte/cordlente in mica
schist. Location 79-2, entrance to S.E. arm,
Grey River Fiord.

Crenulated porphyroﬁlast of andalusite (a) rimmed
by »cordierite (¢) overgrowing mylonitic texture in
mica schist Sample 79-2, x15,.X-polars.

Mica schist folded into broad open D3 folds.
Location 561, Gulch Cove

-Phyllite (Unit 3c). Locat:.on 136, South of Long

Pond.

Ultramylonitic texture of phyllite showing ghosts
of recrystallised feldspar augen. Sample 14_2, x40,
plane polarised light. °
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The mica schists are cut by a large sill-like body of

: N\
leucogranite-orthoquartzite (Unit 4) and leucogranite

dykc_e‘s, both of which dispglay variably intense mylonitic
fabrics. Contacts with the sill-lik body of leucogranite
are sharp.

The dominant fabric in the mica schist unit parallels
the 5, foliation in the amphibolitic gneiss but is |
characteristically a mylenitic fabrlc with a weak stretching
lineation evident in hand !;pecunens. »

The mylonitic f.abri‘ic ls confiM in thin section where
a strongly developed mortar texture is evident (Plate 3.3a)
 and phyllosxllcates def:.ne a flow structure enclosmg
porphytoclasts of feldspar and quartz. 'rhe strong schiatoslty
is defined by the phyll.gsllicate orientation, and a weak
“lineation by the stretohmg and flattening of quartz aggre- 4
gates in the plane of the schistosity. E ; .j‘ .

‘In one locality \uthm the Granite CIiff Shear Zone
(Figure 3.1) the mica schiat containa porphyroblasts of
andalusite rimmed by cordierite (Plate 3 3B and Plate 3. 3Q).
These porphy;oblaats overgtou ‘the -ylonit:lc Sa fabric but are-

. crenwlated by a l.ater D, fomtion The porphyrobluts were "',
found very close to the contact with the megacrystic granit.
and thus may relate to contact netanorphic effecu of its
1ntrus:lon. ‘Mica.sehist found elsewhere in the Grani.ta clift
Shear Zone also exhibit a crenulatlon cleavage which isparts
fish-lcale taxture to the rock in hand specimen. Near Gulch

Cove the mica schists pro folded into broad, open, climbing D,




L2

.

13

>

- folds (Plate 3.3D) with southward vergence,

mylonitic fabric, evidemt in hand specimen and thin section, _ -
_suggeststhat they are the product of extensive ductile $ !
v

- The phyllltes are generally gradatlonal into mica schist and

' augen (Plate 3. 3rt~, A D3 for-mtion is auperimposed on
' thia nylanitlc fdbzic o pr
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The essential mineralogy of the mica schist is quartz
(20-30%) , feldspar (40-50%), biotite (10-20%), muscovite

(10-15%), and chlorite (1-2%) with acEessory amounts of

relict hornblende, opaques and epidote.

s
3.2.1.5 °Unit 3c:

Phyllites (Ultramylonites) ,ﬂ
g E

This rock type is,most commonly found in the northern

region of the metamorphic belt close to, or in, the zone
of deformation represented by the Granite Cliff Shear Zone.
These rocks lie essentially to the immediate south and north

of lLong Pond.

LY

Previous inteipretations of these rocks )

suggested they were low érade metamorphic 1ocks but'q atrong

shearxng and may ‘be more correctly termed ultramylonites.
,

aﬁphibolitic gneiss. p .

Thé,dqminant fabric is a strong but fine myloniti¢
schistosity (Sm) that paralléls the doﬁihant 8,-Sm nchi#tosity
of the amphxboli‘b gneiss (Plate 3 3E) and nica schist. A )
weak to moderate lxneation is evident and defxned by

stretching ‘and flattoning of quartz aggregates .and feldspar

et es e

ce a crénulated cleavage. One

limb of th. eronulation 13 more proninent nnd is _emphasised
by bands of recrystallised quartz orientnted at a moderate
" angle to thg mylonitic fabric. -

Y
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Accurate determination of the relative prbpor;;oqs'.
of the va?ious minera}s present is difficult due to éhe
fine-grained and recrystallised nature of the;rock. Thé-:
essential mineralogy is quartz, feldspar, Tusgdvite, relicif

biotite, epidote, opaques and chlorlte.

3.2.1.6 Unit 3d¢ Metaconglomeratq (7) (Fault ‘

Brecc1a—catac1asxte)

Two localities from the area 1mmed1ate1g north—west
of Long Pond in the middle of the Granlte Cliff Shear Zone
have vastly different lithology and composxtion from meta-
morphlc rocks exposed to the south of Long Pond.

what appears to be a deformed cenglomerite occurs on
northern shores of Long Pond and contains whqt look lxke.’
rhyolitic and granitic pebbles (Plate 3.430). ; Tﬁln sectxcn
'ev1dence (plate 3.4 and 3.5A, B) revealshomeQer that the
rock types and deformed conglomeratic textur# may have
occuryed as a result of ductile shearing, followed by .
britg%e~deformation. of an inhomogeneous Or very coarse
grained rock type. Considering its location the unit may
be a fault breccia (cataclasite) formed by'léte brittle -
ductile deformation aiong tﬁe Granite‘cliff anlt {(Map 1).

This rock type may have been originally ihhcmogeneous

(i.e. & conglomerate) but extremaly coarse graxned rocks,

such as the 1eucogranite (Unit 4 or Unit 9) whxch outcrops

on the south-wegtern shore of Lcng Pond are passible proto-

liths. There a less deformed version of &he “conglomerate”

is found, essentially minus the brittle-ductile coﬁﬁugpte

L e b A i o ot T

K
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Plate 3.4

Field and thin section relationships of fault breccia-
cataclasite (defarmed conglomerate?).

3.4A

Sample (RS79-42) of deformed conglomerate (?)
(Unit 3d) showing two types of pebbles (2) - -
rhyolitic, granitic - in a fine-grained matrix.
Sample collected from noxth shore of Long Pond by

R. Smyth. ¢’

View of recrystallised quartz showing serrated
nature of grain boundaries. Section of matrix of

the above sample. x40, X-polars.

Porphyroclast oquuartz ("granitic pebble")

- exhibiting deformation bands in a sericite/quartz

matrix. Sample RS79-4A, x40, X-polars.

Recovery of deformed quartz ggain by polygonisation
and subgrain development during ductile shearing.
Sample RS74-4A, x40, X-polars.

"Rhyolitic pebble” in sample FS79-4A. The 'pebbl§:
contains small quartz grains within a fine-graine
sericite matrix. x40, X-polars.

‘Small quartz grains in "rhyolitic pebble” showing
brittle deformation by conjugate shearing. Shears
are filled with sericite. 'Sample RS79-4A, x40,
X-polars. . /
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Plate 3.5

Field and thin section relationships of fault breccia and
leucogtanlte-orthoquartz1te units.

Matrix of "deformed conglomerate' showing orien-

tation of sericite along conjugate shears. .Sample
RS79-4A, x40, X-polars.

Thin section of calcareous schist (?) shoulng
lenses of carbon&ie (c) alternating with fine-

grained argillaceous material. Sample RS79-4, x40,
X-polars. '

Igneous contact between leucogranite - Unit 4 -
(1g) and mica schist exposed on shore line of Grey

River Fiord near entrance to S.B. arm. Location
79-2. ’

Oorthoquartzite unit cutting amphibolitic gneiss
at locality of silica prospect near Gulch Cove,
S.E. arm, Grey River Fiord.

Ribbon mylonite texture of orthoquartzite sample
60, x40, x—polars. ‘

Subgrain development at edge of quartsz crystal in
ribbon mylonite of previous photograph, x160, )
X-polars.
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shearing whlch forrns the pseudoconglomeratlc texture.

An outcrop of calcareous. schist occurs along the
north-west shore of Long Pond in the middle of therGranite
Cliff Mylonite Zone and comprises 1rregu1ar lenticular bands
of almost pure white 'calcite’ and similarly:sized lenses and
bands of fine-grained argillaceous material (Plate 3.5B).
The latter are composed of well rounded to sub-rounded
grains of l!quart:z, less than 1 mm in diameter, set in a
fine grained matrix of quartz, feldspar! caléite and ser1c1te.
Brittle fractures cutting across the .schistosity are common
and are filled with calcite and quartz.

ThAe relationship between these two unusual rock types

.
and the other lithologies in Unit 3.are unknown. However,

the conglomeratic rock appears to be a fault breccia

(cataclasite) developed from a coarse leucogranite protolith

during late brittle deformation along the Granite fCliff Fault

Zone.

3.2.1.7 Unit 4: Leucogranite, "orthoquartzite™”

(Mylonites, Ribbon Mylonite) M

A body of coarse grained leucogranite was emplaced
essentially conco;:dant to the foliation of the gneisses and
schists in the western ’part of the area but cuts across the
foliation at a sf\éllow‘angle further east (Map 1). It was
formerly interpreted as a metasedimentary rock - guartz-
feldspar paragnelss, quartz-sericite schist, metaquartzite
(Bahyrycz, 1957; Mullins, 1958: Butler and Greene, 1576), but

in places a granitic texture is discernible and good intrusive
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condacts preserved (Plate 3.5C).

N

The part of the unit that .tcrops within the Granite

Cliff Shear Zzone shows extensive lonitisation, but outcrops
along strike to the east have a somewhat less mylonitic
fabric. The un-it' is extremely variable in composition

along strike; in the west the unis is more granitic although
now a mylonite; in the east it becomes quartz-rich (ortho- '
quartzite) and in fact areas near Gulch Cove: (Plate 3.5D)
have been evaluated as a silica prospect. In that area-the
orthoquartzite body attains a thickness of 183 m and 12
million tons grading 95.5% Sioz (1.9% A1203) have been out-
lined by “diamond driliing (Butler and Green, 1976).

An intense mylonitic texture dominates the fabric of
t;his unit and parallels the Sz—Sm fabric in the amphibolitic
gnéiss and mica schist um’.ts.' Orthoquartzites in the Gulch >
Cove area show striking development of a quarg:z ribbon
mylonite texture (Plate 3.5}'::, F) which lack the aggregated
quartz texture seen in previous units indicating that they
have not been subjected to high temperature deformation, thus
suggesting that they were injected after the peak of
metamorphi sm. ) ) _

In the west much of the original’ mineralogy has been
destroyed by mylonitisati.on. FPeldspar has been altered to
muscovite and quartz is thoroughly recrystallised. The ‘
present mineralogy of the leucogranite unit is essentially
quartz, feldspar (both plagioclasé and K-feldspar), muscovite,

epidote and opaques. In the east impurities in ths ortho-




Table 1.2

Petrogriphic Wotes on Units of the Metamcrphic Suite

WARIT/DISTINGUISNING roamn
PROPERTIES m omrr,

PETROGRAPNIC wOXTES

Subbedral; albits twins 1
Anhedralr albite twine bl
Anhedral; kinkad twine

Conrne . ”rnyra:l--z-‘

Augen

Pine grained
Fine graines
Porphyroclasts

Cenerally fresh. Zisked feldspar grains, porphyreclsseic
texture in shear zones.

Inclpient slzeratiom-ssussuritisation.
spar similar to Unijc 1,

Incipient subgrain development. Deformed ceystals lack ewin
pPlanes and are ssusseritised.

Ssussuritised. Some kinked feldspars. Polygomisation and
subgrein development comemm.

Daformation kinke common.’ Subgrain Sevelbpment on rims of
porphyroclasts.

Porphyroclasts recrystallised. Serrated grain boundaries.
Untwinned recrystallised grains, sarrsted odgen .

Fealdepar secicitised sad recrystaliised. Some K-feldapar
Presant.

n -On;r sones, fwld-

Asbedral, wndulcose

Pozphyroclascs

Elongate parallal to folistion. Minor subgrain developeent.
In aMesr pones quarex recrystallined and forms spgregates.

Recrystaliised grancblastic texturs. :
Aguregates of fine-qralned crystals.

Recrystallised. Ruck WHQIaia development. Preferred orien-
tation defines weak cataclaetic Texture.

Aggregates with stretched=flattened nspect, cranulated by by -
datormation.

Aggragates. Recrystillised quartz {n matrix.

Polygonisstion and subgrais development, "(loating® grains in
faldspar/periclea matrix,

Recrystallised . quart:; ribbon quartz - subgrain davelopaent .

blue-green, polygonal
roixiloblastic, Blue-green
Bluve—green

Partially overgrown by biotite.
Overgrown by blocice.

i
Rarely recrystallised to grees hornblende. Biotite transposes
hornblends foliacion.

Relict grains incompletaly replaced by biocite.

Brownish—-gresn

Srownish-green

- Brownish-green

Browm
Brown

Rgplacas pormhlende. Partially altersd to chlorita, Trans-
poses clilivaqe.

Ovarqgrows hornbiwade. Transposas cleavage.
Overgrows hornblende. Parillalaweak Sa fabrio.
Clots of crystals raplsced by chlerite.

Replaces hMorndlende sesrly completely. Crenulated by D’.
Altered to muscovilte.

WUBCOVTTE
~STRICITE

Subhedral
Pive—qrained
4

1, 1, 3e;, da,

Replaces biotite—crenulated by LS d.!emt{.m.
Pill conjugate microshears.

Crenulatad in ribboa aylonite.

Acceseory; sfrer Yeldepar

i, 2, ’.l‘ ll:

»n

Ninpor component afcter hornblends or biotite.

Porphyroblast-avoid e

Rims presesved. Overgrows Bylosite fadrioc {fm), slight
Linned

crenvlated Lreall.. by cordierice. ;

lc

Rims andalusite porphyroblascs.

Occurs im lenses and s fracture-filling.

1. Jay, day

Acceseory.

all wnite

Accessary. Sausswuritisation af feldspar.

all wnics

Accassory. Associatad vith hoemblende and sphene.

1 %,

Accessery. Associatsd with hornblenda and opagues.

Ja;, = Welanosome of migmetitic Unic daj )l' = Leucosome of migaatitic Uait
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quartzite include muscovite, feldspar and magnetite.-

3.2.2 The Igneous Suite a
Late~-tectonic and post-teétonié times were marked by
the intrﬁsion of a variety of igneous bodies intb the
Me:amorphic Suite. These igneous rocks are represented by
Units S to 10 which are described below. Petrographic details

of the Ignecus Suite are found in Table 3.3.

3.2.2.1 Unit 5: Peridotite

Late in the deformational episode a series of small

oval (100-200 m wide) plugs or dykes of ultram;fic material
were intruded into the migmatised gneisses of Unit 3a and
3b. A number of these outcrops mapped by Bahyrycz (1957)
were found by this writer to be coarse hornblendites, a
variant/ of Unit 3a. However at least one dyke, that outcrops
above the Ggey River community, has ultramafic affinities.

~The boldy has a roughly circular outline and contacts
with thel;mphibolitic gneiss and mica schist are sharp and

cross-cutting. It has a finer grained (chilled ?) margin

which becomes coarser towards the central zone of the

dyke. The rock weathers greenish-grey with various shades
of brown and has a characteristic fracture pattern (Plate
3.6A) that is a result of differential weathering of the
serpentinised fractures that criss-cross the body. Fibrous
serpentine (chrysolile) was fouﬁd in a few fractures.

There is a pronounced fabric in the margin-of.the plug
which parallels theVS2 foliation ih the amphibolitic’

gneiss country rock. However, this foliation dies out




- 64 -

Plate 3.6

Field relationships of ultramafic, mafic and intermediate

. dvykes, and«k—feldsparAmegacrystic granite.

3.6A

3.6B

;

. < '
Charactéristic weathering feature offultramafic
dykes (Unit 5) resulting from differential erosion
of serpentinised fractures. Location 404.

Cumulate texture of peridotite dyke showing cumul-
ate olivine and intercumulate augite phases. Sample
404, x40, X-polars.

Foliated mafic to intermediate dykes (Unit 6)
intruding into shear zones which cut the tonalitic
gneiss. Dykes later offset by E-W faulting. The
foliation in the tonalitic gneiss is emphasised by
orientation of the hammer. Shoreline west of Grey

River Point.

Close up of mafic dyke of previous photograph.
Foliation in the dyke is divergent to dyke wall
and foliation in the tonalitic gneiss. Shoreline

west of Grey River Point.

K-feldspar megacrystic granite (Unit 7). Location
556, Grey River Fiord.

¢

Northern contact of K—feldspar megacrystic granite
with a biotite-hornblende tonalite. Mouth of river
feeding into northwest arm, Grey River. Fiord.
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v ¢

" towards the gentre of the body.

. The perldotlte Fs composed of olivine, hypersthene, and
aggite but alteratlon and metamorphic effects have resulted
in the.introductlon of serpentlne, talc, chlorite and musco-

vite to the assemblage. ' In thin section a cumulate texture

is preserved, with orthopyroxene and clinopyroxene phases

intercumulus to olivine grains (Plate 3.6B).

Colourless, non-pleochroic olivine originally comprised
60-70% of the rock. Thé olivine grains were 2=3 rm long
but are now 70% serpentinised leaving only small grains
(0.2 - 0.4 mm) as islands within a serpentine mesh. Pleo—
chroic green to colourless augite makes up 10-15% of the
,per1dot1te'and is much altered along cleavages to chlorite
and muscovite. The augite generally contains abundant small
opaque grains. Hypérsthene comprises 10-15% of the perido-
tite but is nearly completely altered to fine grained
talc. Some coarse (1-2 mm) talc crystals are also
vpresent as an alteration of the orthopyroxene, cllnopyroxene
and serpeﬁtine. They sometimes show kinked undulose
extinction possibly as a result of the late deformational
episode - D,. Alignmeht of tﬁese coarse talc grains def ines

a weak foliation in the rock.

’ /
3.2.2.2 Unit 6: Mafic to Intermediate Dykes

A series of dioritic to quartz diorite dykes were
1njected into cross-cutting shear zones in the tonalitic
gneiss (Unit 1) and quartz dlorlte gneiss (Unit 2). They

are intruded by post- -tectonic pegmatites, and dlorltes of
%
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. Unit'8 and offset by,later E-W faulting (Plate 3.6C) .

The dykes are strongly foliated (Plate 3.6D), the

3 - LR
foliation being slightly divergent to the orientation of the

' dyke'wélls and to the foliation of the enclosing gneidfes.

" Phis divefégnce argues against the dyke foliation being

developed by‘éfflow mechanism but sudgests that one of- two

situations prevailed. ' Firstly, that the deformation in the’

dykes was synchronous with the degbrmation in the gneiss,

the‘divergence resulting from local modifications of the

stress field by an anisotropy i:g: the dyke wall; or

secondly that the dykes were intrﬁaed‘}ate in the deformati;n

cycle along fractures that had some companent of shearing.
The lattexr view.is sugéfrted by textufql evidenfe,

where hornblende and biotité do nat have the retrogressive

relationship typically found in the-gneisses (i?ﬁ, biotite
after hornblende), and quértz and feldspar grains occur in
an equigranular almost mosaic texture indicative of défprm—
atiog\under high temperature - ljow strain conditions.

The essential mineralogy is hornblende (30-90%)°, biotita
(0-20%) , plagioclase (5-40%), gquartz (0-10%), and sphene
«(1-3%) with opaques,apatite,sericite and epidote as acces-

sories.

.2.2.3°Unit 7: K-feldspar Megacrystic Granite

A ba olith of K-feldspar megacrystic, biotite granite
forms e northern bdundary of the metamorphic rocks (Map 1)}.
is lithology dominates the igneous rocks in the area
p

occupying an estimated 70 square km's in areal extent.




Plate 3.7

Progressive deformation of the megacrystic granite in the
Granite Cliff Shear Zone; field relationships of the post-
tectonic composite dyke suite.

. 3.7a -

r

3.7E Sequence of rock slab photographs showing

progressive deformation of the K-feldspar mega-
crystic granite, from north to south in the Granite
Cliff Shear Zone. With progressive deformation

the feldspar megacrysts are aligned (3.7B) then
form augen (3.7D) and are'finally completely
obliterated in the most intensely deformed sample

(3.7E).

Field relationships of the composite dyke suite

(Unit 8). 1In this photograph tonalitic gneiss (tg)

is cut by a foliated mafic dyke whigh in turn is
cut by a pegmatite (p), the margin of the composite
dyke. The pegmatite is intruded up its cemtre (the
other margin of dyke not visible) by a diorite (4)
which is Brecciated by intrusion of alaskite (a).

N R e Tl Tuem b T & TS
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; . &
» The rock is more correctly descrlbed as a quarﬁi

monzcnlte and 1s characterlsed by white orthoclase megacrysts

Y ok A hmq.@.'

up to 3 cm long (Plate 3.6E) locally with plagioclase mantles.

The euhedral megacrysts:’ comprise 10 -25% of the rock and are
. :
set in a qroundmass composed of K-feldspar, plagioclase and.

R W

S e

" biotite. Addltlonally hornblende occurs in specimens'assdc—
jated with the deformed southern contact of the pluton. |
The northern contact is exposed in the river outlet at
the head of Northwest Arm. There the megacrystic granite
intrudes a massive biotite, hornblende tonalite with a shafc
contact (Plate 3. 6F) around which megacrysts are weakly |,

aligned. way from the contacts the megacrysts are randomly

distributed. Xenollthlc blocks of tonallte occur in the

nﬁgacrystlc graniteland pegmatltes orientated perpendiocular

to the contact are found in the tonalite. The southern
contact with metamorphic rocks of Unit 3 {a,b,c,d) is broadly
defined by the Granite Clit} Fault (centred on Long Pond) .
The eastern and western contacts are unknown but tne Francois
granite pluton appears to truncate it .in the east (williams,
1971) v

The megacrystlc granlte coutains bands of equigranular
medium grained granite that are essentially non-megacrystic
equivalentS‘of the main body andhave a similar deformational
fabric. Also the megacrystlc granite is 1ntruded'by eqpi—
g ular medium graineé pink ‘to white granite apllte dykes

and p gmatites (Unit 9) and fine-grained diabase dykes of

unit 10. East-west striking faults dissect the granite and
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_ ‘plate 3.8
Field relationships of the composite dyke suite and later

Jeucogranites and diabase dykes. .
B - L )

3.8A Igneous breccia. piorite intruded by alaskite
granite; Note lack of pegmatite rim to camposite
dyke as 'in Plate 3.7F. Coast west Of Grey River
Point. " ’ *

Close-up of igneous breccia shown in Plate 3.8A:

("
fl

o
piorite dyke intruding up cenhter of pegmatite.
Note that in this locality the diorite has not
been injected later by alaskite. Coast north of

Grey River Point.

Leucogranite (Unig 9) with aplitic texture also

showing saussurit{éation,of plagioclase. Sample -
424, x40, X-polars.

Diabase dyke (Unit 10) with chilled margin cutting

quartz diorite gneiss. Grey River Point.

Thin'spction of porphyritic diabase dyke showing
euhedral crystals of augite and plagioclase. The
plagioclase is extfemely altered to sericite, sample
79-11, x40,%X-polars.

ﬂ’
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fault zones are usually epidotised.

The granite fs eﬁsentially undeformed in the north
but an increase in deformation is evident towards the southern
contact. The deformation is marked by the gradual alignment
and rotation of the K-feldspar megacrysts into a foliation
plane which parallels the southern contac.t, and by an
incretase in mafics, notably hornblende, biotite and chlorite.
The white, euhedral orthoclase megacrysts found in undeformed
granitev become increasingly; ovoid (aug.en) and pink-coloured
with increasing deformation. Simple twinning of the mega-
crysts is evident in hand specimens. Plate 3.7 illugtrates
the increase in deformation seen in Hand specimen from north
to south. ’ A

The mineralogy of the undeformed megacrystic granite
is composed of ‘quartz (10-20%), plagioclase (30-40%),
K-feldspar (3C-40%) and mica (10-15%) with minor accessories
of sericit;e, opaques, chloritg, apatite and epidote. The
opague phases consist of magnetite, hematite and ilmenite.

3.2.2.4 Unit 8: Composite Dyke Suite. Pegmatites,

~

‘Diorites, Aldskite.

Igneous units postdating the megacrystic granite (Unit 7)
are strongly discordant, show no evidence of deformation and

are clearly post-tectonic. The first of these units, a

composite dyke suite is found in southern coastal exposures

cutting tonalitic and quartz dioritic gneisses of Units 1 and
2, and are mappable only on cutcrop scale.

. The composite dyke suite consists of zoned dykes with
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margins of pegmatite and cores of diorite, variably veined
by alaskite (Plate 3:.71:") . These dioritic cores can be so
veined by alaskite that spectacular igneous breccias are
developed (Plate 3.8A and B). f)ykes of the brecciated
diorite, containing rare xenoliths of gneiss, are found
wit.h'out the pegmatitic rim, while in others 4£he diorite
is not brecciatéd but veined by anastomosing sméll veinlets
of the alaskite. Still others‘show no veining but; are
intrude(;l along cent;;es of pegmatites (Plate 3.8C) and show
'a strong flow ‘foliation parallel to the dyke margin.

| Thére is an obvious close spatial and temporal relation-
.ship between the three compositionally distgnct phases of
the composite dyke suit-e. There is always a sharp contact
between. pegmatite margins and dyke .cores. Also rare\xeno-
liths of pegmatite occur‘ in sdme diorite dykes. This s_;Jgge ts

1
that +he pegmatite was solidified before intrusion of the \

diorite but very probably still hot, thus providing a zope N

of thermal weakness for later intrusion of the diorite dykes.,?

In thin section brecciated diorite blocks show reaction rims’
with the alaskite suggesting the diorite was cooled prior
"to the intrusion of the latter. However, no reaction rims
were seen in net veined dykes implying that some diorite
dykes were still hot and plastic.

3.2.2.5 Unit 9: leucogranite, Aplite, Pegmatite.

Postdating the composite dyke suite of Unit 8 are a
series of granitic dykes and sills that occur throughout the
map area. Concentrations of these granitic dykes occur in

the south especially along the seacoast of the Grey River
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peninsula. A small granitic stock of 250 x 400 m areal
extent is exposed in the 250 m high hill immediately west

of fhe entrance to Grey River fiord. The frequ:ancy of
granitic dykes is observed to increase towards this body,
much of which is dyke material. Elsewhere similar dykes

cut the megacrystic granite and all metamorphic units,
including parts of the Granite CLiff Shear Zone. The stock
and related granitic dykes are cut by diabase dykes (Unit 10)
and the hydrothermal vein system.

Unit 9 exhibits a variety of rock types ranging from
pink-red, coarse pegmatite to white two-mica leucogranite
and aplite that are locally garnetiferous. The fine
grained dykes have an allotriomorphic granutar-aplitic
texture (Plate 3.8D) defined by interlocking anhedral grains
of quartz, microcline, orthoclase and albite, and are
typically mafic poor. In these dykes, grain size 1is
variable and ranges from 1-3 mm.

Coarser leucogranite dykes contain anhedral porphyritic
microcline (up to 10 mm grainsize) set im a medium to
coarse grained matrix of quartz, microcline, perthitic
orthoclase and oligoclase. The porphyritic microcline
crystals enclose quartz and plagioclase as inclusions. Pegn}a-
tites are the coarsest rock type observed with feldspars
up to 5 cm long. Dykes that are texturally gradational\

. 5
between the pegmatite and aplites are common. In hand !

specimen many show a graphic texture with cuneiform integ-

growtfhs of quartz and feldspar, and a micrographic texture
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is widespread in.thin section. .
The leucogranites are chiefly composed of guartz (15—
30%), K-feldspar {50-40%), plagioclase (25-35%), chlorite_
(18) and muscovite (1%) with relict biotite, fluorapatite,
magnetite and garnet as accessories.
Much of the present mineralogy of the leucogranite
dykes is a result of extensive hydrothermal alteration
which appears to be characteristic of the suite. With
regard to feldspar minerals, oligoclase is extensively
altered to albite, while perthitic orthoclase is inverted
to microcline. Furthermore saussuritisatibn of .plagioclase
is common. The minor amounts of biotite present in the '
leucogranite dykes are nearly completely altered to chlorite;
where present garnets are also partially altered to chlorite.
Primary minerals, .apparently stable during the alteration
episode, include muscovite and quartz.

3.2.2.6 Unit 10: Diabase Dykes

Diabase dykes with a‘common approximate southwest—
northeast strike occur throughout the area, but are more
prevalent in southern coastal sections. They are typically
fine to medium grained and grey-green in colour and attain
thicknesses réngi_ng from 15 cm to 5 m. Chilled margins are
common (Plate 3.8E) as are porphyritic textures. In the
latter case phenocrysts make up 3'- 10% of the dyke and ‘
include euhedral crystals of plagioclase and augite (Plate

3.8F). Rare glomeroporphyritic textures are found.

The phenocrysts occur in a fine-medium grained ground-

1
Y
L]




Table 1.3

Pctro(;r-phlc Notes on the Units of The Ignecus Suite

[

RABIT/DISTINGUISHING réunD :
MINERAL PROPIRTIES IN UNIT PETROGRAPRIC NOTES

PIACIDCLASE Equigranular in matrix with quartz. Oligoclase compoaitioa.

Subhedral-snhedral 7 cligoclase, mainly as groundmass constituent. Rarely as
wegacrysts. Occurs inclusio in orthoclase megacrysata.
Inclusions comemonly have albite rime.
Anhedral, uncwinred Matrix constituent with quartz. Granoblaetic texture.

subhedral-euhedral Oligoclasa. Porphyritic crystals {1-2 mm) cosmonly ionad.
contain guartz and biotite inclusions.
Oligoclase. Variably altered to sericite and epidote. Myrma-
xitie intergrowths with K-feldspar Oligoclase pertially aibit~
iased (untwinned).
Phenocrysts Cenarally -altered to muscovite and spidote.

&
-

fquigranular Mmosaic with feldspar. Grain siae 0.J - 1.0 wm. Strongly
undulo

Anhedrsl uUndulose. Varisble grain size 0.4 - 1.0 -

Anhedral In qroundmass with feldspar. Cranoblastic tesxturs. “eakly'
undulose. ‘

Anhedral variable grain size (0.2 - 1.3 mm). Undulose.

Anhairal, 9 smaller grain site than feldspar. often micrographic-graphic
texturs with K-feldspac.

K-FELDSPAR Megacrysts Perthitic orthoclasa. Twinning common. Rarely rimmed by
plagioclase. Megacrysts contain quartz, plagioclas nd
rarely biotite as inclusions. fnverted to microclina in shear

rone where they form augen.

Both microcline and perthitic orthocla

partially replaced by microcline lcros

Porphyritic cryscals contain quartz intergrowths - sicrogra-
phic texture.

AMPHIBOLF Blue-green, subhsdral Wornblende, prefarred orientation defines fabric. Grain
slze (0.5 -~ 1.9 wm). Minor alteration to chiorite.

Hornblende, constituent of meqgacrystic granite in shear zone.

tuhedral, areen Hornblende/ najor mafic minersl. Intergrown with biotite.
Grain sizd 0.1 -~ 0.9 s

Actinolite, after clinopyroxene.

Anhedral, cagged Biotite. Pleochroic browa to yellow brown. Crain size wp to
1.9 am. Orientation parallels hornblende.

Subhedrsl-euhedral Biotite. Only mafic undeformed granite. Minor alteration to
chlorite. Grain size 0.5 - 2 am, Biotite gresnish-brown in
N deformed megacrystic granite. rormed after hormblende.

!u.hcdul Srown biotite latergrown with hernblende. Similar grain size.
Anhedral-subhedral piotite rare. Pleochreic prown-yellow brown.

Zuhsdral Pleochroic brown to colourless bjotite. Nainly altered to
chlorite.

Euhedral rse primary muscovite. Also found as eacomdary mineral
during saussuritisation of plegicciase.

lase phanocrysts altered almost completsly to muscovite.
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Table 1.3 continued.

ERARIT/DXSTINGU ISHING
ProsERTIES PITROCRAPEIC NOTES

"
Cumslste Colourlens cxystals up to ) mm Long. 70% serpentinised.

Intsrcumulate Almost eompletely altersd to mwecovita.

ITntercusuinte Pleochrolc gseen to colourlmess. Much altered ko chlorite,
muscowits and tale.

Phenccrysts Praeh to waskly altered (ro actimolite). Ra lomaropes-
phyritic tewtures. Clinopyromene in groundmass iltered o
- scelnolite.

Afger Olivine.

Al tion of orthopyrosene, clinopyraxems, and sarpentine.
Mt nt defines wvesk folistiom. Ixhidits kinked undulose
suxlnction.

Commonly 10ned; Ted-brown core ~ colourless rim. Others
ewtremely fractured and altered %o chlorics.

CELORIT T, 0y, 8 Aocessory sfter bictite or hosnblends.

APATITR Clongeze, prisaastic 6 7, .l' l,. L] Mceossory.

i 9, 10 Mocessory. Alter feldspar occurs with sericite/miscovite.

O AGURS 5, 6.7, 10 Accessory. Associsted with.sphame In deformed megacrystia

" phamend shage - orientstion parsilel to fellssien. %e
asscoliated opagues.
Rewe Ln vndeformed Iegacrystic granite. Imcreases at empense
of epaques vith iacressing deformatiom.

.
.l = dlotite - cowposite dyke suiter .. = slastite - compesite €yke suiks.
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mass, composed of clinopyroxene, feldspar, epidote and
actinolite, with minor quartz, displaying a subophitic texture.
. Plagioclase phenocrysts are typically altered almost com-

pletely to coarse sericite while clinopyroxene is weakly

altered to actinolite, both implying some degree of hydro-
thermal alteration. Similar dykes found in the adit are
cut by the hydrothermal vein system.

3.2.3 Structural and Metamorphic History

The metamorphic rocks of the area have undergone &..

complex geologic history involving migmatisation, folding,
intrusion and shearing. Four deformational episodes are
resolved, however only the first two have regional signifi-
cance. The last two episodes are intimately associated
with t;he Granite Cliff Shear Zone (Figure 3.1).

3.2.3.1 Prograde Metamorphism and Deformation

The oldest rock unit, the tonalitic gneiss (Unit 1)
appears to ﬁave undergone an earlier phase of deformation
prior to the empla'c-ement and deformation of the quartz
dioritic gneiss (Unit 2) and amphibolitic ’gns._'iss (Unit 3a)
protoliths. Fold hinges of this earlier phase are preserved '
as rare intrafolial folds between the gneissic banding of the
second deformatioﬁ, DZ'

Extensive migmatisation of the quartz diorite and
amphibolitict gneisses during D, preceded, or was concomitant
with, thé major foldipg phase which cumulated in tight to

igsoclinal folds within these units.  Macroscopic isoclinal

' folds #re rarely observed but mesoscopically folded
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leucosome ypands with sheared out limbs are common in the
amphibolitic gneiss (Unit 3a). The dominant schistosity
(82) of the area, which strikes appfoximately east-west,
is axial planar to those isoclinal folds. Late granitic
dykes intruded into these units during D, deformation, cut
£he migmatitic banding but are folded into mo%e open folds
or are boudinaged.

on the basis of textural evidence from the tonalitic,
quartz dioritic, and amphibolitic gneisses, the peak of
regional metamorphism was reached between the first and second
deformations (Figures 3.2, 3.3). These units lack the
diagnostic metamorphic minerals found in rocks of pelitic
composition but their mineral assemQ}ages are dominated by
hornblende, plagioclase and quartz. The hornblende is
‘characteristically strongly pleochroic blue-green and occurs ’
as coarse poikiloblastic crystals crowded with inclusions of
guartz. Plagioclases are typically of oligoclase composition
and quartz occurs in coarse aggregates that have annealed
textures indicative of high temperature/low strain conditions.
Such an assemblage is typical of amphibolite facies meta-
morphism and suggeststhat the metamorphic rocks may have
attained temperatures of 550° - 750°C and pressures of 4-8 kb
(Turner, 1968; Hyndman, 1972). ¥

3.2.3.2 Retrograde Metamorphism and peformation

In its waning stages the second deformation is charac-

terised by inhomogeneous gtrain. Areas of low strain are

preser&ed by zones of amphibolitic gneiss, tonalitic gneiss




D, ‘§‘MP2 z Dy
METAMORPHISM
RETROGRADE (DUCTILE SHEARING) éCONTAC]{

TEMPERATURE ~—»

!

TIME ——m—>
I-migmatisation,II-injection of granitic dykes,III-intrusion of leucogranite-orthoquartzite

sill,IV-intrusion of megacrystic granite.A-isoclinal folds,B-sheared isoclinal folds,
C-mylonitisation,D=crenulation,E-brittle-ductile deformation.

Figure 3.2 Summary of the structural history of the Grey River area.
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and quartz diorite gheiss éhowing a mildly cataclastic

texture (protomylpnitégifgpq are_gradational with mylonitic
areas of high strain (shear.;bneS). Gnﬂsuch zones a strong
mylonitic fabric (sm) is developed, witﬁlﬁ;similar orienta£ion
to Sz, and amphibolite metamorphic assemblagés haQe been¢¥_
retrogressed to greenschist facies or lower grades. Mineral-
ogical changes ané the gréin size reduction by ductile anq
diffusional processes in these shear zones (Beach, 1979) ’
resulted in the formation of mica schists and phyllites with
increasing amounts of shearing (Bell and Etheridge, 1973}{(
Roy,“1977),

The megacrystic granite (Unit 7) was intruded during the
final stages of the retrogressive ductile shearing episode
(Figure 3.2) and was intensely deformed at its southern contact
where it intrudes the Granite Cliff Shear Zone, the major
shear zone of the area. The deformation in the granite
parallels the mylonitic (and Sz) fabric of the Metamorphic
Suite but dies out towards the north. Petrographic features
of the deformation in the granite are illustrated in Plate
3.9.

Within the Granite Cliff Shear Zone the mylonitic fabric
is commonly crenulated (D4 deformation) and megascopiéally
folded into broad, open,southwérd élimbing folds. Close
to the contact with the megacrystic granite, andalusite
porphyroblasts rimmed by cordierite over§row the mylonitic

fabric but are also affected by the Dy crenulation cleavage

(Figure 3.3). The porphyroblastic growth lates to the

\
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Plate 3.9

Petrographic features of the deformation of the K-feldspar

3.9

3.98

3.9C

3.90

.megacrystic granite in the Granite Cliff SHear Zone.

)

Low dggree of deformation: Partial rotation of
megacryst into foliation plane defined by weakly
aligned biotite crystal. Megacryst slightly rounded
twinned, perthitic orthoclase. Perthitic lamellae
become noticably eoarser with ﬂncreasing deformation.
Sample 571, x14, X-polars. /

Conjugate fractures developed within megacrysts with
increasing deformation. Fractures are filled with
chlorite and muscovite. Plagioclase crystals (upper
right) become nearly complefely saussuritised.

Sample 526, x40, X-polars. '

Increasing deformation re§ﬁ1ts in complete align-

ment of the megacrysts with the foliation wrapping

" around the crystals to produce an augen texture.

Megacrysts become gquite ovoid-shaped by recrystal-
lisation around the edge of the crystal resulting
in a zone of fine-grained recrystallised K-feldspar
as a halo to the megacrysts. Sample 544, x14,
X-polars. . '
Chessboardlfexture (microcline) developed in areas
of low strain at tips of augen. Sample 542, x40, .
X—polaré.

Twinned megacryst shpwing development of chess-
board texture in oné ilower) twin only. Note that
edges of fractures in the other twin are similarly
effected. Sample g‘p; x40, X-polars.

Highly deformed graniteé. Crystals of K-feldspar
barely recognisable as a megacryst. Grain size
reduction by dislocation along conjugate shears.
Sample 128 x14, X-polars.
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« Figure 3.3

Growth history of the metamorphic minerals
in the Grey River Area

MINERALS

HORNBLENDE -
PLAGIOCLASE
QUARTZ
BIOTITE
CHLORITE
MUSCOVITE
ANDALUSITE
CORDIERITE
SERICITE




- 86 -

jntrusion of the megacrystic granite and the crenulation

to continued deformation in the Granite Cliff Shear Zone.
The assemblage quartz—muscovite-andalusite—cordierite
in tﬁese rocks may be related to experimentally produced
P-T equilibria for these metamorphic minerals. The
relevant curves are given in Figure 3.4 from which an
estimate of the pressure and temperature prevailing during
the intrusion of the megacrystic granite is possible.
However, the diagram is not strictly an accurate petrogenetic
grid since the experimental curves are plqtteé as recorded, -’
with no allowance for phases not present in the original
study. ' ¢
In the rocks affected by the contact metamorphism,

A
muscovite and quartz appears to be stable during the growth

of andalusite and corﬂiériéé, and sillimanite and K-feldspar
were not formed; This indicétes that the rock ;quilibrated
at temperatures lower than 650°C and at pressures of 2.5 kb
(point A, Figure 3.4). If Holdaway's (1971) AIZSios.equil-
ibria data are used (curve d, Pigure73.4) then the stability
field for andalusite is decreased and inferred pressure and -~
temperature conditions are lower (appfoximate 2 xb and
600°C). The maximum possible range of P-T conditions over
which the assemblage muscovite;quartz-andalusite-cordierité
is stable are shown in the shaded portions of Figure 3.4.
Crenulation of the mylon@tic fabric during D, resulted

in little growth of new metamorphic minerals although pre-

ox&,ting muscovite may have been coarsened. However, most
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(kb)

PRESSURE

[
400 600 800
TEMPE RATURE °C

Figure 3.4 Inferred P-T conditions for contact metamorphism related
to intrusion of the megacrystic granite. Mineral equilibria
a-Richardson et al.,1969, b-Richardson,1968; c-Evans,1965;

A-Holdaway, 1971,
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+hin sections show that the coarse muscovite is crenulated
s well and fine grained sericite may be the only metamorphic
mineral formed during the D3 deformation.

3.2.3.3 Faulting and Jointing

The map area is well dissected by faults which are
dominantly steeply dipping normal faults. In the subdued
topography of the barrens, these faults are generally repre-
sented by large depressions and as such are readily discern-
ible from air photos. The principal set of faults strike
E-W and dip steeply to the North. Several faults of this
generation offset the hydrothermal vein system and thus
postdate the mineralisation episode. |

A late, very localised brittle deformation (D4) is
related to fault movements along':'i:he Granite Cliff Fault
and produces conjugate shearing in post tectonic leucogranite
dykes which are cut by the fault, as weil as other rocks.

>Jointing is well developed in most rock types, and
appears uniform over the whole area in both igneous and
metamorphic rocks. The most prominant set strikes N30°E
with an essentially vertical dip. A less well defined set
strikes E-W and .dips to the north.

3.3 CORRELATION

The tonalitic, quartz dio’tic,and amphibolitic gneisses
. ’ 7 ’
(Units 1, 2, 3a) in the Grey River area are similar to
lithologies mapped as a basement gneiss complex in Baie

D'Espoir (Colman-Sadd, 1978); specifically the Little

Passage Gneiss and unnamed egquivalents exposed in the

-

r.
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Gaultois map area. The Hare Bay gneiss and Square Pond
gneiss, defined in the NE Gander Area (Blackwood, 1978),
also correlate closely with the gneissic rocks at Grey
River and although fhey are decidedly mpre psammitic in
composition, they have undergone a similar deformational
_and metamorphic history (Blackwood, 1976) . Intensely
schistose rocks that are found localfy within the Sqguare
Pond gneiss may represent zones of shearing and retrogression
similar to zones developed in the amphibolitic gneiss at
Grey River (i.e. mica schists, and ph}l]:ites {unit 3b, 3c)).
Furthermore a regional cataclastic téxture is recognised
(Blackwood, 1976; Jayasinghe, 1976). |

Gneisses of the Port-aux-Basques area are texturally
and lithologically similar’ te parts of the Grey Rid%er area.
Tha Port-aux-Basques gngis.s as defined by Brown (1976), is
composed of banded injection migmatites of which 40% are
amphibolites. Schistose bands are common and again probably
represent retrograde ductile shear zones. The Harhour Le
Cou Group (Brown, 1976) was interpreted as cover to the
Port-aux-Basques gneiss "base;nenti' but in the type area is
found to be in tectonic contact with reworked Port-—aux-Basques
gneiss (D. Wilton pers. comm., 1980), which from descriptions
given by Brown, (1976) is mylonitised-sheared Port—aux-iasque
gran-ite-v. It is possible that the rewc;rked“ Port-aux-Basques
gneiss and the Harbour Lg Cou Group are products of a regional

-

ductile shear zone. The relationship of the concordant

(sheeted) Port—aux—Bésques granite (after Brown, 1975) to the
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Port-aux-Basques gneiss is not well understood at present,

put may be similar to the 1eucogranite;or{:hocih€rtzite unit
(4) in the Grey River area. correlatives in the la Poile-
Grand Bruit region may include the Keeping gneiss (possible
\extension of the Port-aux-Basques gneiss) and the cing Cerf 4
Complex (Chorlton,‘ 1978), both of which appear to have
undergone a similar structural and plutonic history to

the gneisses at Grey River.

Equivalents to the metasedimentary térrain, i.e. the
Gander Group (Blackwood, 1978) and Baie D'Espoir Group
(Colman—Sadd., 1978) , do not outcrop in the Grey River area.
Detailed mapping by mining companies‘throughout the Gander
zone indicate that these units may be correlative and
continuous (N. Briggs pers. comm., 1979) with metasedimentéry
and metavolcanic rocks in the La Poile-Grand Bruit area
‘(Chorlton, 1978). Equjvalents to these rocks crop out 25
xm north of the Grey River area (Williams, 1979) and their
continuity with the La Poile area is confirmed by recon-—
naissz;nce mapping by Smyth (1979, 1980) i4n the Burgeo map
area.

Deformed megacrystic granites are a common component
of the gneissic terrain throughout the Gander Zone. The
Grey River megacrystic granite has obvious similarities with
the Cape Freelé granite, N.E. cander (Jayasinghe, 1976) and
the Gaultois granite (Colman-Sadd, 1978) in the Baie D'Espoir
area. Furthermore, like the Grey River megacrystic granite,

the deformed margin of the Cape Freels granite is intimately

R
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associated with a shear zone og regional magnitude
(Jayasinghe, 1976, 1979). The closest correlatives in S.W.
Newfoundland are the variably defdrmed Cape Ray granite

(D. Wilton, pers. comm., 1980) and the Otter Point and La
Poile batholiths (Chorlton, 1978) which intrude the Cing
Cerf Complex.

Volumetrically large batholiths of garnetiferous
leucogranitels may not be present or are not exposed in the
immediate vicinity of Grey River. The Francois (megqacrystic)
granite which truncates the eastern pdrtion of the Grey
River metamorphic rocks may represent the late undeformed
megacrystic granites typical of other parts of the Gander
Zone. Correlatives with the Francois granite may include
the Deadmans Bay grénite, N.E. Gander (Jayasinghe, 1976;
Blackwood, 1978), the Piccaire Granite, Baie D'Espoir
{Colman-Sadd, 1978) and the Chetwynd Complex and Isle aux
M;;ts}Brook granite (Chorlton, 1978; quwn, 1976) in S.W.
Newfoundland.

. In summary, the Grey River metamorphic rocks are most

closely allied with the gneissic terrain that occurs on the

eastern margin of the Gander .Zone. Based on concepts devel-

oped elsewhere in the Gander Zone (Kennedy and HcGonigalf

1972; Colman-Sadd, 1974; Kennedy, 1976) these gneisses may
represent pre-Appalachian basement rocks although these
interpretations have been recently challenged (Blackwood,
1978; ngasinghe, 1979; Strong, 1980; Hanmer, 1980). The

controversial basement/cover relationship cannot be resolved
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in the Grey River area because of the lack of rocks typical
of the metasedimentary terrain (cover). Discussion of the
sigﬁificance of the timing of deformation and intrusive
events at Grey River will Se postponed until the section
dealing with radiometric dating (Chapter 9). |
3.4 SUMMARY

The Grey River metamorphic belt has undergone a complex
hi;tory‘involving a number of tectondc and 'synkinematic
events followed by a compliéated post—kineﬁatic hist&ry of
multiple intrusion.

The oldest rock unit is a tonalitic gneiss which occurs
as scrzens within younger intrusives. Sills and dykes
of qﬁartz diorite to diorite which intrude the tonalitic
gneiss have been extensively injected with migmatitic granite
that has been transposed by, and parallel, the axial planér
fabric of the Dj deforma£ion.

Much of the Grey River peninsula is tnderlain by coarse
to medium grained amphibolitic gneiss that have suffered
a similar deformation history to the quartz diorite gneiss
unit.. Their interrelationship however, is unknown. The
amphibolite gneiss is fold?d into tight isoclinal folds
during D, deformation and the axial plane cleavage associated
with this foldinq phase is the dominant fabricd® in the region.
The peak of metamorphism coincided with this folding phase
and reached the amphibolﬁte facies.

puring the waning stages of the D, deformation, extensive

shear zones were developed, probably in response to migration
-
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of metamorphic fluids produced during prograde metamorphism
at the greenschlst/amphlbollée facies boundary. All
previously mentioned units were in part affected by this
episode and retrograde assemblaqes were produced in these
ductile shear zones now represented by mica schists and
phyllites (mylonite and ultramylonite). ’
Sevgral igneous bodies including a leucogranite-ortho-
quartzite unit, were intruded during the early stages of
the retrogressive deformation episode. These were followed
by the intrusion of a batholith of K-feldspar megacrystic
granite, the southern contact of which intrudes a zone of
intense ductile shearing represeqted by the Granite Cliff
Shear Zone. Along this contact the megacrystic granite
exhibits a étrongly sheared fabric which disappears towards
the north. Porphyroblasts of andaiusite rimmed by cordierite
overgrow the mylonite fabric of the Granite Cliff Shear
Zone and relate to intrusion of the megacrystic granite

pbatholith. These porphyroblasts are crenulated by the D3

' deformation which ?robably represents continued deformation

in the shear zoneﬁ Mineral equilibria indicate that the
porphyroblasts Vere formed at approximately 600 O ana 2 kb.
Follow1ng,retanress1ve deformation and intrusion of
the megacryssic granite the area was subjected to a series
of intrusive events which culminated in the emplacement of
a suite of leucogranite dykes. All of these units were
later intruded by diabase dykes and cut by a hydrothermal

vein system, which contains tungsten and basemetal mineral-

an e e
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isation, the genesis of which is the principal subject of

this thesis. S

T wa A
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CHAPTER 4

GEQOCHEMISTRY -~ IGNEOUS ROCKS

4.1 INTRODUCTION

The igneous rocks of ;he Grey River area were analysed
fér major and trace elements to investigate:- 1) possible
génetic relationship between the megacrystic granite and
the late stage granite-leucogranite dykes; 2) possible
‘sources of the ore-forming elements; 3) geochemical pecul-
jarities (if any) of the igneous rocks associated with the
ore deposit; 4) geological conditions under which the ore-
bearing intru#ions were able to produce concentrations of
ore; and 5) comparisons of these geochemical and geological
parameters with simila;'igneous-hydrothermal environments
elsewhere. |

Thirty-two samples (11 of megacrystic grénite and 21 of
leucogranite) were analysed for the normal major element
oxides as well as 2Zr, Rb, Sr, zn, Cu, Ba, Sn, Nb, W, Pb, Ni,
Li, cr, Y, V, F, Ga and rare earth elements (2 samples). o
Sample preparation and analytical iechniques are given in

Appendix A and individual analyses are listed in Appendix B.1l.

4.2 CLASSIFICATION OF THE GRANITES

Unfortunately, from the classification point of view,
priméry igneous chemistry is rarely preserved and evidence
presented below shows that most of the granitic ¥ocks have
undergone extensive metasomatism. Thus in this thesis

nomenclature will follow that of other studies on the

Vs
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Figure 4.1

Chemical classification of the Grey River granitoids
from mesSonorm calculations using Hietanan's (1963)
molecular proportion classification.Solid'circle
represents.undeformed megacrystic granite; half-
filled circle-sheared megacrystic granite; open
circle-leucogranite. ‘
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granitoids of the Gander Zone (Blackwood, 1978; Jayasinghe,

1979; Strong, 1980). That is, although Unit 7 is chemicallf

a quartz anzonite, it will be termed megacrystic granite, |

while thejéplite, pegmatite, and leucogranite'dykes (Unit 9)

will collectively be termed leucogranite. .
Mo?ﬁ samples of the megacrystic granite plot chemically ’ "X,

as quaftz monzonites, especially didve relative undeformed ~J!

samplés (separated in Figure 4.1). Those samples from the ' . lﬁ

dqfofmed margin range from quartz monzonite. to monzotonaljte, . !

refiecting the appearance of hornblende as a mineral phase.
Thé more basic nature of the southern deformed margin may
be due to ingestion of country rock xenoliths or metasomatic-
ﬁetamorphic processes operative in shear zones (Beach, 1979).
* The latter mechanism is favoured in view of the sharp,
relatively ¥enolith—free northern margin of the pluton. Y,
The post-tectonic leucogranite dykes {(Unit 9) plot
predominantly in the granité fiéld althbugh a few occur in
the kaligranite and trondhjemitic to tonalitic fields. This
variability is due to the extreme alkali metasomatism evident
in these rocks.

4.3 METASOMATISM

There is no conclusive geochemical evidence for a differ-
entiation sequence between the megacrystic granite and the
leucogranite, and field evidence is equivocal. Triangular
(Na,0 + K,0)~-Fe0-MgO (AFM) and A1203—FeO—MgO (A*FM) plots of

data from the two rock types (Figure 4.2) indicate a linear

trend that approximates, but does not follow, the calc-alkaline




- 98 -

-,
Y

Figure 4.2 Triangulag? (Na,O+K 0)-Fe0-MgO (AFM) and Al,03- ' {
FeO-MgO ¢ ?\FM) plo%s of Grey River granitolds..

Line 4 repFesents the calc-alkaline trend of . ) ‘

. Irvine and Baragar (1971) .Symbols as for Fig.4-1.
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Figure 4.3

Or

Normative plot of megacrystic granite and leuco-
granite emphasising the variability of rock
chemistry due to metasomatic events which affected
each rock type.Symbols as for Fig.4-1.
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differentiation trend of Irvine and Baragar (1971).

Furthermore there is a compositional gap between the two

rock types which might argue against a continuous differen-

tiation sequence.

Metasomatism accounts for the wide variability in
rock chemistry in both the megacrystic granite pldlon and
the post-tectonic leucogranite dykes. Alteration in the
leucogranite dykes appears to be related to the evolution
of a volatile phase, while theé megacrystic granite was
altered by metasomatism in the shear zone. From the var-
jation between undeformed and deformed megacrystic granite
(Figure 4.3A) potash depletion appeags to be dominant in
the shear zone, certainly in relation to the feldspar
minerals. -

The leucogranites exhibit a much wider range in Ab/Cr
and Ab/An ratios than the megacrystic granite (Figure 4.3B),
which suggests that fhese rocks were affeqted by sodium and
potassium metasomatism. This agrees with ghe petrographic
evidence which indicates thg development of secondary
microcline and albite in thesq’rocks. The metasomatism is
similar to the characteristic aibitisation and microclin-
isation found in altered European leucogranites associated
with tungsten and tin deposits (Shcherba, 1970) .

4.3,1 Major and Trace Element Variatiom

Major and trace element data from the megacrystic

.granite pluton generally plot as linear trends with respect

to SiO2 (Figure 4.4, 4.5). 1f the southern contact zone
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of the megacrystic granite pluton were to represent a

more basic border phase of a zoned pluton, then one would
expect the central portions of the pluton to be enriched in
elements that are concentrated during differentiation.
Measured abundances of Zr and Cu (Fiéure 4.5B and D} argue
against such a differentiation trend within the plutoh;

since these elements would be expected to increase with
differentiation (Chao and Fleischer, 1960; Taylor, 1965).
On the other hand assimilation of country rock in the contact
zor;e might account for such trends, except that vast amounts
of aSSimi.lation would be required (Stevens and Halliday,
1979), the evidence ’of which is not observed in the field.

If a distinctic;n is made between undeformed and deformed
megacrystic granite (Figures 4.4, 4.5) it is apparent that
the linear trends reflect increased defé\rfnation' and meta-~-
somatism in the shear zone. Regression lines through the
data suggest an increase in Al"203, P205, MgoO, Tioz, cao,
total FeO, Ga, 2Zn, 2r, Cu, and Ba occurs with increasing
deformation in the granite and is matched by a decrease in
SiO2 contents. These changes reflect mineral transformations
during metasomatism and deformation which show an increase
in mafics, especially hornblende, biotite and chlorite, over
guartz and1 feldspar. Increased TiO, contents likely reflect
the appearance of sphehe after opagques during deformation and

metasomatism.

Rb exhibits the opposite trend with deformation in

comparison to other elements and has a positive correlation

~
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with S1i0, (Figure 4.5g), although poorly defined (i.e. low

2
correlation coefficient). K,0 and Na,0 are quite variable

in the megacrystic granite samples while MnO,' Pb and Nb
remain relatively copétant during the deformation and
associated metasomatic event.

In contrast to the megacrystic granite guite, the
leucogranite dykes exhibit different major and trace element
variation patterns. Emplaced in post—te‘ctonic conditions, the
leucogranite escaped the shearing episode but appears to
have been variably altered by the development of a vapour
phase after consolidation. The textural differences in the
leucogranite suite indicate the dykes were emplaced under
water—saturated conditions (Fournier, 1968; Jahns and Burnham,
1969). After disappearance of the silicate melt, the
crvstals and volatile phase reacted, resulting in metasomatism
of the dykes (autometasomatism) .

Many elements h]ave been eaftremely mobile during this
hydrothermal alteration stage and large variations are
found within the alkaline and alkaline-earth elements. These
variations reflect the alteration of feldspar minerals within
the leucogranite, which includes the development of secondary
albite and microcline after oligeclase and orthoclase. The
mobility of alkalis in supercrit%cal fluids -is thought to
'be a common process in nature (Orvilile, 1963; Burnham, 1979).
In summary, major and trace element variation trends.

within the megacrystic granite and leucogranite reflect the

effect of metasomatic events during their geologic history.
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iIn the case of the megacrystic granite ﬁhis involved shearing
and mylonltlsatlon along the southern margin of the pluton
a%s resulted in increases in almost every element with a
concomitant decrease in 5i0,. The leucogranite dykes were
variably altered by reaction with a fluid phase after congol-
jdation which resulted in redistribution and addition by

alkalis and alkaline earths, primarily due to feldspathisation.

-4.3.2 Rare-Earth Elements

Two samples (MG 556 and LSG 424) were analyéed for ten
rare-earth elements (REE) by a thin film X-ray fluorescence
method developed by Fryer (1977) and described in Appendix
A.2.3. THe megacrystic granite sample (MG) is from the
undeformed portion of the pluton, “while the leucogranite
(LsG) is typical of the altered leucogranite dykes(two—mlca
aplite).

The megacrystic granite shows a pattern of relative

fractionation (Figure 4.6A) that is markedly depleted in

heavy REE. Furthermore it has a higher total REE abundance

th the leucogranite and a smaller europium aqomaly. In

contrast the leuCOgranlte dxsplays a negative europium

anomaly and a concave up pattern from light to heavy REE.
The REE abundance and fractlonatlon patiern for the

vmegacrystic granite are similar to those of granitic

of mova Scotia {Albuquerque, 1977) and granitestfrom

orogenic belts (Emﬁermann et al., 1975;: Albuquerque,

These granites are 1nterpreted through REE modelling as

‘having been derived by partial melting of a greywacke-argllllte




- 106 -
100 =
b [}
3
L MG 556
b
s
—
a LSG 424
o
z
O w}
I S
U -
heg s
: ST | .
(@] o
(-4
s
L ]
1 1 i 1' 1 A i 2 A 1 i e I
-] ' *
LSG
MG
. ,/’/O
ENRICHMENT
[+ 'y A, L 1 3 A i A A 2 4 1
to Ce Pr Nd Sm Ev Gd Dy Er Yb

Figure 4.6

Rare-earth element analyses of Grey River granites,

v




- 107 -

metamorphic sequencé (Albt{querque, 1977, 1978). The granites,
of the Gander Zone are also interpreted to have formed

from melting of crustal rocks (Strong and Dickson, 1978;
St;o'ng, 1980}, arzd Jayasinghe (1979) deduceqd this ori%‘n

from modelling of trace element distributions. Thus it

seems reasonable to assume a similar origin for the Grey
River mega‘crystic granite.

If the REE pattern for the leucogranite is compared to
that of the megacrystic granite (Figure 4.6B), it is
apparent that the former is relatively depleted in light
. REE and enriched in heavy REE. Such a fractionation pattern
could not be producec_i by any fractional crystallisation
process between the two rock types, nor by any cumulate
procesé, except perhaps throu;gh accumulation of garnet
(Hanson, 1978). Garnéts are known to ogcur as an accessory
in some of the leucoéranite dykes but were not observed in
thin sections of:‘ the analysed sample. The only other
explanation for such a heavy REE enrichment involves redis-
tribution of REE by a hydrothermal fluid (Collérson and
Fryer, 1978; ¥errich and Fryer, 1979). Such a procesAs is
possible for the Grey River leucogranites since there is
abundant evidence for a hydrothermal-autometasomatic alter-—
ation episode during their cooling hiStory.

Kosterin (1959) showed that the principal means of REE
" transport in hydrothermal fluids is in the form of REE

carbonate, fluoride, or sulphate complexes. The heavy REE

enrichmerff\ﬂattern of the leucogranite is therefore thought
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to reflect the interaction of a C02-rich or F-rich hydro-
thermal fluid with the leucogranite (Taylor and Fryer
1980 a, b).

4.4 METALLOGENIC ASPECTS -

An ore deposit is the end product of a number of geo-
chem;cal and physical processes which occur infrequently in
nature. With regard to granitoid deposits there .is a specific
relationship bgtween-deposit type and granitoid composition.
This is illustrated by the association of porphyry copper
deposits with intermediate alkaline to calc-alkaline plutons
(e.g. Sutherland-Brown, 1976), and rare metal deposits (U, Nb,
sn, W, Be, etc.) with high silica plutons (Tischendorf, i977;
Taylor, 1979). This separation is due to a variety of geo-
chemical parameters, including; the timing of the evolution
of a fluid phase; the amount of differéhtiation and fractional
crystallisation processes; fluid-melt partition coefficients:
and emplacement jevel (Strong, 1980). ’

Tauson and Kozlov (1973) suggest éhat trace element
concentrations in granites indicate the source of the rock
and its mode of origin.and they divided granites into five
main types:; plagiogranites, ultra-metamorphic qranites,
agpaitic leucograhiﬁes,palingenic granite and plumasitic
leucogranites. The East two are genetically related, the
'plumasitic leucogranite being the late stage differentiate
of normal palingenic granite magmas.

1

Plumasitic leucogranites are often associated with rare

metal concentrations of W, Sn, Mo, Be and B while Sn- and




- 109 -

Li-bearing ore deposits a;e most commonly related to palin—L
genic granites. Concenttrations of certain major and trace
elements of these granite types are presented in Table 4.1.

In comparison, the granitoids of the Grey River area
are chemically closer to the palingenic and plumasitic
granites than any other type listed by Téuson and Kozlov ,
{1973). Certainly the unde formed samples of the megacrystic
granite have the closest correiationlwith the palingenic'
granite suite, while the Grey River leucogranites differ
from the average piumasitic leucogranite, probably reflecting
their metasomatic nature.and the mobility of elements such
as K, Na, Ba, Rb, and Sr during autometasomatism. '

It is commonly stated that granites associated with
rare metal deposits have a distinct chemistry in comparison
+to normal (unminerélised) granites.. Extensiﬁe surveys of
available datav(Tischendorf, 1977; Taylor, 1379) reveal that
such "specialised” granites are enriched in SiO, and have
high KZO/Nazo ratios. Hesp‘(197l) considers a SiO2 content
of 75% - 77% is common for leucogranifés associated with Sn
(and W) deposits while Flinter et al., (1972) maintain that
sn and Mo occur in two distinct environments:- 1) in lodes
and veins (with W) associated with high-$io, (>72% §i0,)
granitoids, and 2) disseminate; in low-Sioi'( < 72%) meso-
granitoids. .

The excess in SiO2 reflects the significant number of

leucogranites and aplites associated with Sn and W ores,

and Taylor (1979) cautions that the leucocratic and potash-

a
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Table 4.1 . ?;

comparison of the Chemical Composition i . ,J
of the Grey River Granitoids N
with Granites Associated with Rare-metal Deposits R
ELEMENT A B c D E.
. ) . K
si0, - - 68.3 74.65  73.38 ¥ 1.39
Na,0 . 3.22 3.71 3.20 ¥ 0.61
X,0. 3.3 . 4.93 4.98 4.69 ¥ 0.68
Al,0, - - 14.80  16.04  13.97 Yai1.07
cao - - 3.30 1.00 0.75 Y-0.41
zr 200 260 218 55 - '
Sr 300 100 167 182 - ;
Rb 140 400 208 164 580 X.200
Zn 45 57 54 19 -
Ba 750 200 567 488 -
sn 5.3 6.3 42* gx a0 ¥ 20
W 2 4.1 <4-8* <4-a* 1% 3
Nb 20 22.6 14 11 - P
Pb 25 30 33 53 -
Li " 36 93 35 6 300 ¥ 200
F 600 - 3000 907 45 3700 ¥ 1500
K/Na 1.1 1.4 1.53 1.34 -
K/Rb 240 100 240 304 -
Ba/Rb 5.3 0.5 2.8 3.0 -
Li x 1000/K 1.1 2.4  0.74 0.14 -
F/Li 16 31 36.3 7.9 -
Ba/Pb 30 6.7 17.5 9.2% -
Li/Zn 0.8 1.7 0.62 0.26 -

A = Palingenic granite; B = Plumasitic ' leucogranite (A and
B from Tauson and Kozlov (1973)); C = Grey River megacrystic
granite (average 4 analyses); D = Grey River leucogranite
(average 21 analyses); E = Specialised granite associated
with Sn, W deposits (Tischendorf, 1974); * Analyses are
petection

considered accurate to within a factor of 3.
limit for W = 4 ppm. :
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rich tendenéy may be enhanced bf autometasomatic or secon-
dary processes involving silicificatism and greisenisation.

Na,0 and K20 contents of the Grey River leucogranites
are varied but significantly higher than both specialised
granites (Table 4.1 aﬁd Figure 4.7) and leucogranites
associated with mineralisation in Brittany (Strong and
Hanmer, 1980).: Furthermore average K20 and Na20 contents of
leucogranites (Jayasinghe, 1979) of the N.E. Gander Zone
{(Figure 4.7)‘are lower than the Grey River leucogranites,
as are others in the Gander Zone (Strong, 1980). The auto-
metasomatic alteration of the Gréy Rivér leucogranites
probably accounts for the varied KZO/Nazo ratios.

Trace elements are thought to be more reliable than
major elements as a guide to the ore-bearing potential of a
granite (Taylor, 1979; Tauson and Kozlov, 1973; Tischéndorf,
1977). Ore deposits of Sn and W are predominantly associated
with alaskite, aplite, two-mica granite and leucogranite
which have anomalous concentrations of sn, F, Li, Be, and B
(Tischendorf, 1977). Li-rich granites are typically
associated with Sn-bearing.o;e deposité and average Li
values for such granites are 220 ¥ 100 ppm (table 4.1). It

is considered an important indicatox element (average

‘granite has 40 ppm) and enrichments of 5-10 times are observeé

(Tischendorf, 1977). Similarly fluorine is an éxtremely
enriched element in specialised granites (especially those

associated with tin deposits) with values dveraging 3700 :

1500 ppm compared to the Clarke value of 880 ppm for normal
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granites (Vinogradov, 1962).

The Grey River granitoids are not mgrkedly enriched in
either of these elements although the fluorine content of
the megacrystic granite (Table 4.1) exceeds the Clarke value.
.Tauson and Kozlov (1973) consider the F/Li ratio to be
important in the understanding of the processes involved in
the migration of a fluid éhase. Fluorine and lithium'behave
similarly in magmatic processes (Burnham, 1979) as is
illustrated by the stability of the F/Li ratio in successive
intrusive phases of palingenic granites (Table 9 of Tauson
and XKozlov, 1973). However, it should be noted that aplites
associated with these palingenic granite suites have a lower
Fﬁpi ratio than their. precursors, as do the aplite-leuco-
graﬁipe dykes of the Grey River area {(Table 4.1).
Furthé&ﬁqre, granites that are associated with tungsten
deposiﬁs éometimes have specialised Sn contents but are not
markedly enciched in fluorine (Tischendorf, 1970; Kozlov et al.
1974). An analqgous situation exists for the Grey River
megacrystic granite which is Sn-specialised (average 42 ppm
Sn compared to aﬁe;ége granite, 3.0 ppm) but has moderate to
low fluorine contents (averége 907 ppm).

A number of authors have expressed their belief‘tﬁat
granites enclosing tungsten deposits are not enriched in
tungsten (Ivanova, 1963; Sotniko@ and Izyumova, 1965;
odikadze, 1965) vhile others preseﬁt the opposing view
(Jeffrey, 1959; bekate, 1967; Reedman, 1967). Compared to

tin, the relationships are fag less clear, however

1
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Table 4.2

Tungsten and Tin Concentrations
for the Grey River Granitoids

L

4
4
8
4
4
4
“\&
4
4
4
4

MG = megacrystic granite
LSG = leucogranite

Analysed by B. Kronberg using spark.source
mass spectometry methods. Analyses are

considered accurate to a factor of 3.
47
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Tischendorf's (1977) review of chemical data suggests that
the ave:agé W value for granites associated with tungsten
depo'sits is 7 t 3 ppm. '
Tungsten contents for thevGrey River granites (Table -

4 2) exceed the Clarke value of 1.5 ppm and fall in the range

< 4*-8 ppm for the megacrystic (and non megacrystlc gram.te,
sample 288) and 4 ppm or less for the leucogranites. These
' concentrations would indicate the_gx"anites are W—specialis’ed
as well as Sn-specialised. .

4.5 DIABASE DYKES

Ten post-tectonic diabase dykes (Unit 10) were analysed
for major and trace elements and the data are presentéd\'in
Table 4.3 with their C.i.P.w. normative proportions. All
are hypersthene-normative but standard chemical plots such
as alkalis versus SiOz {MacDonald and Katsura, 1964) and
potash versus Sio2 (Engel et al., 1965) shqw that the dykes
are chemically alkali basalts (Figure 4.8A and B). -One
alkali-poor sample (516) however p16£s in the tholeiitic
field and its uniqueness cannot be related to any' alteration
pr[oces.js. A TiO, - K,0 - Péos plot (Pearce et al., 1975)
indicates (Figure 4.8C) that th\eyl:are continental alkali -
basalts which agrees with a trace element classification of
"within plate basalts" from Nb/Y ratios (Pearce ,and Cann,

1973).

* detection limit for W. \
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Table 4.3

Major and Prace Element Contents
anéd the C.I.F.M. Norms of the Diabase Dykes

SAMPLE DB 491 * DB 310 DB 499 DB 516 DB 469A DB 4698 pB 474

10, (wtd) s1.30 7 49.47 ° 5i}a’ .70 4830 49.%0 41.%0
Ti0, 0.98 1,35 1712 1.23 . l.20 1,30 1.0
Alg0y 18.10 17.76 20.42 18.14 15.80 17.40 15.80
P.zOJ L 8.83 9.99 6.08 9.99 9.01 8.4) 9.532
MnO 0.1% 0.21 0.09 0.16 0.16 0.12 0.17
Mgo : 5.7% 5.82 4.65 10.02 9.44 7.49 6.89
ca0 9.86 7.98 5.31 9.66 9.10 7.48 8.62
a0 2.93 2.54 s.04 1.06 2.7 3.91 3.02

1.43 312 1.79 0.73 1.12 1.06 1.48

0.20 0.21 0.29 0.22 0.32 0.38 0.25

1.8 1.86 1,880 \2.25 1.70 2.46 3.5%0

100.95 100.11 99.49 99.96 99.69 99.5% 100.47

138

n
87
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Similar dykes are noted\é the northeastern part of
the Gander Zone (Jayasinghe, 1978, 1979) and in the Crand
Bruit area (Chorlton pers. comm., 1980). ‘ The chemical
kata presented b)} Jayasinghe (1978) are inclucied in
Figure 4.8 as compositional fields for comparison with the
Grey River diabase dyke suite. ‘

' : -
Continental alkali basalts are generally found in

extensional environ'rhents that often herald the start of

continental rifting (Baildy, 1974; Scrutton, 1973; Strong,

1975). Jayasinghe (1979) cites the occurrence of cox;tin-

ental alkali basalts in the northeast Gander region as

evidence for a period of extension in Devonian-Carboniferous

times, which could be the early signs gf a major continental

break up. On the other hand localised extensional environ- o

ments are found within a Vshearing environmex_\t {Koide and

Bhagtacharji, 1978) , thus the occurrence of the alkali

basalt dykes in the Gander Zone may relate to extensional

features in the Devonian-Carboniferous "megashear"” (Strong,

1980) envirohment.

4.6 CONCLUSIONS , 7 .
Geochemical analyses of the Grey River granitoids

reveal that they are extensively &ltéred by metasomatic

events; the megacrystic granite Py a shear zone along its

margin; the leucogranites by reaction with a coexisting

| fluid phase (autometasomatism). Because of these factors

no conclusive evidence is found for a differentiation trend

between the two.
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A

During the mglonitisation-metasomatism that affected
the southern margin of the megacrystic g;;nite pluton,
pearly all major and trace elements were affected, and.show
negative correlation with. 810, with progressive deformation.
Major and trace element trends are cempatible with the
greenschist facies metamorphlc assemblage that is developed
in the shear zone.

On the other hand metasomatism in the leucogranites
appears to affect only the alkalis (Na, K, Ca) and alkaline
earths (Rb, Sf, Ba, ....) and possibly some base metals.
Texturai ev;dence and alteration features imply the existence
of a fluid phase during emplacement of the leucogrenite
suite (apiites and pegﬁatites), i.e. water-saturated
conditions e%isted prior to the consolidation of the
aplite andlpeématite. The alaskitic component of the
compesite dyke suite (Unit 8) may represent the under-
saturated precursor to the aplite‘aed pegmatite dykes (Unit
9).

Evidence for the nature of this fluid phase is provided
by REE data from the leucogranite suite. Heavy REE are
enriched in the leucogrenite dykes and suggest deposition of
heavy REE during autometasomatism of those dykes. The
principal means of REE transport in hydrothermal solutions
is in the form of REE carbonate and fluoride complexes
(especially heavy REE), suggesting that the fluid phase

_evolved from the melt, and later involved in the auto-

metasomatism of the dykes, was CO,- or F-xrich.
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Metallogenically the megacrystic granite is Sn- and
W-specialised with values of 42 ppﬁ>(average) and 4-8 ppm ' 4
respectively. Concentrations of these elements in’ the
leucogranite suite are much lower, which may reflect either

the lack of mafics or leaching or partitioning into the

fluid phase associated with the emplacement of these.dykes.
Noteworthy also is the fact that Li and F concentrations
are not enriched relative to average granite §a1ues, as

is the case for many granites associated with\rare-metal
deposits (especially tin). Other major and trace element
contents of the leucogfanite suite are compatible with
leucogranites associated with W and Sn deposité in We;tern

Europe and elsewhere, reflecting the consanguinity between

silica- and potash-rich granitoids and rare metal deposits. ~/

R R~ 3T e




- 121 -

'CHAPTER 5 /'

THE HYDROTHERMAL VEIN SYSTEM
/

-

/

/

/
5.1  INTRODUCTION / »

The hydrothermal vein system pgstdates all geologic
units in the Grey River area and is composed of a complex
swarm of quartz veins occupying ténsi_onai fractures withiny’
megacrystic granite and amphibo}.itic gneiss. The veins ’.-_
strike approximately north-south (010°av§rage) , almost
perpendicular to the general strike of the metamorphic tocks.
The distribution of fhe thickest and Vmost pe;‘sisj:ent veins
(and the most likely to be exploited) is shown in Figure' 5.1,
although hundreds of Vsmaller veins are knowx; (Bahyrycz, 1956}
within the 1600 x 2000 m area outlined in that figure.

The aim of this chapfer is to establish the structural devel-
‘opment of the vein system, the distribution. and mineralogy

of the'qv»eins, and the major stractural controls of ore
deposition.

o

5.2 RELATION OF THE VEINS TO THE GRANITOIDS -

The hydrothermal mineralisation formed after the
emplacement and deformation of the megacrystic granite, as
' the vein system cuts the deformed megacrystic érgnite |
within the G:,hnite Cliff Shear 2Zone. Zo'ning' rel“ationshi s,
discussed in detail belaw, indicate that higher temperature
mineralisation occurs away from the megacrystici granit

contact, jnto the metamorphic rocks. This would suggest

that the megacrystic granite has no direct linﬁ with/ the

/
'
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Prospect.
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nineralisation, although an indirect link is }nferred from
geochemical studies outlined previously.

A closer relationship between the mineralisation and
the post-tectonic aplite, pegmatite and leucogranite is
indicated by the characteristic hydrothermal alteration of
these rock types in areas where little or no minéralisation
is“found. From evidence of crosscutting relationships seen
in adit level expoéureg, the veins at least in part postdate
the apliﬁe and pegmatite dykes. However, many altered
leucogranite dykes contain coarse quartz-rich centers, and
Bahyrycz (1957) reports evidence of a pegmatite grading
along strike into a quartz vein containing mlnerallsatlon.

It is implied from this evidence and from the geochem-
jcal specialis;tioﬁ outlined above, that the hydrothefmal
vein system is‘intimately related to the %eucoqranite, which
probably was the source of the hydrothermal fluid and the
‘metals concentrated in the mineralisation. Thus a body of
alaskite-leucogranite is inferred to eXiﬁt at some as yet

_unexposed level below the mineralisation.

£.3 VEIN FORM AND STRUCTURE
Miheralisati;n occurs in three forms:- 1) as fractures
coaéed with pyrite and scheelite (and minoxr guartz); 2) as
tensional quartz_veins-with no displacement of wall rock;
and 3) as quartz lodes showing much displacement of wall,
rock. |
*3

- 1) wall rock surrounding the largest veins ($#10, #1,

§6, etc.) is intensely fractured (Plate 5.1A) by 1 mm to .

e iy il "
- L ek gt - PSS it i o
- - -y Fi4 AR . Rt
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Plate 5.1

Vein types and structural form of hydrothermal veins. Where
applicable bar scale = 30 cm (approx 1 foot).

5.1A

5.1B

5.1C

5.1F

I3
i

Fracture-style mineralisation ranging from hairline
fracture to veinlets qbntaining quartz-pyrite-
muscovite and scheel@fe, Location 87 adit level.

Close up of tensionai veinlet with muscovite selvedge.
I

Sample contains bisﬁuthinite and pyrite as sulphide

phases. Sample 82,/ adit level. - ‘

Muscovite selvedgqﬂ tensional veinlets apparently
cut off by greisep (g) alteration halo of composite
Vein #10 (v). Location 267, adit level. '

Sheeted nature of vein-lode indicative of multiple
injection of vein material. Note -also sharp contact
of vein with wall rock and tack of alteration. This

.is typical of ﬁhick, steeply-dipping sections of

the lode. Location 359, adit level.

Tensional fractures in wall rock xenolith induced b

*normal faulting movements within the lode. Locatic

286, adit 1eye1.

Displacemenﬁ of wall rock by normal faulting within
the vein (v5 emphasised by offset of basic dyke (b)
which cutsfthe amphibolitic gneiss. Cliff face
above Portal.

1
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1 cm wide tension veinlets. These are orientated approxi-

‘mately north-south and appear to dip into the major veins.

.of 0.1% wo3, but‘jbcally higher values are found.

. i.e. they strike parallel to the major veins but dip into

- 126 -

P ‘ -

The mineralisation occurs as a coating on the fracture
surfaces and is composed of pyrite and scheelite (pyrite >
scheelite). Muscovite and calcite are minqr cqmponents in
these fractures but are locally concentrated. The fteéuencyl
of fracturing is variable, but appears most intense in south-‘
ern portions of the adit where there are fractures on aver;ge
every 15 cm. Vein #10 is not exposed af this point in the
adit but is projecfed to be 150 m to the east; suggesting‘

that the fracturing may not be localised on the main vein

but has a more "regional® aspect. ~Unpublished assays from

fractured sectlons of wall rock in the adit indicate grades

2) The fracture-filled mineralisation grades lnto small

tensional gquartz veins which show no displacement of wall

4

rbck. These veins vary from 1 to 40 cm in thickness and
are composed of milky quartz with fiuorite, scheelite,ipyrite,
bismuthinite, and calcite. These veins are characterised by
selvedges of coarse platey muscovite up to 1 cm thick ‘
(Plate'S.lB), Other evidence of a tensional environment
includes vugs, branching of veins, the variation in strike
along individual veins, and the common overlapping of
subpafallel veins ("eel tail"™ structures).

The tensional veinléfs are often oriented in a {

complimentary or conjugate fashion go.the major veins, ' h

»

T g e W
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them with a 45-60° angle between the two. However, their
formation in part predates much of the movement and emplaceé : |
ment of QQaer in .the main veins, since greiseh alteration, : .
a result of increaged wall rock interaction in the latter,
ove;prints the tensional veinlets (Plate 5.1C).
3) Veins or lodes which show 'much displacement of the
o "

wall rock effectively comprise the major veins in the area

(Vein #10, #6, #1, ..... etc.). They vary from 15 cm to

4 meters in thickness and ‘characteristically display a sheeted
form indicative of a multiple injection history (Plate 5.1D).
Sheeting may occuy on either, or both, margins of the vein. '

The surfaces of individual sheets show slickensides
which indié#te movement of the hanging wall down-dip with
resbect tb tﬁe féotwall, i.e. a normal fault mechanism.

Some of these sugfaces are coated with calcite or sericite;
the latter appe&fs to be derived from alteration of wall
rock fragments.’ Normal fault movements are %ndicated as
well fromhtensién gashes creaéed in wall rock xenoliths
(vein horses) within the vein (Plate 5.1E) and displacement
of matching wall rock (f1a£e 5.1F).

‘The ldxgg 1;§eg are therefore characterised by repeated
reopening apa inje;tion of new quartz (with mineralisation)
into open sﬁaces creétbd byﬁdifferenfial movements of wall
rock during normal faulting.

5.4 STRESS -REGIMES AND STRESS TRAJECTORIES '

Stress trajectory analysis has been applied to vein

systems. to investigate the regional factors responsible for

-~

~,
-“
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their formation (Moore, 1975). Stress trajectories are lines
which represent the orientation of principal compressive or
extensional stresses ( O 1 O}, 05) throughout an area.

Two out of three principal stresseé can be reprgsented as
trajectory lines on a geological plan or section correspondlng
to a pr1nc1pal plane (Figure 5 2A).

In a fracture regime domlnated by norm&l faulting and

" extension (e.q. Grey River) the surface plan cogfesponds
approximately to the principal plane containing the 0’ and

o axes (Figure 5.2A). fThus at Grey River O} stress
trajectories can be drawn parallel to the sufface outcrop
traces}of veins irrespective of whether they occupy normal .
faults or tensional fractures. )

N\\\\ The maximum Principal stress can be located by

bisecting the acute angle between intersect;ngkplanes of
complementéry faults or extens?on fraétures. Thus a mcdel

for the stress regime operative during formation of the ,
veins at Grey River‘may be illustrated by Figure S;ZB‘and C.
A fracture system created byﬁstresses induced by intru- f/’
sion of a cupola has been modelled by Roberts (1970) and
is shown in Figure 5.2b and E. The é@ress regime may result

from an expansionai' r contractional phase of the cupola

intrusion. Above cupola the maximum principal stress (01)
i ’

is parallel to the orientation of potential extension frac-

tures (Figure 5.2A and D) and matches the orientation of
extensxonal vexns at Grey R1ver. The trajectories of,max—

imum shearing stress (Fiqure 5.2E) in the cupola model

N




Figure 5.2

Stress configur.atioti and trajectories during

the development, of the Grey River hydrothermal
vein system. )

Stress configuration in normal faulting (from
Moore, 1975). = i:xi‘ncipal plane; PS-= plane
of maxmum ahearlng stress, PS = failure surface
(normal fault); EF plane bf extension fissures;
TO' = tra)ectory of prxnc1pal stress in pl n
sectlon., ’ ’ ' . /
Orientation of stresses during the development

of the Grey ‘R:Lver hydrothermal vein system. S
. Y ‘ :

: App'rt’iximate _fot-m of stress trajectories

around 'a (semi) circular cavity near the free
edge'of a semi-infinite plate (after. Roberts, 1970).

‘This models the stress pattern induced by the
1ntruslon of a cupola.
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reéresent fault traces (normal faults) and may mimic the
situation for the major veins at Grey River. The model of
the fracture pattern induced by the intrusion of a cupola
is thus quite similar to the fracture pattern found in the
Grey River Tungsten Prospect and reinforces the suggestion
of a hidden cupola beneath the tungsten mineralisation.

5.5 RELATIONS BETWEEN STRUCTURE AND MINERALISATION

It has long been recognised that sudden changes in
vein attitude often accompany the loss or appearance of
ore and hence a comparison of lode étructure to assay data
is important. Appraisal of these data for the Grey River
Prospect reveals that there is a correlation between grade,
vein width, vein attitude, and alteration.

1f a fracture, which has a curved and irregular surface,
is subjegted to movements ité is obvious that in some parf;s

of the fracture the wall rock will still be touching while

in others they will be separated by open spaces. The size

and shape of the open spaces depends, of course,on the original

shape and attitude of the fracture. During normal faulting

‘(Figui_e 5.3) thick open spaces will develop where the.vein

is steepest, while cavities developed in more shallow dipping
portions of the vein will be thinnexr. Such features are

obvious in vein cross-sections (Figure 5.4) and are further
. AN

evidence for development of the lodes by normal faulting.

Assay data from channel and bulk sampling are presented
«

in Figure 5.5 {in map folder), which ,,5ex"ves to illustrate

. firstly, that grades are not affééized to any great extent by
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o

NORMAL FAULTING

BEFORE ~ AFTER

L e ail

Figure 5.3 The effect of normal faulting on fracture width,
after Garnett (1966).




77

4 1
stringer ‘ore

BeCOO0OBA0 owmuwan

7/‘ watl rock — amphiboiilic gneiss
Waltl rock — deformed megacrystic granite
Fluorite — calcite —barite vein

Woltramite

Sulphides

= Yo

Bar Scale

Figure 5.4 Vein cross-sections.
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sections. Steep open spaces will represent areas of 1ower

‘alteration is expected. Vein cross-sections (Figure 5\%,‘.4)
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rock type (c.f. granite section Vein #6, and northern part
Vein $#10) .and secondly, that the shallower dipping portions )
of the veinv system have the higﬁer grédes. More detailed
data-’—from adit level of Vein $10 héve been compared in Figure
5.6 to thickness and attitude of the vein. In the faulted
section there is.an inverse correlation between grade and
thickness; the highest grade being associated with the
tl:innest portions of the vein. This is similaz to the more
Qeneral comparison between the faulted section and the
southern section, where the latter has a lower grade and is
thicker on average than the faulted section.

Note also that the richest section of the adit is also
the most shallow dipping. The portions of the vein closest
to the first’'Long Pond Twip Fault (points Y,Z,‘f‘igure 5.6C),
'app—e'ar to have been ’reorient,atqed by drag .movement alc;ng that
fault and this sugge_s\t_’s that the attitudes displayed in the

rest of the faulted section are "primary", i.e. indicative

of a pre-faulting orientation and not rotation in the fault

I

block.

. An impottant consequence of the normal faulting mechan-

ism is that the greatest shearing stress will be’ c_ongeri-

trated along the shallowest portions of the vein, thi;s— one

might expec‘t more brecciation or fracturing of £he'w$11 '.Irock
o , , i

and more fluid-rock interaction and alteration along \jsuch

stress and henée sharper contacts and less wall rock
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illustrate this feature. Furthermore the diétribution of the
wall rock alteration (map 3, in folder) matches the grade
distribution, the faulted section having the most intense
greisen alteration halos while the southern section' is

marked by sporadic greisen development. - The mineralogical

and:geochemical features of the alteration halos are
discussed in detail in Chapter 6.

The above obqérvations sﬁggest that the mineralisation
is structurally controlled. Lodes were formed by aiff- ;
erential mo&ement of wall rock during normal faultiﬁg of
tensional fractureé, and resulted fﬁ portions of the veins
being thicker and steeply dipping'while other sections are
thinner and more shallow dipping. The tungsten mineral— ' o
igsation appears to bé concentrated in.these latter sections, Y.

a4

where wall rock alteration is also most intense.

5.6 EAST-WEST BLOCK FAULTING AND LATE VEININMG

After the formation of the tungsten-bearing quartz veiﬁs
the area was suﬁjected to extensive east-west block faulting
which offset a number of tﬁe majo:vveins. The three maﬁor
faults are shown in Figure 5:1 and are labelled Long Pond
Twin Faults (LPTFu 1 and 2) and Granite Cliff Fault (GCF).

4 Offset relationships in the adit (Plate 5.2A and map 2)
suggest that the‘Lonq Pond Twin Paults are normal faqlté,
but if the geochémical anomaly that occurs nortﬁ of Lonq Pond

represenfs a continuation of Vein #10 and 36 north of the Granite
, N .

Cliff Pault, movements on that fault may well have been in the

. . 4
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. : ‘ Plate 5.2

East-west faulting, F-cb veins and scheelitisation of
- wolframite. Where appropriate bar scale = 30 cm.

S.2A Vein offset by E-W normal faulting, location 279,
adit level. E .

5.2B Example of fluorite-calcite-barite veins which cut
\ the main tungsten-bearing lodes and E-W faults.
Note finely laminated crustiform habit of the
' fluoritevmargiﬁ of the vein. Sample 153..

5.2C\ En echelon ladder-work of fluorite-calcite-barite
veins which fill tensional fractures created by
normal faulting within the main lode, location 273
adit level.

5.2D Coarse wolframite crystal partially altered to
scheelite in high grade section of vein, location
378, adit level.’

5.2E Polished section of wolframite (wf) crystal partially
altered to scheelite (sc) along cleavage and fractures.
Sample 377, x62. ' )

5.2F More advanced scheelite alteration-of wolfrahite.
Typical shredded texture. Sample 377c, x62.

A,




‘Plate 52 pd
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opposite direction to the Long Pond Twin Faults (i.e. reverse
faulting).

A ‘period of tensional fr;cturing foiiowed the E~W
block‘faulfing, %nd veinlets cont;ining primarily zoned
fluorite~calcite-barite (F-cb yéins) were emplaéed uring
that time (Plate 5.2B). Fissu;es or dépressioné, seen in
aerial photographs, which cut aéross the E-W fault depres-
rsions are probably the surface expression of thesg,tensional
veihs. These veins cut bpth the tungsten-bearing quartz
vein and the E-W faults (Fié@fé 5.4G). The F-cb veins have
also been intruded along some of the E-W fault zones (Figure

5.4G). An er echelon "ladder-work" of F-cb veins (Plate

5.2C) suggests some shearing occurred during their emplace-
ment. .
A summary of the structural development of the Grey

River hydrothermal vein system is given in Figuré 5.7.

» L

5.7 VEIN TYPES AND PARAGENESIS
The parallelism in strike of the major veins does not |
allow relative time sequences of veins to be established by

simple cross-cutting reiationships alone. )

No one vein contains the entire mineral assemblage but
spatially associated veins have'overlapping and tele-
'scoping-ségments.Ofythe paragenetic sequence. The para-
genésis‘is complicated by the muItiPIe injection history of
the major veins. IQd;vidual cross-sections of such
composite veins generally contain two (or more) vein types

‘that wé;e repeatedly ;njected so that time relationships are -




«
-

Structural development of the Grey River:hydrothermal vein system.

Tnitial extensional fractures filled with quaftz.

Repeated opening and injection of vein material into several of
these early fractures to form the large composite lodes. Internal
vein movements due to normal faulting. ‘

Faulting and offset of veins by E-W normal faults. .

v

Development of extensional fractures (dashed line) filled by fluorite,

calcite, and barite. '
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.
s

‘;P nearly impossible to ascertain (see Figure 5.4). Purthe’nore

one vein type may be deposited at one locatlon while at the

samg time, but at another location, ianother vein type is

o e i A S

o

being precipitated. Data presented later indicated that
these two locations are connected at that instant in time

and that structural and physico-chemical parameters, govern’

Y .
their spatially separate deposition. Furthermore nineral T
8 ) paragenesis in hydrothermal veln systems is qenerally temp-

erature agd time-dependent (Landis and Rye, 1974).‘ Th“s the

P

paragenetic sequence in the Grey River Tungsten ProiPect ;t
based on internal’vein and polished section relationships,
\ ) mineral telescoping between veins, and in part by fluid

inclusion studies.

St on P ot - 8 88
P . -

Four stages‘of miheralisation can be resolved; Early

Stage; Composite Stage; Sulphide Stage; and Late Stage

EEroer v

(Table 5.1).

[P,

The EarlyﬁStagg is characterised by quartz, feldspar and
molybdenite-bearing ;éins (QF-m) that are moré common in
western and southern portxons of the mineralxsed area
{(Figure §.1). The negative sign,in the abbrev1atxon signx—
fies thgt molybdenite may or may not be contgmporaneoq; with

quartz and feldspar deﬁosition. The feldspar component is

_minor (1%) but is characteristic of the vein type and is
the basis for the subdivision. Other characteristics are ’

listed in Table S.1.

The Composite Vein stage quantitatively dominates the - ’ 1

«

mineralisation and is subdivided. into five vein types.

A4
\

>
,
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s
2 -
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Tabie 5.1

’Charl'ncteristic Features of the Vein Typ%s

3

DIAGNOSTIC -  VEIN EXAMPLE
VEIN CHARACTERISTICS OR SAHPI.E

Pink K-feldspar
Muscovite uelvodge
Molybdenite

Coarse 'vugqu quartz
Needle-like crystals
bismuthinite.
Pyrite cubes
‘Blue fjuorite (I)
Muscévite selvedge

i

’ M‘A{h wolframite (I)

A\

.

yite, quartz,
ite assemblage

Purple-red fluorite (IIX)
Pa~-xrich wolframite (I)

" COMPOSITE

Coarse vuggy quartz

Sulphidas in vugs -
.esp. chalcopyrite

Blue to colourless
floorite (III)

!
i
8
%
o
;‘.
!

- Mixed Fe—iin wolframite
v {12} $o Mn-rich
wolfzramite (IXX)

Chaloopyrits, pyrite
dominant ml;hido

[y
Abundant galena,
sphalerite and pyrite
_Nesdle crystals of
“quartz in vein centres

- Ctoo-cutthq nhum-
- ship with other: .
assemblages

-cuuﬂ.mtntm
"“!' )

[
.

qunrtu | :-!cumzt » = molybdenits; b = bhnt!u.nxtn
) v = wolfraite) ¢ = gmnlema; s = sylphides (eh.lconrriu. .
pyZite, spbalerita, etc.); G = graisen,
Roman n\-onlq nta to Wiuoql duuuae.n :

.
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Although‘temporal relationshi;;s are difficult to establigh
for the veins of this- Btage, they occur in distinct groups
in individual composite veins, i.e., quartz- sulphlde (Q-s)
and quartz-wolframite (Q + w) veins are found in Vein %10
and #6 along with greisen alteration halos., Progressive
changes in chemistry of the wolframite (detailed below) |
indicate that the composite (Q-b) (Q* + W) veins were depos-
ited earlier (and possibly at higher temperatures) than the
greisen enveloped (Q-8) (Q + w) composite veins. Fluid
inclusion studies also support this interpretation of the
‘sequential development of the veins.

The positive sign in the Q* + w and Q + w notation
indicates ‘that depusition of the wolframite occurred with
deposition of sthe quartz, while the negative sign of Q-b
dnd O-s veins 51gn1f1es that the sulphides were not deposited
Acontemporaneously with quartz. In detail blsmuth:m:.te is
recorded as a mieroscopic accessory in some portions of the
composite (Q-8) (Q“+ w) veins and is therefore not wholly
restricted to veins containing a Q—-I? agsemblage. l!owever,
in the latter situation, the bismuthinite is a nacroscopic
feature and is th;;afore useful as a discriminating
characterlstic. Similarly other sulphides common to the
Q-8 veins occur within the ‘Q—b veins.

‘Deposition of galena (as well as sphalerite and pyrite)

occurred at the same time as quartz in veins associated

with the Sulphide Stage. The quartz-galena (Q + g) vein

type is characteristic of the Galena H Vein which crops
. . . 2 i . kY
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out 1% xm north of Long Pond. Although ﬁot seen to be
continuous with the tﬁngsten-bearing hveins to th‘e south,
other features indicate a possiblé continuity, and this
vein type probably represents lower—temperature deposition
after the compdsite mineralisation stage. Evidence
pdinting to this relationship is presented below.

he Late Stage is ‘represented by deposition of fluor_ite-:
calcf:e-barite veins (F—éb) in tensional‘ fr'actures whtich ’.
have cross-cutting relationships with the preceding mineral-
isation. The minerals comon to this vein type also fill
vugs in the composite veins.

The complete paragenesis for the ‘Gr_ey ‘River Tungst_eny
Prosp'ecf is given in Figure. 5.8. The compiex’inter-relation-
ships between minera]_.s will be explained in more detail in

the mineralogy section (5.8).

Major features of. the paragenesis include:~ -

1) Minerals with pegmatitt affinities such as feldspar and

beryl are recorded only fr earl&-forned veinlets (QF-m,

Q-b veins). . »

2) 1in all vein types, except QF-m and F-cb, the sulphides
are precipitated after quartz (and wolframite), generally

in vugs within the qﬁarts. : '

» o ‘
3) Bismuth-bearing minerals are comion almost throughout

~ the vein types, bismuthinite being the Bi-bearing phase in

early-forped veinlets while later veinlets are characterised
by Ag- and Bi-bearing galena, Ag- and Bi~tellurides and |

native bismuth.
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4) The paragenesis reflects a spatial distribution as

well as temperature and time relatiohships. Early formed,
higher temperature vein types occur in southern or south-
western parts of the mineralised area, while the locus of

successively younger and lower temperature veins moved

towards the north.

5.8 VEIN MINERALOGY

‘Gray. (1958) and Bahyrycz (1957) described the mineralogy
of the deposit from material éollected by surface trenching
and drilli;mg. Bulk samples from the ﬁdit level were studied
by Raicevic and Br't;ce (1971) by microscopic, X-ray, and infra-
red spectral analysis. In the present'study, a much more
compreheilsive description of the mineralogy was possible

through samplin§ of surface and adit exposures, the latter

being unavailable for earlier workers. Some new minéfal..
species ," namely bismuth and sil;ver tellurides, and sulpho-
salts and carbonates and sulphates, previously unreported
from this deposit, are Qescribed. .The mineralogy of "the
Grey River Tungsten Prospect is.listed in Table §.2. A
No quauit:ltatlve data on mineral abundances are available

but obv_ibusly quartz predominates and comprises more than

90-95% of the vein. Available assayﬁ suggest that

wolfra-ite/scheelite]'occupies less than 1% (by volume) of the .

vein, with sulphides, fluorite, muscovite and carbonate being
_the principal accesgories! An indication of the relative

abundances of the mineral species is given in Table 5.2.

1
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Table 5.2

- Mineralogy of the Grey River Tungsten Prospect

O

HYPOGENE

Tungstates
Wolframite (Fe,MnWO,)

~Scheelite (Cawo4)

Sulphides
Molybdenite (MQSZ)
Pyrite (FeS,)
‘Pyrrhotite (Fe,_.s)
Marcasite - (?ESZY
Chalcopyrite (CuFeS,)
Bismuthinite (31283)
Galena (PbS)
Sphalerite (ZnS)
Covellite (CuS)
Stibnite (szs3)
Arsenopyrite (FeAsS)

Tellurides and Sulphosalts
‘ ‘Tetxadymite (.pizrezs)
Pilsenite (BisTez)
Hedleyite (Bi, Tec]
Hessite (Agzre)
Pb,Bi,Aqg sulphosalts

ONONONONOR

Native Rlements :
Bismuth (Bi) ‘ -
Copper (Cu)

Gangue
Quarts (8102) ' N
Muscovite (KAl, (81,410, 4) (oH) ,)
,riuPrite (CoF,) .
Feldspar (R,Na(hlSiaoe)) '
Harmotome ((K, Ba)(Al,Si:)0,,.58,0)
Apophyllite (KFCa, (8ig0, ) .8H ,0)

o0

OCoceeee

‘.

00000000000

00

R-S
R-S
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Table 5.2 (continued)

HYPOGENE

Gangue (continued)
Chlorite ((Mg,Fe) 5A1 (Al§i3)010 (OH) 8)
Beryl (Be;Al, (S1.0,4)}
2ircon (ZrSiO4) :
Calcite. (CaC03)
Siderite (FeCO3)
. Dawsonite (NaAlCO3(OH)2)'
Gypsum (CasO,)

Oxides
Hematite (Fe,04)
Magnetite (Fe304)
Bismuth oxide?

SUPERGENE
Ferrimolybdite (Fe,0,. 3!4003.8!120)
Tungstite (wo3.u20) -x
Anglesite (PbSO,)

cooeodee®

coe

o060

-

@ - previously reported :

confirmed in present study

'

'@ - previously reported : unconfirmed in present study -

“ newly reported in this study
C = Common | |
S = Sparse
R = Rare
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5.8.1 Wolframite ((Fe,Mn)WO,)

Macroscopically wolframite appears to be the dominant
tungsten-bearing phase but ultraviolet lamping and polished
section studies reveal that scheelite is volumetrically

equally important, mainly as a pseudomorphic replacement of

wolframite. This pseudomorphic replpcement results in
~wolframite crystals that “appear to*_flgoresce under ultra-

violet light, a feature that is helpful in evalua:\ting.igra’:de

and mineral distribution. |

The wolframite occurs as isolated to stul;by prismat:i.c

crystals which vary in size from less than l cmto 10 cm

long. The crystal size is generally smaller in early sheeted
i portions of the composite veins, possibly in part due to |

uu.ld brectiation, but later injections of quartz contain

spectacularly large crystals of wolframite. (Plate 5.2D).

In hand-specinien the wolframite varies in colour. from a

black Fe-rich variety (ferberite) to a reddish-brown, Hn -rich

: (puebnerite) variety. !‘erberite appears to be restricted

to Veins ll.'il and #5 while reddish brown wolframite is

common to Vein $#6. X-ray diffraction and electron mcro—

prebe analyses (Appondix B.2 - B.4) show the chenical

variation in the wolframite throughout the vein syate_n, and

its significance is discussed in detail be’lor. ]
Nithin tungcten-bearinq veins, wolframite is an early

deposited vein mineral along with quartz and is frequently :

found in radiating clusters ‘attached or rooted to one wall o 1

of a veinlet. ".Qunrtz .i“ gpqﬁtally molded aro,\ind wolframite
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"and occasionally occupiq; cavities in corroded or mildlg
brecciated wolframite. However, wolframite does sporadically
occur as veinlets within quartz. Although quartz . deposition
occurs through nearly the complete paragenesis, where
associated with wolframfﬁe both aré generally coprecip-~
itational.

The characteristic feature of the wolframite is its
extensive replacement by scheelite. On average wolfraﬁite
crystals are 40%'altered to scheelite but a féw crystals

are almost completely altered and contain only small inclu-

sione of wolframite which indicate its former presence.

Replacement progresses along fractures and!cleavadés in the

wolframite (Plate 5.2B) and a characteristic shredded
‘textugefresults {Plate 5.2F).

5,.8.2° Scheelite (CaWo,)

Scheelite occurs as a pseudomorphic replacement of
‘wolframite. It is coloured orange to yellow-brown, and
‘fluoresces “blue~white, indicating low ﬁoiybdénum con;ents.
Approximately 98% of the scheélite in the deposit has this
characteristic colour vhicﬁ implies, but does not prove,
‘that most if not all the scheelite is secondary after
wolframite. Vcry few scheelite crystals do not show evidence

of a wolframite precursor.

Sporadicuny hmnver. scheelite overgrowths are
.v:ld.nt (Plate 5.3A) and some rare euhedral scheelite
crystals appear zoned. . Thia zoning is enphasized by colour
variation; from white in the core to orange and yellqw-brown
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Plate 5.3 \

Mineralogical aspects: scheelite, wolframite molybdenife,
muscovite, pyrite, marcasite.

Passive overgrowth of scheelite {sc) 6n*partially
altered wolframite crystal (wf). Sample 631, x62.

Association of molybdenite (m) and muscovite in
quartz gangue - Py = pyrite crystal. Sample 152,.
x62. '

Quartz-sulphide veinlet of composite lode (Vein $#10).
Note sulphides fill vugs in early precipitated
quartz. Location 392, adit level. Bar scale = 30 om.

Crystal of pyrite (py) lining vug in quartz later
filled by chalcopyrite (cp). Sample 391, x62.

Brecciated pyiite crystal with fractures filled by
gangue quartz. Sample 206, x62.

gneplacement of pyrite by marcasite along incipient
fractures. Samp;é 214, x62.

-
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on the rim of the crystals. The white core is softer than
the rim and has a poor polish in polished section. “Electron
microprobe data (Appendix B.3) of theée zoned (?) crystals

indicate that there is no significant chemical di fference

g s W b W S s e BT

betweep the core and the rims.

The exact paragenetic position ofsschéelite is
difficult to ascertain. Available textufeé (P%ate;S.ZB, F,
and 5.3A) however suggest that this scheelitisation process
occurs relatively soon after the deposition of the wolframite,
sometiﬁes before quartz deposition, and briér to éhe depos-
ition of sulphide phases such as pyri£e and chalcopyrite.

5.8.3 Hematite (Fe,0,)

Euhedral crystals of hematite occur as a minor component

4 .
of veins containing wolframite mineralisation. ThL hematite

appears to be precipitated with wolframite awc quartz but

in one section occuxs as an intergrowth with huscovite

which was deposited slightly later than the wolframite.

@

5.8.4 Molybdenite (MoS,)

Molybdenite is the first sulphide phase to appear,’
but it also occurs sporadically throughout the mineralising
:eqﬁence. It is primarily associated with QF-m veins where
it océurs inte?grown with muscovite and in vugs within the
qua:tz; It is found also in vein types from the composite
stage, intexgrown with muscovite (Plate 5.3B),'along late
fractures in tﬁe quartz (with muscovite), -and in muscovite
selvedges.

Hblybdeﬁ;ﬁe-bearing veins are restricted to southern

3
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and south-western portions of the mineralised area. They
are especially common in the vicinity of Vein #1 and in

-

southern sections of the adit level (Veip #10%.
$.8.5 Pyrite (Fesz)‘

Pyrite is a ub;gultous component in all veins except
QF-m veins and is d13§em1nated also in wall rock as a
result of alteration. In veins not subjected to ‘reopening, °
pyrité forms euhedral crystals up to 2 cm long and is
commonly found in vugs (Plate 5.3C). The vuggy naéuze of
their occurrence is emphasized by a distinct "molar® texture
(Plate 5.3D) in which crystals of pyrite (and some marcasite)
crystals appear to have grown in cavities in quarts vhlch
were 1ater f111ed with chalcopyrite. Pyrite in veinlets
sub)ected to reopenlng is typxcally breccxated (Plate 5.3F),
the fractures filled rarely by quartz and more commonly by
late;asulbhides.

\harely pyrite érystalé partially overgrow wolframite/
sqhee}ite crysfals but are not observeﬁ to‘replace them.
Pyrite itself is typiéally replaced and resorbed by later
deposited sulphid;s such as bismuthinite, galena and )
chalcopyrite. Much of the pvrite is partially altered to
marcasite ospec1a11y around the rims of pyrite crystals
and along incipient fractures {Plate 5.3?). The marcasite
rims do no£ t;kg np a good polish and thue have a spongy
appearanceiin contrast to pyrité. Hany pyrite grains have
a wéak anisotropy under reflected 11ght whlch may be due

to stress,espec;allx durxng breccxatlon.

L et e e
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Pyrite deposition was eVide;tly long-iiQéd but at any
point in a vein type it was precipitated after wolframite
(and acheelxte) and prior to the deposxtion of bxsmuthinite,
galena and later sulphldes. - s

5.8.6 Marcasite (fes )

As well as occurring as alteration rlms on pyrxte.
marcasites is found as f:.ne grained porous aggregates of -
crystals lzning‘vugs (Plate 5.4A¥)1ater infilled by
chilcopyrite. FFurtﬁernore. a lamellar texture ‘is common | -

174
(Plate 5.4B) poesxbly resulting from coprec*pitatlon of

] -

carbonate (siderite?) and marcasite.

5.8.7 Pyrrhotite (P°51+xl

Pyrrhotite occuré rarely as small isolatedvhlebs in

. Py - ’

chalcopyrite and is apparently an uncommon mineral in the
\ : . ) ’

deposit. In one sample it was seen to envelope pyrite in

a cavity within a-wolfranite crystal (Pléte 5. 4C). Gray
(1958) maxntains that pyrrhotlte was fornerly a much more
common phase and that it has been extensxvely altered to

=N

marcasite or replaced by chalcopyrite. Harcasite alteration .

of pyrrhotite is commonly recorded from other tungsébn

. ¢ Y] o )
deposits (Kelly and Turneaure, 1970; Kelly and Rye, 1979)

bﬁt the usunal éradations from unaltered to altéréd are X .

-«

5.8.8 Chalcopyrite (CuPeS )

-

'In northern parts of Vein #10 and in Vein 06 chalco- ‘
pyrite is an inportant constituent of the sulphide conponent

of the vein. In fact';thhﬁbq areas the.amountuof_chalcd— _'
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pyrite may exceed. that of pyrite and it is likely to be an  —

economically recoverable mineral in any future mining operption.

Typicallly, chalcopyrite £fills vug’s‘ in quartz but afso occurs
as veinlets in fractured wolframite and pyrite (Plat® 5.4D).

Exsolution stars of sphalerite are common in chalco-
pyrite (Plate 5.4E) but larg‘er grains of sphalerite as
well as muectovite occur as vug fillings with chalcopyrite.
Chalcopyrite is absent as a major phase in the Galena #1
Vein north of Long Pond but there occurs as exsolution blebs
and. lamellae in sphalerite. ’ ! |

sulphides which precipitated eariy are p'artiall}
replaced by injection of chalcopyrite into vugs and fractures;
this appears to cause local unmixing of bismuth- and ;ilver—
tellurides and suiphosalts plus native bismuth from bismuth- -
inite and galena (dertailed below}. ‘

5.8.9 Sphalerite (ZnS)

Paragenetically sphalerite deposition overlaps that of
chalcopyrite to which it is spatialiy related. Rarely
sphalerite partially overgrows wolframite but more commonly
it occurs in vugs with cha‘lcopyriteiin whi"gh it alsc\) occurs
as exsolution lamellae. Sphalerite also appears as myrmekitic
intergrowths in pyrite but some sections suggest that this
texture results from incipient replacement along fractures.
Covellite occurs as a supergene re;placement mineral of

sphalerite and. galena in Vein 36.

5.8.10 Bismuthinite (Bi,S,) - Galena (Pbs)

Acicular crystals of bismuthinite up to 7 cm long are
o
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Plate 5.4

Mineralogical- aspects: lyarcasite, siderite, pyrrhbtite,
chalcopyrite, sphalerite, bismuthinite.

*

‘Marcasite (mc) lining a vug in quartz later filled
by chalcopyrite (cp). Sample 23, x62.

Siderite (black) and marcasite (white) in.lamellar
(intergrowth?) texture. Crystal lining vug in
quartz later filled by chalcopyrite. Sample 21,
x100. ' ‘

Pyrrhotite (Po) coating pyrite (Py) crystal in vug
within wolframite crystal. Sample 649, x80.

Brecciated'wolframité with fractures filled by

chalcopyrite. Sample 217A, x80.

Exsolution stars of sphalerite in chalcopyrite.
Sample 610, x100.

Bismuthinite (Bt) replacing pyrite. Sample 314B,

x62.

>
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Plate 5.5

Mineralogical aspects: Galena, bismuthinite, tellurides,
carbonate,: supergene alteration of wolframite.

Garlen'a (Gny-replacing pyrite, Vein 47, sample 675A,

x80. . . =~

: Bi\s_muthinite and galena intergrowths {unmixing
products) in sample 644B, adit level, x100, X-polars.

Bismuthinite (Bt) with Bi-telluride (B-T) and native
bismuth (Bi) inclusions. Sample 207, x62.

Myrmekite-like intergrowths (unmixing products) of
‘hessite (Ag,Te - grey mineral) and hedleyite (Bi.14'l‘e6 -
white mineral). Sample 23, x200.

Unaltered wolframite crystal (wf) in contact with
carbonate mineral (cc), probably calcite, within a
guartz crystal, Vein #10, sample 217A, x200.

Wolframite (wf) crystal altered to scheelite (Sc)
during hypogene alteration. Scheelite is altered

to tungstite (T) ‘during supergene alteration.
Sample 671, x100. ’
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common in Q-b vein types found in so‘!hern and southwestern
portxons of the mineralised area. They are generally attached
to coarse euhedral crystals of guartz and are orientated at
right angles to the vein walls. Bismuthinite occurs also
as a minor component of ‘the Q-s and Q + w ve1nlets found 1h
southern sections of the oomposite Vein #10. There it.
replaces pyrité (Plate 5.4F) in which it occurs as inclusions
and as partial oyergrowths. Botﬁ are partially reélaced by
chalcopyrite.

Greisen alterati:; associated with the formation of

the composite Vein #10 disrupts Q-b veinlets and thus the

bismuthinite associated with the I;tter islparagenetically
earliez:\han bismuthinite deposited in comp051te Vein #£10-.
In Ve1n #6 bismuthinite is absent - but galena appears
in a similar paragenetic position occurring as inclusions
within pyrite as well as partially enclosing and replac;ng\
pyrite grains (plate 5.5A). Electron microprobe analyses
of these galonas reveal unusually high contents_of silver
and bismuth ranging from 0.18 to 1.5 wt® and 0 - 3.16 wts
respectively; | . \T .
Strongly anisotropic bluish-white grains mantling
pyrite (Plate 5.5B) occur in samples from the faulted section
of Vein #10 (adlt level). X-ray photos reveal that they |
are myrmeklte—lxke intergrowths of galena and bismuthinite

(Plate 5.9) suggesting that they result from unmixing of an

initially: homogeneous Pb-Bi sulphosalt with falling temp-

' erature (Ramdohr, 1969).
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These data suggést that the mineral that replacés
pyrite paragenetlcally in the sequence changes in composition
dependlng on location within the vein ﬁxstem (1 e. from south
to north). ;n_samples from veins exposed in ﬁhe south the
mineral is bismuﬁhinite; in the north galena predominates.
A zone of what was prébably a 1ead—bismuth’sulphide.(3911d ,
solution) occurs in an intermediate position to fhe‘two
! p

Stibnite previousl;-reported from this deposit (Gray,
1958) was not detected in this study. From the description
of its occurrence it appears that bismuthinite was mis-

identified as stibnite by Gray TS

5.8.11 Sulphosalts, Tellurldes, and Native Elements

Bismuthinite, galena and the myrmekitic intergrowths
of the two were affected by a later annealing or reheating
évent probably related to fheir partial replacement or v
resorptipn‘by chalcopyrike. The annealing caused unmixing
of bismuth sulphosalts (tetradymite, BiéTezs), bismuth
telluride (pilsenite, Bi Tez), and bismuth from bismuthinitqk
and bismuth and gilver-tellurides (hedleyite, Bi14Te6; ‘
hessite Ange), Pb—Bi—Ag,sulphosa}ts plus bismuth from
galena (Plate 5.5C and D). natiﬁe bismuth and bismuth-
and silver—-telluride occur as exsolution blebs in the ;alena—
bismuthinite intergrowths.

Identification of fhese phases by polished section

methods is very difficult and most phases were resolved by

electron microscopy. However, observed pblish section
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characteristics of the phases are given in Apﬁendix c2.

The mlnerql chemlstry and significance of these unusual

i
1
¥

phases is disbussed in section 5.10.

5. 8 12 Quartz

Quartz ooﬁ!%lses by far the largest portion of the gangue
mineralogy. Its deposition continued almost throughout the
en£ire vein,paragénesis and in Q* + w and Q + w veins, is
geneially coprecipitational with wolframite. In such veinsg
the qﬁartz is poorly crystalline .and white and t;e veins
contain few vugs. The whiteness is due to a greater abun-
dance of small fluid inclusions than the more transparent-—
glassy qﬁartz from Q-b andAQ-s'veins. - . "

Quartz from the latter type is generally coarser and
shows more well develéped crystal forms, the veins Seing
typically vuggy. These contrastg in physical préperties may
iﬁply slightly different environments of deposition between
' d-b, Q-s and Q* + w, Q + W veins. Vugs and euhedral crystaé
forms imply slower, 6pen—spaced deposition for the Q-b
and O-s vein quartz while lack of well defined crystals and
vugs suggests an environment of rapid deposition for the
tungsten-bearing veins (Q* + w, Q + W). This aQiegs with

the evidence for the structural control of mineralisation

- V L

which indicates, that in lodes reopened by normal faulting,
tungsten mineralisation (Q* + w, Q + w) is concentrated in
shallow-dipping, more intensely sheared portions of the vein
while Q-b and Q-s vein types are found in steeply dipping o L

sectiogs that allow for more open-spaced deposition.
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Quartz from QF-m veins is commonly white'and poorly
crystalline while Q + g vein quartz is white but often bccurs
as a mesh of interfingering needle-like crystals in'ceptral
portions of the vein. B

5.8.13 Feldspar

) ’ Coarse pink orthoclase crystals occur in, and are

. .

restricted to, veins of the QF-m type which are common in .

the south-western portions of the mineralised area. Ro

AN I, ) 2

feldspar was observed in ‘the major composite veins although s

Raicevic and‘BruceA(1971) recorded possible feldspar from

o ik i

infra red spectral studies of adsay samples. ‘ N

—~—~

5.8.14  Beryl

A rare mineral in this deposit, beryl has only been

recorded from the southern end of Vein #1.and in a muspovite-
selvedged tensional veinlet exéosed in the extreme southern
end of the adit. It is associatéd with glassy qdartz and‘ H
minor amounts of white mica.- The beryl is typically pale i
gieen in colour and occurs as prismatic crystals up to , ; 1
5 cm long and 1 cm wide. . . '

5.8.15 White Mica

Mica deposition occurred throughout‘the paraggﬁesis
iﬁ a variety of forms:- 7

1) It occurs as muscovite selvedges up to 5 mm thick

around QF-m Snd 0-b veins. Within selvedges, books of mica -

are orientated with 001 planes perpendicular to the vein

A

edge.

PR

2) White>mica~occurs as'a result of hydrothermal

R
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alteration of ;he wall rock in greisen.halos'around major
composite (0-s, Q + w) veins. Whole rock tface element .

qeochemistry‘of‘the greisen indicateq’h@gh concentrations

of Li which suggests that the mica agsociated with the

alteration is Lijiiqh'(lepidolite). Mica also occurs within _ -~

-

the vein as an alteration of wall rock xenoliths and is also

found on slickenside surfaces. I

>
v &

3) Coarse white mica occurs in vugs in QF-m and Q-b
veins and rarely as rosettes attached to wolframite crystals
"in Q* + w and Q + w veinlets in composite veins.

5.8.16 Fluorite (CaF,)
After quartz, fluorite is the-most abundant gangue

mineral of the veins, and {t is also found as diss;minations
in alteration halos in wall rock.d A variety of colours are
evident and char;cteristic of various vein types.

Q-b-veins'céntain a blue coloured fluorite (I - Figure
5.8) which occurs mainly as a wvug filling'in a similar
paragenetic positionh to bismg}b%nite.. Gré;sen stage
deposition is marked by(afaéﬁpépurple coloured fluorite
(II-~ Figure 5.8) which is intimately rélated to quartz aﬁd
muscovite as producté of hydrothermal alteration of wall
rock. Colourless to bluish fluorite (III - Fiéure 5.8)
occurs as vug fillings in Q-s veinlets of composite veins
and to a lesser extent in Q + w veins.

Fluorite appears after quartz in any vein type,

filling vugs in guartz. It should therefore occur after

wolframite in Q + w veing, but its scarcity in those veins

A AN by S e g e ke
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precludes an exact definitiomof the time relationships, -
although in gne or two cases it appears to £ill small vugs.
,  Light to -dark ‘green, crustiform fluorite (IV - Figure

5.8) occurs in F-cb’ veins which postdate the composite vein

fbrmation and probably‘the Sulphide Stage of the mineral-

isation. ’

.

5.8.17 Carbonates and Sulphates

Carbonate deposltion occurred throughout the paragenesxs
but.is more marked in some stage; than others. Calcite
-(plus anhydr;te—gypqum) and dawsonite .occur as accidentally
* trapped minerals in .fluid inclusions, as well as solid
inclﬁsions, in guartz from QP-m, Q—-b and Q-s v¥in types..
Their distributiok and occdrrgnce is discussed in Chapter‘7,
but in general their deposition resulted from immisgible'
separation:of COZ.and Hzoyfrom an origingllyqpomogep;ous

fluid and by later ietrqgréde boiling of the.HZQ—rich fluid.

Carbonate, probably siderite,<occu;s as lamella; inter-
'growths with marcasite (Platé 5.4B) which are deposited as
vug linings later filled by chalcopyrite. Greisenised
wall rock contains sparse amounts of carboﬁaté along with '
"disseminated wolframite gnd the ubiguitous quartz, ‘mica .

and fluorite. One sample from a Q + wrvein shows the
cogxistence of wolframite and calcite (enclosed in guartz)
(Plate. 5.5E) a;d suggests that carbonate was precipitated
durrng or 1mnedlate1y after deposition in those veins.

A large amount of calcite occurs as vug fill1ngs in

composite veins and is associated with light green fluorite
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and barite in the F-cb-veins which postdate.the formation
of tungsten-bearing composite veins.

5. 8 '18 Chlorite

4
A

- Small amotunts of dark green massive and radxating—
f1Rrous aggregates of chlorite are found as fracture and vug
filllngs in several vein types (Q-b, Q-s) and are thought to
be of an Pe-rich composxtlon (Gray, 1958)»

.B8.19 Supergene Hinerals

Yellow to yellow—green m1crocrystalline masses and
earthy. cruste are formed on wolframite crystals in surface
exposures -of all tungsten—bearxng veins. X-ray diffraction
analysis of thls yellow alteration mineral was inconclusive,
prrmarlly as a‘result of the large amount of scheelxte in the

sample. Polished gections indicated that the alteration was

not after wolframite but 'occurred in crecks and as veinlets

in scheellte (Plate 5.5F). Rerely the alteration'mineral
\occurred as a coarse strongly anisotropic grain (Plate 5. 6A)
which qualitative electron microprobe analysis showed to be
tungstlte (WO -H O) a common weathering product of scheelite.
- A yellow (sulphur—coloured) alteration mineral of
molybdenite was found by Xx-ray qiffraction to be ferrx—’
molybdlte. As well, in surface exposures, bxsmuthlnlte is
often coated with a soft white-grey mineral (Plate 5.6B). A
multi<element electreon microproﬁe scan showed no elements
apart from bismuth and minor sulphur were present and the

white—grey mineral is inferred t; be a bismuth oxide.
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’ _ Plate 5.6 :
Mineralogical aspecﬁég Supergene alteration of. scheelite
and bismuthinite, apophyllite, F-cb veins, hatmotome.

< 5.6A nusotrdpic tungséite grain (circied) formed during
supergene alteration of scheelite (after wolframite).
Sample 699, x100. \ e

_Bis-uthinite (vﬁite ninerii}\gltefed to b
oxide (light grey mineral) during supergene
atioh. Sample 249, Vein §1, x62. )

5p0phy111£e (XP Ca‘(Siaoioi°8ﬂ20)‘crysta1 in vaig
within fluorite-calcite-barite (F-cb) vein, sayple-

2i2, adit level, Bar scale'-]cn.
. . - . S .
© - Vug in fluorite-calcite—barite vein- lined with

apophyllite crystal gaﬂ;balcite. Adit level, ‘sample . -~
603. g -

‘ Etched calcite cryst&l coated with smallprigmatic
harmotome crystals. Pluorite-caicite-barite'vein,
sample 603. -

Vug surface coated with etched calcite’cryétals
that provide evidence for.a period of disaglution

prior to the precipitation‘of harmotome crystals.
Sample 111, adit level.
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5.9 F-cb VEINS

Open-spaced fissures partially filled by fluorite,
cal::ite, and barite were formed after the deposition of the
composite veins and probably after the sulphide stage of
mineralislation-. Light to dark green crustiform fluorite
lines surfaces of these fissures (Plate 5.2B), the crusti-
form habit being emphasised by colour banding on a millimetre

scale. Galena and sphalerite ’occur sporadically within the

fluorite.

White calcite and reddish barite, in cockscomb habit,

partialiy fill the central portions of the veins while

chalcopyrite, apophyllite and harmotome occur in vugs. The

apophyllite occurs as coiourless (rarely yellow) crystals
of prismatic habit (Plate 5’.5C) showing a well developed
btasal cleavage. Some apophyllite erystals have been altered
to a white microcrystalline material which occurs in sheets
parallel to the basal cleavage and on crystal surfaces
(Plate 5.6D). An X-ray diffraction pattern suggests that no
new mineral is formed implying that the apophyllite has been
leached by reaction with a fluid (acid?) that penetrated
along cleavage planes.

Harmotome crystals generally occur in vugs that do
not contain apophyllite and are attached to calcite (Plate
5.6E) and rarely fluorite. The calcite overgrown by
harmotome crystals display etched dissolution pits on
crystal surfaces (Plate 5.6F) indicating that a mild acid

leachinc_} episode occurred prior to the deposition of the
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harmotome. This event probably coincided with the leaching

that affected the apophyllite.

5.10 MINERAL CHEMISTRY

5,10.1 Bismuth-, Lead-, Silver-bearing Minerals

Bismuth-, lead-, silver-bearing minerals are character-
istic of the sulphides associated with the quartz-wolframite-
scheelite mineralisation at Grey River. Such an association
is common in other tungsten deposits especially‘ those of
the magmatic~hydrothermal affiliation (Chang and Bever,
1973; Czamanske and Hall, 1975; Malakhov, 1969; Ontoev et al.,
1960; Mintser, 1979). The association of silver with galena
is also common in ore deposits and may be subdivided further
into two groups characterised by Ag-Sb (Hall and Czamanske,
13872) and Ag-Bi associations (Malakhov, 1969), representing
low and high temperature origins respectively. At Grey
River the Bi-Pb-Ag mineralisation postdates deposition of
pyrite, however, the present mineralogy of the Bi-Pb-Ag
minerals is a function of annealing and unmixing at temp-
eraturgs lower than their initial formation temperature.

Electron microprobe analyses indicate that there is a
reqular change in composition of Bi-Pb-Ag minerals with time
and space within the vein system. The paragenetically earlier
bismuthinite from O-b veins is chémically' richer in copper
and lead than the later deposited bismuthinite of Q-s and
Q + w veins (Table 5.3 and Figure 5.7A). Bismuthinites are
generally pure (Ramdohr, 1?69) but at high temperature

a solid solution exists between aikinite (PbCuBiS3) and




Figure 5.9 Compositional data for bismuthinite, bismuth

telluride, silver telluride and Ag-Bi-Pb
sulphosalts. '

5.94 1 = pure bismuthinite composition.
5.9 1 = tetradymite (Bl Te S) 2 = wehrlite(BiTe):
. 3 = joseite (Bl (Te,S) ) 14 = pllsenlte(BL3Te2),
5 =

hedleyite (B114Te ). Arrow shows change
in composition of bismuth telluride with time.

5.9¢ 1

hessite (Ange).
. 5.9D 1 = phase X (Agsz7Bilosz3);

2 = "gchirmerite" (AngZBi3S7);

3 = n "

.4 = heyrovskyite (Pb4.GBi257.6):

5 = lillianite (Pb3Bi286);

¢ = cosalite (szBizss):

7 = galenobismutite (PbBizsé);

8 = pavonite (AgBi );

9 = matildite (AgB1s ), ’

Composition of phases after Czamanske and Hall

{1975). Solid circles represent composition of

galena and associated Ag-Bi-Pb sulphosalt.

inclusions. Open circle represents composition
of galena associated with unmixed Ag-telluride, '
Bi-telluride and native bismuth. ’
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X-ray scan photographs
. Sample 222, Vein $6.

S.7A For discussion
scale = 1 mm.
5.7B X-ray scan for
5.7C X-ray séan for
5.7D X-ray scan for
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' !
Plate 5.7 - i
Ky
of a galena inclusion in pyrite. %

of phases A,B,C refer to text. /Bar

a

Pb (Mo , PET crystal).

Ag (Lec , PET crystal).

Bi (M, PET crystal):.’
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Plate 5.8
o«

X-ray scan photographs of galena grains, sample 675, Vein #7.

5.8A Polished section photograph of galena grain showing
whitish patches of unmixed native bismuth. Bar
»

.

scale = 1 mm.
5.8B X-ray scan for Pb (M« , PET crystal).

5.8C X-ray scan for Ag (L« , PET crystal) reveals unmixed
AgTe blebs within the galena grain.

5.8D X-ray scan for Bi (Me , PET crystal) showing

exsolution blebs of native bismuth in galena.
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Plate 5.9
X-ray scan photographs (A-B) of a grain of intergrown bismuth-
inite and galena, sample 644B, Vein 410. Bar scale = 1 mm.
5.9 X-ray scan for}Bi_(Moc, PET crystal) revealing
distribution of bismuthinite.

5.9B X-ray scan for Pb (M« , PET crystal) revealing
distribution of galena.

X-ray scan photographs (C-E) of a grain of intergrown Ag-
and Bi-telluride. Sample 21. Bar scale = 1 rm.

5.9C X-ray scan for Te (Le , PET crystal).

S

5.9D X-ray scan for Bi (Me, PET crystal)r$howing the
distribution of bismuth telluride, Medleyite
(8114Te6).

5.9E X-ray scan for Ag (Le , PET crystal) showing
distribution of silver telluride, hessite (Ange).

' Ot so it
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bismuthinite (81253). The structures of the end members
are similar and Pb and Cu readily substitute for Bi in
bismuthinite (Springer, 1971). The higher concentrations
of Pb and Cu in bismuthinites from Q-b veins probably
indicate a higher temperature of formation than the bismﬁth—
inite from Vein #10 (c.f. Chang and Bever, 1972). O
Galena is restricted to northern sections of Vein #10,
Vein #6 and Galena #1 Vein and is characterised by high
silver and occasionally high bismuth contents (Table 5.4).
Both galena and bismuthinite have been variably affected by
an annealing event resulting from deposition of chalcopyrite.
This annealiné episode caused unmixing of Bi-, Ag- and Pb-
sulphosalts as well as tellurides and native bismuth from
these minerals. Because chalcopyrite is more common in
northern sections of the vein system, galena appears to -
have been annealed to a greater extent than bismuthinite.
Analyses (Table 5.5; Figure 5.9B) indicate that increasing
degrees of annealing promote unmixing of sulphosalts and
tellurides with increasing Bi/Te ratios (i.e. BizTezs —
BiTe, —& Bi]_‘Teg —Bi).
Galena inclusions in pyrite from Vein 46 which appear
to have been isolated from much of the annealing, have
characteristicallf higher Ag and Bi contents than those
in contact with chalcopyrite in the same vein (c.f. Thb1§ 5.6
with Table 5.4). X-ray scan photographs reveal that these

silver- and bismuth-rich galenas contain Ag-Bi-Pb sulpho-

salts as inclusions whose orientation suggests that they are
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.unhixed lamellae (Plate 5.7). Their campositions are shown °
in Table 5.6 and plotted in Figure 5;9D. They do not
correspond to any known minerais although ‘heyrovskyite

(Pb, 651257 6) is close in composition to sulphosalt B

while the phase X and "schirmerite" of Karup-Moller (1972,
1973) are chemically comparable to sulphosalt C.

The silver and bismuth contents of thg galena associafed
with the sulphosalts appear to be evenly distributed within
the grains (Plate 5.8 C,D) and do not appear to occur as
submicroscopic lamellae of silver and bismuth sulphosalts.
Mineralogical studieg suggest that high bismuth contents
are correlatable with high temperatufeéﬂpf formation
(Malakhov, 1969; Craig, 1967). Galenas that are partially
replaced by chaicopyriﬁe have low or negligible bismuth
contents (Table 5.4) a result of quixing of this component
by annealing. In fact native bismuth (and hessite)‘occuf
as exsolution blebs in these grains (Plate 5.8). Associated
chalcopyrite (Table 5.7) havé unusually high values of iead,
bismuth and silver (and occasionally gold). This might
suggest that the chalcopyrite is incorporating these elements
in its structure during replacement pf galena and bismuthinite.

¢

Galena fram Galena #1 Vein does not contain aLy bismuth

or silver in solid solution (Table 5.4) but unpublished
assays of the ve and altered Qall rock indicate high r
(3.0 - 4.0 oz/fon) silver contents (Table 5.8). The silver
assays appear to correlate”;ith lead assays in all but one

case, suggesting that the galena hosts the silvef mineral-
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isation. Only one analysis (anal. 12, Table 5.4) showed

any indication of silver (and golﬁ) but Gray (1958)

reported that minute laths,o} a greyanisotfbpic mineral

were present in the'galena. Etching with @dilute HNO3
revealed only that the coarse galéna crystalé were aggregates
of small poiygonal grains (i.e. annealed) but no silver-
bearing inclusions were observéd. available data and the
_yphoto@raphic evidence presented by Gray (1958) suggests,
ﬁowever,that the silver compoﬁent of the Gaiina #1 Vein is
qttribut&ble to small laths of a Ag-rich sulphosélt exsolved
from galena and probably preserved a{gng.grain boundaries.

It is interesting to note that a concentration of 0.22 wtt

Ag in galena will give an assay of 0.6 oz/ton for each 1%

Ph in tﬁé ore. Using these figures the first three assays
from ‘the Galena #1 Vein could be attributed to concentrations
as low asf0.04 - 9.08 wt$ Ag in galena.

The original high.t;mperature mineralogy of the Bi-Pb-Ag
mineralxsatxon may be lnterred from their present comp051tlon
which is a result of unmixing durinq annealing. Given that
the deposition of Q-b veins proeoded formation of Q-s
and Q + w vein types (Vein 010, 16), and the @ + g vein

. (Galena #1 Vein), then there is a teqular change in the

. composition of 1nd1v;dqal Bi-Pb-Ag minerals with tlme and

space in the vein system. This may be related to a progres-
sive change in the chenistty of’ the hydrothermal fluld

depositing these -incrals. . " -
An early Bi-rich fluid deposited ‘bissuthinite (1, ?1qure




K
&

Table 5.3

‘ry

Camposition of Bismuthinite (Weight Percentages and Atomic Proportions)

Analysis 1 - 2 3 4 5 - 6 7 8 9 " 10 11 12
£ sample 314 314 314 82 82 82 82RB 707 767 - 353 214 6448
‘ Fe .02 - ;03 .07 .04 - .06 .22 .08 - - -
Cu .92 2.22 .89 1,11 #.65. 1.05 .52 .59 .45 .58 .29 -
S 18.38 18.36 18.15 17:08 18.16 18.01 16.4 18.75 17.57 18.50 18.23 17.35
Pb 3.91 9.02 3.16 3.93 2.30 3.04 3.07 1.52 2.08 1.89 1.38 .51
Bi 75.27 69.41 76.77 76.28 76.67 77.92 79.31 78.1 78.5% 77.86 80.30 80.81
Ag - - - .18 - - .03 - - - .05 -
sb .13 .16 17 .07 .09 .07 .06 .08 .11 - - .05
Zn .09 - .02 .07 05 - .04 .08 .05 - o .06 .06
Se .11 L1l .07 .12 .13 .06 .06 .08 .14 .13 .04 - 5
Te n.d. n.d. - - - - .03 n.d. n.d. - - - -~
Au - - - - - - .09 - - - .07
< Total 98.83 99.26 99.31 98{90 98.90 100.16 99.61 99.52 99.02 99.03 100.48  98.87
Fe - - .004 .007  .004 - .004 .02 .008 - .- -
Cu ,074 .176 .074 .098  .054 .086 .043 .048 .039 .047  .024 -
S 2.950 2.902 2.930 2.995 2.991 2.900 2.789 2.994 2.990 2.970 2.997 2.997
Pb .098 .223 .078 .083  .059 .074 .08B2 .038 .055 .05 .035 .0l4
Bi 1.860 1.684 1.902 2.065 1.937 1.926 2.066 1.914 2.051 1.920 2.025 2.141
Ag - - - - - - - - - - .002 - -
Sb .008 .008 .008 .008 .004 .004 .004 .003  .005 - - .002
Zn .008 - - 002 .004 - .004 .006 .004 - .005 .005
Se .008 .008 .004 .005 .004 .004 .004. . 005 .010 .004 .026 -
. Te n.d. - - - - - .004 - - - - - -
“Au © - - - - - - - .002 0 0 0 .005
Total 5.000 5.000 5.004 5.263 5.062 4.996 4.996 5.030 5.162 5.000 5.114  4.838
]
- _ \\ o -
S N




. Table 5.4

composition of Galena (Weight Percentages and Atomic Proportions)

Analysis 1 2 3 4 5 6 7 8 9 10 11 12
Sample 392 644B 675 675 675 V6C V6C V6C 528 529 529 528
Y Fe' .04 .14 .02 - .02 .05 .14 .12 .06 .34 - .03
Cu - - - 0.0l .04 - .05 - - .03 - -
S 13.13 13.02 12.55 13.62 13.57 13.45 12.96 13.16 13.50 13.42 13.04 13.33
Pb 85534 85.87 86.10 85.68 83.25 85.07 85.01 82, 34 85. 38 85.10 87.04 84.00
Bi C - - - - .79 - - 3.16 - -~ - -
Ag . .18 - .02 .61 .34  1.09 .38 .41 .9 - - - .06
Sb - - .02 .01 .01 - - .05 .05 .07 .05 .01,
Zn 4&% .08 - - .05 - - . .04 .04 .12 - 02

i : Se . .32 .03 » - .02 - .04 - .05 .02 - ©

; Te -° - n.d. n.d. n.d. .07 .04 .02 - - - n.d. Y

; Au - - - - .10 - - .17 - - - .39 1

@
Total 99.10 99.46 99.32 99.80 98.91 99.04 98.59 100.00 99.04 99.13 100.75 97.84
Fe - .008 - - - - .008 .004 .004 .01e6 .— -
"Cu -— - . — - - - _- - -— - - -

_ s _9g8 .980 1.000 1.012 1.008 1.004 .984 - .980 1.008 .996  .980 1.008
& Pb .992 1.000 .984 .977  .957 .984 1.000 .949 .988  .980 1.020 .984
Lo Bi - - - - .008 - - .035 - - - -

Ag .004 - .012 .008 .023. .008 .008 .02 - - - -
Sb - - - - - - L - - - - -

8 Zn - .004 - - .004 - - - - .004 - -

3 Se L012  .012 - - - - - - - - - -

. Te - - - - - - - - - ) - 153

T Au - - - - - - - .004 - - - .004
i Total 1.996 2.004 2.000 1.996 2.000 1.996 2.000 1.990 2.000 1.996 2.000 1.996

[]
o 4 q —
o . P SN




Table 5.5

w>
‘Composition of Tellurides, Sulphosalts and Native Bismuth (Weight Percentages)

A
1 2 3 4 5 6 7 10 11
314 314 151B 644B 21 ve6C 151B 214 392

- - - .02 .04 .24 .09
.05 - - - .08 - . -
4.80 4.78 - - .02 2.73 .03 . . . .43
.08 «15 .39 .11 .17 T - . ’ 1.86
59.22 59.16 68.24 76.15 74.90 80.04
.57 .45 .03 - - .09
.23 .27 .22 .14 .18 .13
.05 .01 -~ .gg. .07 .02
217 .18 .02 . .2 .02
33,91 34.19 30.13 21.41 21.28  17.98
-t - - - .13 -

00.26 99.21 99.07 98.16 99.79 98.55 101.23

Tetradymite, Muscovite selvedged vein (Q-b).
Pilsenite, Adit level Vein #10, southern section.
Hedleyite, Adit level Vein #10, faulted section.
Hedleyite, Vein #6. .
7-9 Hessite, Adit level Vein #10, southern section.
10-11 Native bismuth, Vein #10, Adit level.




- 187 -

Table 5.6
Composition of Galena T
and Two Exsolved Ag-Bi-Pb Ssulphosalts
(Weight Percentages and Atomic Proportions)

A A B 164

.02

Fe
Cu
s
Pb
Bi
Ag
Sb
Zn
‘Se
Te
Au

. 008

.984
.953
.02

.031

.004

.004

Total

2.004

Analyses from sample 222, Vein 6. o
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Table 5.7

Composition of Chalcopyrite Associated With
Silver and Bismuth Tellurides

Analysis 1 2 3 4 5

Sample 222 222 21 98A 23
Fe 30.93 28.89 30.43 306.77 30.66
Cu 31.87 27.42 39.94 32.69 33.50
[ 34.21 31.43 34.36 34.63 34.11
Pb .23 8.29 .05 .08 .09
Bi .11 1.93 .29 .32 .20
Ag .01 .46 .21 .04 .10
Sb - .05 .02 .03 -
Zn .07 - .13 - -
Se - .03 - - .01
Te n.d. n.d. n.d. n.d. .06
Au .13 .05 - - +A11

Total 97.61 98.51 98.50 98.55 | 98.84

Fe 1.043 1.043 1.020 1.024 1.023
Cu .945 .871 .969  .960 .984
5 2.008 1.977 2.000 ,2.008 1.984
Pb .004 .082 - - -
Bi - .020 .004° - -
Ag - .008 -004 - -
Sb - - - - -
Zn - - <004 - -
Se - - - - -
Te - - - - -
Au - - - - -

Total 4.000 4.000 4.000 3.992 3.992




Table 5.8 -

Assays of Galena #1 Vein from Bahyi:ycz’ (1957)

i Gold oz/ton Silver oz/ton Pbt Cut
S #1 . WR ) 2.90 1.30 12.3 .2
S #2 Vein- .04 4.2 '&5 3
S #3 Vein | .04 2.6 13.9 Tr
S #4 Vein .04 3.0 4.0 .1
i
a
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5.10) rich in Cu and Pb and was followed by the deposition
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of bismuthinite with progressively lower concentrations

of Cu and Pb. A later (and lower temperature) Bi- and
Pb-rich fluid (2, Figure 5.10) deposited a complex Bi-Pb
sulphosalt (perhaps cosalite, ?bzaizss) which broke down at .
temperatures below that of its formation to a myrmekitic L
intergrowth of galena and pismuthinite. Finally a Pb-rich

fluid (3, Figure 5.10), containing Bi and Ag, deposited

galena rich in these elements. However, with falling temp-
erature this fluid deposited galena with progressively lower
concentrations of Bi and Ag (4, Figure 5.10). All these
minerals were subjected to annealing which modified their
composition by unmixing phases rich in Bi, Ag and Te.

The stability of the Pb-Bi sulphosalts has been studied T
by Van Hook (1960) and Craig (1967). There are three main
Pb-Bi sulphosalts in the PbS-Bi,S; system (Rigure 5.11}}:
phase II with composition Pb4.651257.67 phase III - sz.:’Bi2
Sg_ i phase IV.- Pby g5Bi,S3 g5+ which have been shown to
corresponé to the natural minerals heyrovskyite (Kiominsky
et _al., 1971), 1illianite (Salanci and Moh, 1969), and
galeno-bismutite (Craig, 1967) respectively. A fouxth phase
(labelled V, Figure 5.11C) is a high temperature Pb-Bi
sulphosalt with a narrow ranée of stability and is not
recorded in nature.

The PpS-Bizs2 phase equilibria predict that galena
would be followed paragenet}cally by phase II, phase III

etc., and finally by bismuthinite (Craig, 1967: Chang and

PG L ciaias i
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Bever, 1973). Chang and Bever (1973) present evidence from
a few ore deposits (Klominsky -et al., 1971) to illustrate
this sequence (Figure 5.11C) which is opposite to that shown
at Grey River (Figure 5.11B). The theoretical paragenesis
also cont¥avenes the general paragenetic schemes proposed
by Lindgren (1933).

There are several possible reasons for the deviation
from the idealised sequence produced from the pure binary

PbS-Bi,S,; system. These include 1) the complex overlapping

of deposition of mineral species primarily as a consequence

"of essentially simultaneous crystallisaéion; 2) fluctuations

in temperature and/or chemical compositions of the fluid;

3) misinterpretation of ore textures. Thé second reason

is favoured for the Grey River situation from fluid inclusion

evidence (presented below) that shows a decrease in temp-

erature between Q-b, 0-s, and Q + w vein types. ' v
On the basis of thermodynamic and experimental data '

Mintser (1979) has suggested that the presence of bismuth-

inite in a ‘mineral assemblage indicates a weak acid to

neutral nature of the hydrothermal fluid. This is well

illustrated by the predominance of this mineral in high .

temperature ores, especially greisens, where bismuth enrich-

ment is characteristic (Popova et al., 1966). An increase

in alkalinity leads to a progressive change in the composition

of bismuth minerals deposited from a hydrothermal fluid.

This is expressed by a change in the nature of ore mineral-

isation with time, the general sequence being bismuthinite —»

o
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GREY RIVER

lV*Bizs3
F J
s ’ ' .
100[ @ 1
. PbS ‘ Ba,‘,s3

Fiqure 5.11 Phase equilibria and paragenesis in the PbS-Bi.S
system(after Craig,1967).See text for explanatzoa
' of compositional relationships.Figure 5.11C after
i Chang and Bever (1973).,
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bismuth —» Bi-Pb complex sulphide —» Cu-Pb-Bi complex
/ sulphide —»Pb-Cu-Ag-Bi complex sulphide with increased
alkalinity (Mintser, 1979).
Such a sequence is observed in the quartz-wolframite
Kara-Oba deposit (Popova et al., 1966; Mintser, 1979) where .
successively deposited bismuth-lead sulphiaes and sulphosalts

have progressively higher PbS/Bizs3lratios both within each’

separate stage of the mineralisation and throughout the
.entire hydrothermal process. The paragenetic séquence
bismuthinite —» Bi-Pb complex sulphide — Pb (Ag-Bi)
sulphide observed at Grey River might also suggest that the
hydrothermal fluid became more alkaline with time.
. 5.10.2 Tungstates

vVariations in colour of wolframite crystals from black,

in Veins ;l, $4, #5 and gréisen, to brown in Veins #10 and
° #6 suggest thatrthere may be a change in composition from

ferberite to huebnerite within the vein system at Grey
River. Twenty-seven'wolframiﬁes were analysed for Mn/Fe
ratio py an X-ray diffraction method deﬁcribed by Sasaki
(1959) and Foster (1973) ‘which i§ outlined in Appendix A.2.6.
Results indicate a range in coﬁposition from 40-78% ano‘
between Vein #1 and Vein #6 i.e. from south to north in the
vein system (Appendix B.4). More extensive data were
obtained by’eiectron microporbe analysis (Appendix B.2) and
confirm the campositional variation shown by Keray

diffraction methods.

s Wolframite from Veins 41, #4 and #5 and from the greisen
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envelopes of Vein #10 (Figure 5.12) contain more Fe than

. Mn with the Mmn/Fe ratio (huebnerite/ferberite ratio) falling
in the range 0.6 - 1.23 but clustered dominantly around 0.8. {
Sample 79-25 (Figure 5.12A) is from a wolframite—-bearing
vein on strike with Vein #1 but outcropping just south of
Long Pond (see inset Figure 5.12). The wolframite from this
vein has a substantially higher Mn/Fe ratio than wolframite
from Vein #1 and might suggest tﬁat the Mn concentration of
wolframite is increasing frém south to north. This is

substantiated by analyses from vein #10 wolframite whose

Mn/Fe ratios vary from 1.0 - 2.3 (Figure 5.12 ).

The Mn/Fe ratio increases from the southern exposures
of Vein #10 (samplé 707, Mn/Fe = 1) to the most northerly
section of the vein (faulted section, adit level) where
sample 651 has a Mn/Fe ratio of 2.19. There isrno substan- ; L
tial difference in Mn/Fe ratio of wolframites between ad{z\
level (approximately sea level) and surface (250 m) exposures
of Vein #10. Vein #6 wolframites have a much wider range
of Mn/Fe ratio from 2.0 to 9.0, the highesthvalue being
close to the pure huebnerite composition (Figure 5.12 ).

Compositionai variations in wolframite have been recorded
on a regional scale (Groves and Baker, 1972), within single
ore deposits (Ganeev and Sechina, 1960), and even within
single crystals (C?urikov, 1959). Many workers have

suggested that such compositional variations indicate changes

in the temperature of formation. However, the data are

contradictory and the Mn/Fe ratio may not be used reliably



FREQUENCY

VARIATION [N WOLFRAMITE COMPOSITION

-

8 ‘ .
VEIN 8 '
s m r-‘ A r-l—TT nn A A i er
0% i N
[0 ‘ v )
St VEIN 10 \7'\ !
X = .
o m ' H
A . 7928 L -
_ ’ - i
. - v-10 a
% -1
] o
10 P
[ 707
| 1
[ VEIN 1,45 and GREISEN ENVELOPE to VEIN 0
[ "1 19-28 , ’
a2 N 2 [—‘ 2 3 % 2
1 2 3 4 [) [ 7 t [)

ilu/F!

Figure 5.12 variation in wolframite composition.
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as a geothermometer (Taylor and Hosking, 1570; Clark.
1970; Groves and Baker, 1972). Hsu (1976) sgéwed that neither

{02 nor ssz exert  any noticable influence on édlframite .
composifion and suggested that experimental work on si}ico—

tungstic acid (Gundlach, 1967) indicated that pH is the most

important factor. ’

Reé;ntly Horner (1979) provided experimertal data
(Figure 5.13A, B) on the solubility and hydrolysiglof
wolframite which showed that pH and temperature are the main
controls gf wolframite.composition. Under isothermal con-
ditions a change in wolframite composition is, promoted by |
a change in pH. Horner showed that Fe-rich wolframite is
deposited from acid solutions while Mn-rich wolframite forms
under neutral to aikaline conditions. In a fluid of constant
cation concentration wolframitg compositions become more
ferruginous with falling tempéraﬁpie. ‘

At Grey River, wolframite crystallised &t rmuch the same
temperature (approximately 280°C) throughout the vein system
(qge fluid inclusion evidence), which suggests that pH
was the dominant control with regard to theirvcompositiqn;
This implies that the pﬂiof'the hydrothermal fluid ch&nged
from acid to alkaline between Veins #1, #4, #5 and Vein #10,
and Vein #6, and thus with time.

In hydrothermal vein systems, pH is commonly buffered
by wall rock reactions (Helgeson, 1979) and thermodynamic o

calculations (Horner, 1979) show that pB conditions sui;ed

for muscovite deposition in hydrothermal solutions are

-
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Figure 5.13 The effect of T,pH, 02, S, on wolframite and
. scheelite composition. Figure 5.13A,B from
Horner (1979) ;Figure 5.13C,D from Hsu(1976,1977).
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identical with conditions promoting deposition éf Fe~-rich
wolframite. Wolframite from the greisen (muscovite-"rich)
envelope of Vein #10 is ferruginous, and this supports Horner's
thermodynamic calculations. It is interesting that wolfram;
ite from central vein portions of Vein {10 are richer in Mn
than wolframite from the greisen surrounding the vein. This
might suggest that the pH of hydrothermal fluids injected
earliest into the vein fracture was buffered by wall rock
reactions but with repeated reopéning of the vein fracture
subsequent injections were isolated from the wall rock by
pre-existing (unreactive) vein material.

_ Fluid inclusion evidence (Chapter 7) shows fvirstly
that sudden decreases in the content of co, in the hydro-
thermal fluid (and temperature) promoted deposition of
wolframite, and secondly that CO2 concentrations in the fluid
were gradually decreased with time. Loss of dissolved CO,
fro; a hydrcothermal fluid would have a marked effect on the
pH of the fluid and would Fesult in changes from acid to
alkaline conditions. Thus in the Greyﬁiver__pydrothemal
system pH may have been domlnantly controlled by progressive
CO2 loss rather than wall rock alteration, especially in
veins characterised by multiple injection of hydrothermal
fluid.

5.11 PHYSICO-CHEMICAL, PARAMETERS OF ORE DEPOSITION

Temperature:

Ore minerals are generally poor geothermometers (Kelly

and Turneaure, 1970) because of their relative ease of




equilibration at lower temperatures. Even relative
indications of temperature from compositional data are
misleading or contradictory (e.g. Mn/Fe ratio of wolframite,
Hsu, 1976), however sulphide invariant points occasionally
Yie,].d useful temperature informatipn (Barton and Skinner,
1979).

The Bi-Pb-Ag mineralogy of the Grey River Prospect is
a function of subsolidus reactions which are not experimentally
determined for low temper&tures. Higher temperature liguidus
and subsolidus relationships are petter understood and can
often provide upper limits on the temperature of formatlon
Liguidus relationships for native bismuth and tetradymite '-
suggest a maximum temperature range of 266° - 581°C
(Abrikosov and Bankina, 1957; Glatz, 1967) . Comparison of
£1uid inclusion data and paragenesis suggests, however, that
the sulphide and te}luride minerals were formed at temperé—
tures below 300°C.

Pressure:

{ The Grey River prospect does not provide suitable sulphide

mineralogy for evaluation of pressure conditions. ' *Sphalerite
geobarometry is negated by obvious disequilibrium relations
between pyrrhotite-pyr;ite-sphalerite and the compositional
effect of chalcopyrite associated with sphalerite (.Scott,
1976}.

pH:

The pH conditions of the hydrothermal fluid may be

inferred from compositional and stability data for tungstates
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and sulphides (Figure 5.14). Chemical variation in
wolframite imply that the pH of the hydrothermal fluid
#creased with time and is supported by bismuthinite-

galena relationships.

Fluctuations in pH occurred in each vein type after
deposition of early vein minerals such as quartz, wolframite
and the early sulphides. This is suggested by the common
occurrence of pyrite altered to marcasite. Pyrite is

formed undt;:r a variety of conditions while marcasite forma-
tion is subjected to stricter limitations (Blain and Andrews,
1977). Hydrothermal laboratory experiments have shown that
the formation of pyrite is favoured at elevated tempera-
tures in neutral and slightly alkaline solutions while
marcasite forms in colder more acidic solutions (Berner,
1964). -

Carbonate minerals have retrograde solubility and in

general prec:'.pitate under low P002 (high pH) conditions
(Holland, 1979). éhe occurrence then of siderite as lam-
ellar intergrowths with marcasite is equivocal and suggests
that either marcasite (primary) and giderite-precipitated

under similar conditions (high pH) or that the marcasjite

formed by alteration of pyrrhotite under low pH conditions,

with the carbonates a later feature.. The latter mechanism
might be favoured, for ‘during alteration of pyrrhotite
shrinkage cracks are develcoped (Blain and Andrews, 1977)

: P

which might be filled with siderite with increasing alkal-

inity of the solution.




rqw-w.—q've~av--g:-r‘l.»<w.h_.,_t,ﬁA5;. e e s - .

Acidic

-

|
“ i N
. ‘ o
: Alkaline | ~ ' N
i | ] |
QF-m Q-b Q+w Greisen Q-s Q4+w Q4+g
TIME >
S Figure 5.14 1Inferred pH conditions of the Grey River hydrothermal fluid
P during deposition of early vein minerals from composition and
i stability relationships of tungstates and sulphides.
3
4
) . 4
o b

. . k R R e i s g b s R ﬁ
P - aminite, i




P

- 203 - 4

Oxygen and sulphur fugacities:

The stability fields of ferberite and huebnerite do not

differ appreciably in the presence of both oxygen and sulphur

(Hsu, 1976) and wolframite of any composition will be stable

S A N SN e

underxr {o SS conditions common in hydrothermal environ-
ments (Figure 5.13C). The ,fact that hematite is deposited
with wolframite at Grey River indicates that the {02 - {Sz

conditions that prevailed during deposition of the latter

fall in the shaded region of Figure 5.13C. Those values
are not abdolute however, -as the equilibrium curves were
produced from experimental precssure-temperature conditions

not directly applicable to the Grey River situation. With

R o

decreasing temperature, the position of the equilibrium curves
will shift but their relationship to solid buffer assemblages o
will not be greatly affected (Hsu, 1976). The effect of V
pressure is negligible due to the low AV's of the reactions
involved, but with decreasing temperature wolframite and
hematite will probably be stable to lower oxygen fugacities.
A characteristic feature at Grey River is the universal
partial alteration of wolframite to scheelite. The .__(02 - ‘S‘Sz
stability field of scheelite is much wider than that of
wolframite (Fig\ire 5.13D) and is stable to lower 502 and
h1qher ;Fs than the latter (Hsu, 1977) This is consistent
with the common association of molybdem.te with scheelite
in skarn deposits. The deposition of sulphldes after

tungstates at Grey River suggests that during the evolution

of the hydrothermal fluid {.02 decreased while {Sz increased
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possibly along some path such as A-C (Figure 5.13C, D).
N,Availahle textural evidence suggests that scheelite
replacement‘bccuéred prior to the deposition of sulphides and
thus must have formed under changing foz - fsz conditions
outside the stability field.of wolframite and hematite |
(kpt before cog‘itions suitable for pyrite precipitation,
that is position B on path A-C (Figure 5.13C,D). After

deposition of wolframite the Ca2+/l-fe2+ + M92+

ratio of the
hydrothermal fluid would probably be high, which could
promote the scheelitisation process.
5.12 SUMMARY

The tungsten mineralisation is contained within a

hydrothermal vein system which postdates both the metamorphic

rocks and the two phases of granitoid intrusion. A genetic

i ety e

link between the mineralisation and the Grey ﬁiver granitoids
is suggested by the characteristic autometasomatic alteration,
quartz-rich segregations, and geochemical specialisation of
the latter.
‘ The hydfothermal veins range from tensional fractures
and veinlets to gquartz lodes showing much displacément of
wall rock. This latter type is ch&racteristic of the major |
veins of the.area which displqy a multiple injection history
as evidenced by their sheeted nature. Wall rock displace-
ments, tension gashes in wall rock xenoliths, and slickensides
on sheeted surfaces indicate that the lodes were formed by

repeated opening and injection of mineralisation into

open spaces created by differential movements of wall rock
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during normal faulting. A stress analysis of the vein
fracture systen is similar to stress patterns induced by
intrusion of a cupola and reinforces the sugéestion of a

hidden grahitic body beneath the mineralisation.

N \ >-! .
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Assay and structural data from the major lodes indicate
that the tungsten mineralisation is structurally controlled

by internal vein movements. due to normal faulting, and is

concentrated in‘portions of the veins that are thin and
shallow.dipping. Furthermore, the wall rock alteration is
most intense in high grade areas of the lode and results
from the greater shearing in shallow-dipping sections during
vein movements. - |

The miﬂeralisation may be divided into four main stages;

the Early Stage characterised by deposition of quartz,.

, feldspar, and molybdenite-bearing veins; the Composlte'Stagg
which is characterised by multiple injection of several '
vein types, two or more of which occur together as compon-
’

ents of the major lodes; the Sulphide‘Stggg which represents

lower temper§ture_deposit10n.after the composite mineral-
isation; and :Pe Late Stage represented by deposition of
fluorifé-calcite-bari;e veins in tensional fractures which
have cross-cutting relationships with the preceding mineral-
isation. |

Minerals with pegmatitic affinities (feldspar, beryl)
occur in early formed veins that are concentrated in squth-

ern and south-western parts of the ninéralised area. Hiéher

v
temperature minerals such as nolyﬁdenite and bismuthinite
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are also concentrated in south;rn exposures and give way ' o
" to the north to lower températuré,assemblages. ‘Bismuth- . -
~'bearing minerals are common almost throughout the vein
types, bismuthinite being the Bi-bearing phase intearly
formed veins while later veins are characterised by Ag-~
‘and Bi-bearing galena, Ag- and Bi—tellprides and native

bismuth. Wolframite composition varies spatially and

temporally within the vein system being more Fe-rich in

early formed veins while later and more northerly generations
are characterised by Mn-rich wolframite.

During the composite vein stage in tungsten aring
veins, quartz is generally precipitated at the same time : ‘
as wolframite whilé sulphides are deposited after in vugs A ﬂ
within the quartz. This is also true df non tungsten-bearing
veins where sulphideé are deposited later. than quartz.

Thesg and oﬁher features of the paragenesis indicate

4 : . . .
that early-~formed higher temperature vein types occur in

southern or southwestern parts of the mineralised area while
the locus of successively younger and lower temperature ‘
veins moved tovardé the north (from metamoxphic rocks to the
megacrystic granite).

Physico-ghenical parameters of ore deposition can
be inferged from sulphide and tunbstate p?ase equilibria.
Chemical variation in the wolframite and bismuthinjite-galena
relations imply that ,the pH of the hydrothermal fluid
increased with time although pH fluctu#ted after deposition

of quartz (and wolframite) in each vein type during
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"depdsition of later sulphide phases.: Hematite-wolframite
rel,ati'onships restrict bxygen and sulphur fugacities to
high {02 - low {Sz condition dﬁring deposition of
wolframite, while a falling { 02/ fsz ratio and an increasing
Ca+2 .concentration possibly prompted replacement of | “

wolframite by scheelite prior to the deposition of sulphide

phases under low {02 - high fsz conditions.
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CHAPTER. 6
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ALTERATION GEOCHEMISTRY

6.1 INTRODUCTION

Studles of hyd4otherma1 alteration in mineral deposlts
are useful as" both a guide to ore and as an ind1cat1on of
the character oﬁ/the ore fluid. In North America conventional
alteration terﬁ; such as propylltlc, sericitic, etc. gretw
out of studﬁ#s of porphyry copper dep051ts (Meyer and Hemley,
1967; Rose /1970: Creasey, 1959) and essentially describe
pervasivé/ilteration although they may'have a more local
applicayéon. In the Grey River tungstén depésit wall rock

ion is localised aroundvthe vein system and is
domipantly a greisenisationrphenomenon.
Greisen is defined as a high temperature post-magmatic
teration of rocks by a residual maématic fluid evolved

from cooling alkali-rich granite intrusives ‘(Shcherba, 1970
a,b). It is characteriséﬁ by enrichment in Li, B, Be, F,

// *raie-earths and rare-metals such qg‘tungsten and tin (Hall,

1971; Boyle 1970). Greisen is a general term and includes

. many alteration types depending on origiﬁal'rock composition

and intensity of alteratiqn, although, phyllic (sericitic)

f

) alterationbis dominant.

6.2 ALTERATION TYPES

o

At Grey River the hydrothermal alteration occurs in
three principal stages (with subdivisions): 1) autometa-
somatism of the leucogranite; 2) greisenisation related to

¥
\
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hydrothermal vein formation; 3) clay alteration associated
with fluorite-calcite-barite veins.

6.2.1 Autometasomatism

Alkalic Alteration: Alkali metasomatism affects the
_leucogr;nite dykes of the Grey River area. The geochemiéal
features of the autometasomatism have been described above 
(Chapter 4) and essentially they invalve the redistribution
‘?f alkalis and alkaline earths. This is evident as a
development of secondary feldspar, i.e. microcline after
orthoclase, and albite_aftér calcic plagioclase. Also
sericite and epidote Are produced by alteration of plagio-
\

clase, and chlorite replaces biotite.

6.2.2 Greisenisation

v

Potassic Alteration: An essentially monomineralic zone,

dominaptlf composed of muscovite,‘occurs as thin (<1 cm)
selvedges to quartz-bismuthinite (0-b) and gquartz-feldspar-
molybdenite veins (QF-m) which are comﬁénly.tensional and .
show no diiplacement of wall rock:: Strictly speaking these
selvedges may not have for;ed by alteration of wall rock,
rather textural evidence suggests that ;hey are the first
- products of deposition from the hydrothermal fluid. They
are included here as an alte:ation tybe because of their
position and their mineralogytwhich is characteristic of
the more widely dispersed alteration zones. As wéll as

. ” .
muscovite, these selvedges ‘contain minor pyrite apd scheelite

(the latter considered to be secondary after wolframite).

§
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Phyllic aiteration is the most

Phyiiic Alteration:

conspicuous alteration type of the greisen and is character--

ised by a sericite-quartz-pyrite-fluorite-scheelitew

wolframite assemblage (sericite much more dominant than other

phases). The alteratioh occurs as an envelope to the‘

com9031te veins (#10 and #6 especially) and is most

developed in portions of the lodes that are shallow dipping

and that contain high tungsten grades. The thickness of

this alteration varies from a few centimeters up to 1.5

Phyllic alteration is best developed in amphibolite

meters.

wall rock but it occurs in deformed megacrystic granite,

although in the latter quartz is dominant and the alteration

might more correctly be termed silicic.

" Biotitic Alteration: This alteration type sporadically

is

developed in the amphibolitic wall rfock of vein #10,

HNT e o a1 43 B St b s~ e e d

gradational with the phyllic alteration. It forms an outer

halo to the phyllic alteration, which is closest to the vein,

and is characterised by the development of hydrbthermal

biotite (pleochroic brown to light brown) after hornblende.

Minor accessories include sericite, fluorite and pyrite

This hydrothermal

with veinlets of epidote and chlorite.

biotite is itself replaced-by sericite in zones of more

Scheelite or wolframiée have

intense phyllic alteration.
The biotitic alteration may attain a

not been observed.
thickness of up to 0.5 m although it is generally much thinner.

A Boft, greenish-white altered

Calcic Alteration:

wall rock composed of carbonate and sericite is sporadically
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developed as an outer alteration halo to the phyllic
alteration from which it grades. Away from the vein it is
gradational with biotitic or unaltered wall rock. Minor
amounts of fluorite and pyrite are also present in this
alteration type which can be up to 0.5 m wide;

&
Silicic Alteration: Silicic alteration dis found as a

halo to the composite Vein #6 and it gffects deformed
megacrystic granite wall rock.  The altered granite is a
bleached wﬁite to greenish-white colour in outcrop and much
of the silicificatioﬁ is due to development of a network .
of quartz veinlets. As well as quartz, the altered wall rock
contains sericite and pyrite with minér fluorite and -
chlorite. Fluorite isn;ticeably less abundant than in
the phyllic altered amphibolitic wall rock of Veirn #10.
Silicic alteration is quite pervasive in the deformed
megacrystic granite wall‘?bck occurring up to 10 m away
from the composite Vein #6. Zones of silicification not
associated with guartz veins are also observed in drill
core. Small tensidqal,fractures in these zones appear to
have provided channelways for’the hydrothermal fluid.
A diagramatic representation of the typesiand agssociation
of the alter&fi&n halos formed during greisenisation is
shown in Figure 6.1.

6.2.3 Clay Alteration

A

Argillic Alteration: The wall rock around the fluorite-

calcite-barite v;ins,(r-cb) is conanly altered to aAsoft

clay-rich rock -type. These veins postdate the formation of




A— Unaltered amphibolitic gneiss ¢

B — Carbonate-rich zone {Calcic alteration)
C —Biotite-sericite alteration { Biotitic)

“—— D- Sericite-fluorite-quartz alteration (Phyllic)
F

____-———‘ E—vVein

F —Muscovite selvedge (Potassic)

2

»

A—Unaltered deformed megacrystic granite
B—Silicitied granite pervasive veining

C—Vein

Figure 6.1 Diagrammatic cross—-section of composite lodes showing
the zonation of alteration facies developed during
greisenisation,
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Table 6.1

Mineralogy and Distribution of Alteration Facies

- £IC

L PRINCIPAL
LTERATION TYPE HINEFALOGY DISTRIBUTION AND ROCK 'rvpz/ M‘!‘EAH)\
- e -
ALKALIC _'::::?;' alb., chl., epid., Pervasive in leucogranite dykes. t\\\
POTASSIC “musc., py., sch. (wolf.). Selvedges to Q-b, QF-m veins - tenajional veins nho;}ng no displacement of wall
rock. i V .
-Ber., py., fluo., Alteration envelope to composite veins (esp. #10) conbtaini Q + w veip types.
- | PHYLLIC musc., qts., Affects amphibolite wall rock. Alteration localised on allow dipping
& sch. (wolf.). ‘sections of the composite veins. »
(3] s
5 BIOTITIC -biot. ., lof&, fluo., Outer alteration zone gradational to phyllic alteration (above). Affacts
- PY.-. chl., epid. amphibolite. Variably developed Epidote and chlorite occur in veinlets.
ﬁ CALCIC ~cale., ser., fluo. Variably developed outer alteration zone gradational with phyllic alteration,
E ) Affects amphibolite.
@ ' ~-qtz., ser., py., Ramifying network of quagtz veinlets that occur as an alteration envelope to
SILICIC fluo., chl, composite Vein #6. Affects deformed megacrystic granite (DMG). Pervasive in
1 calc. zones in fractured DMG. Also occurs as the outermost altefation halo in
amphibolitic wall rock to Vein ¢10.
ARGILLIC -k;gl., biot., qgt=x., Associated with F-¢cb veins. FPostdates previous alteration events.
¢hl.
micro.= microcline, alb.= albite, chl.= chlorite, épid. = epidote, musc. = muscovite, py. = pyrite€, sch. = scheelite,
wolf., = wolframite, ser. = gericite, fluo, = fluorite, qtz. = quartz, calc. = calcite, kaol. = kaolinite,
biot. = biotita. -

* gtable mineral - not alteration product.




Table 6.2

Mineralogical Changes during Alteration
of Amphibolitic Gneiss and Megacrystic Granite

Y

UNALTERED* VA ORTHQCLASE -PLAGIOCLASE | HORNBLENDE BIOTITE ‘MUSCOVITE CHLORITE QUARTZ ADDITIONS

T

microclin llbiéo,’!+ chlorite unaffected unaffected
sericite, -
epldote

. =muscovite
! . -pyrite
POTASSIC : -scheelite
(wolframite)

sericite sericite l decreased . =fluorite

- ~pyrite
PyYLLIC ] ) ’ -scheelite
{wolframite)

-orlcita- biotite chlorite - decreased -pyrite
to . -fluorite
-epldote

BIOTITIC

GREISENISATTION

" sericite : . ~ decraased -carbonate
A . ~fluorite
. -pyrite

sericite sericite chlorite ' unaffected increased -pyrite
: -fluorjte
’ ’ -* caleite

SILICIC

. xaolinite biotite % chlorite )
ARGILLIC + muscovite unaffected unaffected

7

* composite mineralogy - amphibolite and deformed megacryqtlc granite.

[
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’.the composite lodes. Tr@ alteratlon is patchy and appears
to be enhanced where the veins cut wall rock displaying
an increased permeability due to shearing or faulting.

Kaolinite is the dominant component of the mineralogy and

is formed by alteration of plagioclase.‘. Biotite, formed

after hornblende during shear- zone metasomatism, is stable
[

- under these conaitidns and has undergone only minor alter-
ation to chlorite and muscovite.

Table 6.1 summarises the brincipal mineralogy of each
alteration type and its distribution, while Table 6.2
details the mineralogical changes which occur during the
various alteration stages. '

6.3 GEOCHEMISTRY

The alteration types were analysed for the normal major
and trace elements by XRF and A.A.S. teéhniques (Appendix A.2),
and the data are listed in Appendix-B.5. Tungsteh and tin‘
concentratmns were determined by Dr B. Kronberg (Univ. of
. Western Ontario) by Spark Source Hass Spectrometry (Appendix
A.2). The variation in major and trace element chemistry
in the alkalic alteration, characteristic of the leucogranites '
is discussed in Chapter 4. Ko geochgmical’ datarare available
for the argillic alteration associated with the late fluorite-
calcite-barite veins. - A ]
The subdivision of alteration types on petrogra.ph:.c
-grounds is substantiated by their major and trace element

chemistry. Normal variation diagrams are unsuitable for

evaluating metasomatic processes, since the data are normal-
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ised to 100% ahd a cpange in one element results in a compen-
sating change 1n another. Chemical transfer data can be
calculated using equations (Appendix'D) that quantify meta-
somatic reaciidns .(Gresens, 1967; Babcock, 1973). This is
possible assuming either the vollz;me of the rock remains
constant during the metasomaf:ism or the magnitudé of
trans;fer of any single component is known (e.g. constant
Al,04 or Tio, etc).

6.3.1 g;in/Loss Diagrams

Assuming an isovolumetric relationship between the
unaltered aﬁd altered rocks, one can coﬁstruct a gain/loss
diagram (Camus, 1975; Ford, 1978) that quantitatively
reflects changes in chemical composition during metasomatism
(Figures 6.2, 6.3, 6.4).

In the amphibolite wall rock greisenisation appears to
have resulted in decreases in ,Sioz, total Fe, Ca0O, MgO,
Naz‘d/ and Ca0 and increase in A1293.and 'K'zo. Increase in
the volatile component is reflected in the increased propor-
tions of mica and flﬁorite in the altered rocks. ' Note that
sample 14 (Figure 6.2) representative of, the calcic alter-
af:ion shows high concentrations of Ca0 and volatiles
reflecting its carbonate dominated mineralogy. T

Slightly different trends are obvious for the major
element variation in altered deformed megacrystic granitAe’

samples (Figure 6.3). SiO, is markedly enriched and Al,0,

depleted relative to the deformed megacrystic grein:Lte as

well as the unaltered amphibolite. * xzo- and volatile




Figure 6.2

Isovolume gain/loss' diagram for altered
amphibolitic gneiss wall rock: Major elements.
Derived from equations of Gresens (1967) and
Babcock (1973) .For Figures 6.2 to 6.4 average

unaltered wall rock represented by horizontal
base line. Numbers above gain/loss bar scale
represent analysis numbers listed in Appendix
B5.




Tolal Fe

MO (x10)

no?(.m .

3 .
m Piyltic with vein
component




- 219 -

Zr o™ 81 (x10%) (x0?) 1 2aladh , Cuixw?)

1775

Ba (x30?) 1. wotod | Ui (xv0?) i F 1 G ) ] /

1 ' Pigute 6.3 Isovolume gain/loss diagram for altered anphibolitic
) /  gneiss wall rock : Trace elements. .
- ¥




- 220 -

~
.
—
| S0, AL, Total fe ) Mgo Ca0 Na 0 | K00} T10,4410} | volatiies P00t
3008 + +
4 3 +
+ [}
1504 4 > L )
7 *
S L L
g | 1 I—H_I | an =}
e p———
" RN RSN iaaad AaniN INEE) =
4 F 4
b 3 -+ Ea 4
1
f »
s b -
300 <4 +
d ‘-L + - -
o 20600%) | 8ria0® ] mixictt | zateo) | cund | Bete0?) | nota0?® | ahy £ Gatact) |
L 1 s | 8 1 L
3 3 1
+ [l 3 4
o L 1 a3
'
20} 3 4 [_ﬂ‘l 4
mgicc J T u_U [—L_I—l <
,b 1 ]
L. o <= o b 4
4 . s
' -
1» ]

Figure

6.4 Isovolume gain/loss diigram for altered mega-
crystic granite wall rock: Major and trac
~elements. .

- mva——_—




L T

- 221 -

increases, and decreases in other elements, are similar to

-

those found in the amphibolite section. Net veining by

quartz may account for the high Sio, cGntent of silicic
altered rocks (suggesting the alteration was not isovolu-

metric).

Trace element distribution between alteration t

-

reflects mineralogical changes as well (Figure 6.3).

L

abﬁndant in the latter because the relatively/large Ga ion
substitutes more readily for Al in octahedr ‘sites in mica
than in tetrahedral sites in feldspar (Haly, 1971), . -
Strontium is depleted in altered amphiibolitic rocks.
It usually occurs in feldspars which arejaltered and replaced
in the greisenisation procesé. Zinc and copper vary %
substantially in each alteration type #gnd might reflectj
variation in fluid conditions (pH etc’)'ox'samgle bias aue'
to inhomogeneous distribution of thege elements (as ore
minerals) in each alteration zone.
In the granite wall rock (Fique 6.4 Rb, Li and P
gains are all reflected in the dom nant mineral components

of the alteration, namely quartz;z:ericggf and fluorite.

Ba and Sr are depleted by breakd ldspar while.Ga

~appears to be only slightly enri¢hed in the most altered

sample, possibly due to lower ambunts of mica in the silaclc

é"




Table 6.3

, Tungsten and Tin Concentrations
in Metamorphic and Hydrothermally Altered Rocks
¢ g ’ _

Y

)
SAMPLE  Wippm) "~ 8n(ppm) Rock Type

64 < 4* 25 Amphibolite
' < 4 75 Mica Schist
< 4 10 . Phyllite
a4 75 * monalitic gneiss

Alteration Type .

362 70 5 - Biotitic
363 ¥ 40 25 - calcic
360 6000 40 ~ Phyllic

»

Analyst: Dr ﬁ. Kronberg (University of Western ontario)
* detection limit 4 ppm. :
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-(Appendix A.1) but care was taken to avoid such problems.
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alteration. | o .

L3

Tungsten and tin analyses of unaltered and altered rocks -

i,

(Table 6.3) indicate that tungsten is concentrated.(70-6000

ppm) by the process of greisenisation at Grey River. Tin

T TV,

apﬁears to be slightly enriched (40 ppm) in the most altered
rock sample (360 - Table 6.3) but some supposedly unaltered
samples (e.g. 495 - tonalitic¢ gneiss) have-except%onallyA P
high values of Sn-and W (75 pﬁm and 44 ppm respectively).

This may be due to contamination during crushing procedures

The tin, tungsten enrich@ent might suggest that the

metamorphic rocks of the Grey River area have anomalous .

e entrations of these elements. This inference is probably

=2

premature, based on only a few samples and needs to be

verified By a statistical sampling program. "’ ,/
No distinct tungsten-bearing phase was observed in

biotitic or calcic alteration types so that the 40-70 ppm

W concentrated in these rocks may be contained in the mica

phase (I&anova, 1969). Wolframite and scheelite arehowever

observed in ﬁhe phyllic alteration zones and account fof‘

their exceedingly high tungsten concentrations. Unpublished

assays indicate concentrations of 1000 to 10000 ppm in the

greisenised wall rock of Vein #10.

6.3.2 Gresens Composition - Volume Diagrams

Although the gain/loss diagrams of Pigures 6.2 to 6.4
mimic the -change in mineralogy during the alteration, the

- underlying assumption that there has been no volume change




Figure 6.5

Gresens diagram showing compowition-volume
relationship for biotitic, caleic, phyllic,
and silicic alteration f#cies. Dashed lines
ipdicate isovolumetric (Kv=1) and iscchemical
([§¥-Ofﬂrelationa. The quadrant in which the

. lines cross thegse axes indicate whether the

elements are gained or lost in the reaction.
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appears to be invalid when Gresens composition~volume diagrams
a;“e constructed (Gresens, 1967; Babcock, 1973). These diagrams
(Figure 6.5) show that chemical variations are linearly
related to volume change during metasomatism.
Elements added to the rock are repre;ented ’by 1}ines.
that pasé through the lower right-hand quadrant, while'
those lost from the rock aré represented by lines whichwpass
through the uppe; 1eft—han§i quadrant. The points at which
‘thesev lines cross the isochemidal line (Ax = 0) are important,
since they indicate the magnitude of the volume change and
the direction of chemical transfer during metasomatism,
i ’ The clustering of intercepts in the Gresens diagrams
) | for the biotitic alteration (Figure 6.5A) sugges t}at the
metasomatism was isovolumetric at this relatively “Weak
alteration stage, or very nearly so. However, intercepts for
intensely alt'ered rocks .(e.g. calcic, phyllic, silicic -
Figure 6.5B,C,D,) Are more widely scattered, but overall
suggest a decrease in volume during the hydrothermal alter-
~ation (i.e. Kv less than 1.0).
| The above data indicate fhat the hydrothermal alteration ’
. at Grey River involved a{ change int volume of the rock as
well as changes in the ‘concentrat‘ions of _é_I_L_l_ chemical
components. Even Al and Ti, two elements commonly assumed

to be constant in hydrothermal environments (Gresens, 1967;

_carmichael, 1969; Beswick and "Soucie, 1978; Beach, 1976),

Mewarer Ty w

appear to be mobife during greisenisation. Since no

element remaing constant in amount during the hydrothermal -

o
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alteration (except perhaps during the biotitic alteration
facies) a unique solution for the sign and magnitude of
the chemical transfer cannot be obtained.

6.4 RARE-EARTH ELEMENTS

The coherent geochemical behaviour of the Rare-Earth
Elements* have allowed them to be used as a petrogenetic
indicator in igneous, metamorphic and sedimentary processes
(Haskin, 1966; Frey et al., 1978; Fryer, 1977). - Recently
measurements of REE's have been successfully applied to hydro-
the‘mal ore deposits to evaluate the role of various fluid
;hases‘involved in their formation (Graf, 1977; Kerrich and
Fryer,; 1979; McLenna.n and Taylor, 1979; Taylor and Fryer,
1980 a,b),, Taylor and Fryer {(1980b) suggest that the
behaviour of REE in hydrothermai systemé can effectively
monitor changing fluid conditions and identify the nature
of the anionic species responsible for REE ccm:plexing and
associated metal transport.

With this objective, samples of the alteration zones
were énalysed for REE by a thin- film X-ray Fluorescence'
technique (Fryer, 1*7, see Appendix A.2.3 for descripti‘on
of method). Precision and accuracy for all elements are
¥ 5 to 10% or 0.1 ppm whichever is the greater. The*data?j

are plotted normalised to the chondritic values of Taylor

- and Gorton (1977).

Throughout this discussion the abbreviations REE, LREE
and HREE will be used for rare—earth elements, light rare-
earth elements (La to Sm), and heavy rare-earth elements
(GA to Yb) rxespectively. '

|
3
¢
3
¥
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Table 6.4 -
REE Contents of Altered and Unaltered Rocks
SANPLE 64 9-68 9-52 382 an 434 363 4% 166 9-64 436
La (ppm) - 9.7 10.8 45.8 2.9 6.9 5.7 2.9 2.9 1.9 0.7 0.3
Ce 23.5 39.8% 9.1 8.2 22.0 14.8 8.0 8.6 6.4 1.1 0.6
- 2.9 4.7 10.1 1.2 2.8 1.8 0.9 0.9 0.6 0.3 0.1
L ! 12.7 15.0 35.4 5.3 12.6 8.3 6.4 4.6 1.8 1.2 0.4
s 2.9 4.0 7.0 1.4 2.7 1.7 2.3 1.3 2.6 0.4 0.5
ru 1.1 1.} 1.9 0.6 0.8 0.4 0.9 0.4 1.2 0.6 0.2
Gd 2.9 1.5 4.8 1.5 2.6 2.0 2.5 1.1 4.6 0.7 0.8
oy 2.9 3.5 3.9 2.0 4.2 3.5 2.7 3.3 7.9 4.1 1.7
Ve 53 1.3 1.8 2.1 0.9 1.1 1.2 0.9 3.2 1.6 0.9 1.1
" 1.1 1.4 1.6 0.9 0.9 1.6 0.8 12.3 3.7 2.3 1.7
€« nre* 102 123 s91 " 29 52 T 3s 36 68 4 ?
pu/eu’® 1.19 1.16 . 1,02 1.30 0.99 0.64 1.08, 1.08 1.08 2.9 0.88
. Deseription  U/A u/A sux BIoT rror pIOT “eALC pHY oHY PuY PAY
v !
n
BANPLE 20-1%2 20-198 20-194 20-198  20-199 556 T 424 P
ta ; 119.3 5.1 58.0 33.1 16.5 14.1 9.9 :
Ce ' 245.5 125.5 104.6 68.6 32.7 5.9 20.5
Pr 28.2 15.4 10.6 6.9 3.7 4.3 2.3
] 97.2 : 5.6 32.4 21.5 12.8 17.3 9.1
m 20.1 11.2 5.6 6.0 is 4 3.0
. . Bu ' 3.3 1.9 .9 T e 0.7 1.2 0.5
RO ; cd 14.7 8.0 3.8 2.8 2.0 4.5 3.1
oy 1.8 7.8 2.9 2.0 2.0 4.8 34
Er S 4.9 3.0 1.3 1.% 1.3 2.3 2.0
b 43 . 3.3 24.8 1.1 1.5 1.0 2.5 2.9
g next _ ‘ 1442 361 351 199 ” 107 T
: Eu/Bus® : 0.60 0.58 0.64 1.68 0.90 0.82 0.48
pescription U/DMG U/DMG SIL s1L SIL NG LSG
U/A = Unaltered amphibolitic gneies; BIOT = Biotitic alteration; CALC = Calcic alteration; PUY = Phyllic alteration}
/MG = Unaltered deformed megacrystic granite; SIL = silicic nluruuon; MG = Megacrystic granites LSG = Leucogranite;
e F BUS = Shear gone mica schist. ’ '
a = calculated from chemical yields. ¢

b = Bu* abundance by extrapolation between S and G4.
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6.4.1 REE Behaviour buring Autometasomatism

By nature of its c;rigin the autometasomatic -alkalic
aiteration does not allow for a comparison between unaltered
and altered leucogranite. The REE content of one leucogranite
dyke (Sample 424) is shown in Table 6.4 and plotted chondrite-
normalised in Figure 6.7. In comparison to 4+he megacrystic
‘granite (Figure 6.7 and 6:8A) the leucogranites are depleted
in LREE while HREE are enriched.

The enrichment in HREE is best explained by redistri-

bution of REE by a hydrothermal fluid phase (Collerson and

Fryer, 1978; Kerrich and Fryer, 1979). The alkalic alteration
is characterised by K, Na, Ba, Sr and Rb addition during
development of secondary felcispars. This is accompanied by
chloritisation of biotite and development of epidote and
sericite by alteratidn of plaéi(;clase. Under thése conditions
the HREE (Gd-Yb) appear to be deposited, possibly due to the
appearance of octahédral sites with the developmeht of A
epidote as an alteration mineral (Taylor and Fryer, 1980a).

6.4.2 Behaviour During Greisenisation

Large variations in REE abundances and distribution are
found in rock types affected by greisenisation. Unaltered '
amphibolitic gneiss’ (migmatite) have a straight REE pattern
that is enriched in LREE relative to chohdrite values (Figure
6.6A). In co'ntrlast nalterea mica schist from a shear zone
within the ampﬁibol tié gneiss (sample 9-62 Figure 6.61\‘) has

much higher total coneentration (Table 6.4). Also
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Fiéure 6.6 Chpndrite-normalised REE plots of greisen and
S unaltered amphibolitic wall rock. A shear zone
sample (9-62) of mica schist is also shown.
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e Deformed megacrystic grani