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ABSTRACT

Hydrothermal barite * calcite + sulphide mineral veins
occur in Newfoundland on the Isthmus of Avalon and along the
west, southern and south-eastern coasts of the Cape “t.
Mary's area of the Avalon Peninsula. Earlier formed quartz-
dominated veins are the most abundant vein type in this area
and occur over a much larger area. The data collected in
this study (field relationships, paragenetic data, fluid
inclusion data, carbon, oxygen and sulphur isotope data, REE
data) allow for the following conclusions:

1) The early quartz + chlorite veins were formed during a
regional deformational and low-grade metamorphic event, by
precipitation in fracture sets developed during this
deformation.

2) During this deformational event a hot pulse of
hydrothermal fluid moved through the same fracture set in
more localized areas. This later fluid pulse deposited
sulphide-mineral-dominated veins where it was hottest and
presumably closest to its source. Further from the source,
where the fluid was cooler, calcite- and barite-dominated
veins were precipitated.

3) The proximity of the "hottest" sulphide-dominated
veins to known syndeformational granitic intrusiens,

combined with the geochemical evidence, strongly suggest

K YT
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that the hot fluid pulse was sourced by fluid exsolved
during crystallization of these granitic magmas. Carbon,
oxygen, sulphur and rare earth elements were all likely
sourced from these granitic melts as well. 1In some of thez
veins studied, there is evidence that elemental and isotopic

exchange took place between this magmatic fluid and either

the surrcunding country rock or meteoric waters.
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CHAPTER 1. GEOLOGY OF THE FIELD AREA

1.1. Introduction

Hydrothermal barite + calcite + sulphide mineral veins
(BCS veins) occur in an area of eastern Newfoundland which
includes the Isthmus of Avalon and the west, southern and
the south-eastern coast of the Cape St. Mary's area of the
Avalon Peninsula (Fig. 1). bBbarite-dominated veins occur in
rocks of variable lithology, including subaerial volcanic
rocks, marine sedimentary rocks and redbeds, which range in
age from late Haydrinian to Middle Cambrian. Earlier-formed
quartz-dominated veins are the most abundant vein type in
this area and occur over a much larger area. The formation
of these early quartz-dominated veins is closely linked to
the formation of the barite-dominated veins.

Sulphide minerals exist in minor amounts in a number
of barite veins, and comprise the dominant components of
several veins, two of which have been mined for their metal
content (the Silver Cliff and La Manche veins). Howley and
Murray (1918) and Chute (1939) suggested that the barite
veins and the sulphide-rich veins are related in their
origin, due to the presence of barite as a late stage gangue
‘ineral in the sulphide-rich veins.

The origin of the BCS vei.s has not been studied in

any detail. Green (1981) studied the galena-bearing calcite

vein at La Manche (Fig. 4, Chap. 2), but was not conclusive
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as to its origin. He did suggest that magmatic processes
were probably involved in the vein formation. This thesis
will demonstrate that the barite-dominated wveins of the
study area were formed slightly later than, but very close
to the time of formation of the more abundant quartz-
dominated veins. Vein formation took place during the
Devonian Acadian Orogeny, which resulted in folding,
faulting and metamorphism cf Avalon Zone strata and the

emplacement of syntectonic granitic magmas.

1.2. Geolo of the Avalo on

The area of eastern Newfoundland which hosts the BCS
veins, is geologically within the tectono-stratigraphic
subdivision of the Appalachian Orogen, designated as the
Avalon Zone (Williams 1976; 1978; 1979) (Fig. 1), previously
called the Avalon Platform (Kay and Colbert 1965; Kay 1967).

In Newfoundland, rocks of the Avalon Zone, which in no
place exceed greenschist grade metamorphism, have been
juxtaposed next to crystalline metamorphic rocks of the
Gander Zone (Williams et al. 1974). These two contrasting
terranes are separated by the Dover Fault in northeastern
Newfoundland (Blackwood and Kennedy 1975) and by the
Hermitage Bay Fault in the south (Blackwood and O'Driscoll
1976) (Fig. 1). Avalon Zone rocks continue northwards and
eastwards offshore of the Avalon Peninsula, possibly for an

additional 250 km, as suggested by geophysical (Miller 1977:
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Haworth and lLefort 1979, Miller et al. 1985) and marine
geological studies (Lilly 1966; Pelletier 1971). Miller
(1987) has also modelled the presence of Avalon type rocks
offshore in St. Mary's Bay and Placentia Bay in the southern
region of the Avalon Peninsula.

The stratigraphy of the Avalon 2one in Newfoundland
can be generally described as a sequence of late Precambrian
volcanic flows, pyroclastic rocks and volcanogenic
sediments, locally overlain by lower Paleozoic sedimentary
rocks. Proterozoic to Carboniferous plutonic rocks intrude
into the various sequences of strata (Strong et al. 1978).
Figure 1 shows the geology of the Avalon Zone.

O'Brien et al. (1983) subdivided the rocks of the
Avalon Zone on the basis of age and lithology. The
following description of Avalon Zone geology uses their
format for subdividing the various units and refers to the
geological map shown in Figure 1 and the stratigraphic

relationships shown in Figure 2.

1.3. Upper Proterozoic Magmatism

The oldest rocks recognized in the Newfoundland Avalon
Zone are mafic volcanic rocks of the Burin Peninsula called
the Burin Group (Strong et al. 1976). These are interpreted

as oceanic tholeiitic volcanic rocks, formed during a period

of rifting that resulted in the formation of a small ocean

basin during the late Precambrian (Strong et al. 1978).
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The Wandswerth Sill, a pematitic gabbro that intruded
into the Burin Group has been dated at 763 + 2 Ma (U-Pb in
zircon) (Krogh et al. 1988). This unit was previously dated
at 762 + 2 Ma (U-Pb in zircon) by Krogh et_al. (1983).
Strong et _al. (1976), Taylor (1976) and Strong et al. (1978)
interpret this gakbroic sill as being co-magmatic with the
Burin Group volcanic rocks.

Late Proterozoic volcanic rocks, separated from the
underlying Burin Group by a presumed unconformity (Strong et
al. 1978), occur in four geographically distinct belts. The
belts are bounded by faults which developed during the
Acadian (Devonian) deformation (O'Brien et al. 1983).

Furthest west, occurring on the Hermitage Peninsula
north of Fortune Bay, are the strongly bimodal calc-
alkaline volcanic rocks of the Connaigre Bay and Long
Harbour Groups. These rocks were interpreted by O'Driscoll
and Strong (1979) to be transitional between orogenic
(Cascades) and non-orogenic (Basin and Range) environments.

East of the Connaigre Bay and Long Harbour Groups,

upper Proterozoic subaerial volcanic rocks of the Marystown

Group dominate the geology of the Burin Peninsula (O'Brien,

19279). These volcanic rocks are bimodal, and are dominated
by silicic compositions.

Subaerial, bimodal volcanic rocks of the Love Cove
Group (Jenness 1957) occur north of the Marystown Group

(O'Brien et al. 1983). The Love Cove and Marystown Groups
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are typically alkaline volcanic rocks, although both groups
contain stratigraphically low mafic to intermediate rocks of
mildly tholeiitic affinities (0'Brien 1979; Hussey 1980).
The Marystown Group has been dated at 608.5 +20/-7 Ma (U~-Pb
in zircon) by Krogh et al. (1988). This unit was previously

dated at 608 + 8 Ma (U-Pb in zircon) by Krogh et al. (1983).

The Love Cove Group has been dated at 590 + 30 Ma (U-Pb in
zircon) by Dallmeyer et al. (1981l1a).

Further east is another belt of dominantly subaerial,
bimodal volcanic rocks which belong to the Bull Arm
Formation of the Musgravetown Group (McCartney 1967; Malpas
1971) . 1In the only area where it has been studied in any
detail, original chemical characteristics of the Bull Arm
Formation have been masked by intense sodium metasomatism
(Hughes and Malpas 1971).

Bimodal volcanic rocks of the Harbour Main Group (Rose
1952; Papezik 1970) comprise the most easterly belt of
volcanic rocks on the Avalon Peninsula. Papezik (1970)
described these rocks as being weakly alkalic and occurring
in a continental extensional environment similar to the
Basin and Range province. Various units within the Harbour
Main Group have been dated at ages ranging from 606 +3.7/-
2.9 Ma to 632 + 2 Ma (Krogh et al. 1988, U-Pb in zircon).

Rocks of the Harbour Main Group have been intruded by the

Holyrood Granite which has been dated at 620.5 + 2 Ma (Krogh
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et al. 1988, U-Pb in 2ircon). This unit was previously

dated at 607 + 11 Ma (McCartney et al. 1967).

In the eastern half of the Avalon Peninsula, pink
medium grained equigranular biotite granite of the Holyrood
pluton (Rose 1952; McCartney 1969) intrudes into Harbour
Main volcanic rocks and intercalated sediments (Conception
Group) . Hughes and Bruckner (1971) suggested that the
Holyrood Granite represents a high-level subvolcanic
intrusion, contemporaneous with the extrusion of Harbour
Main volcanic rocks. Strong and Minatidis (1975)
demonstrated that the Holyrood plutonic rocks were
chemically dissimilar to the Harbour Main volcanic rocks and
were therefore not a co-magmatic suite. Hughes (1973)
suggested that the chemical differences were due to
metasomatism of the Harbour Main volcanic rocks.

The Swift Current Granite in the western Avalon Zone,
dated at 580 + 20 Ma (U-Pb in zircon, Dallmeyer et al.
1981a), intrudes and is gradational into mafic and silicic
flows and pyroclastic rocks of the Love Cove Group (590 * 30
Ma, U-Pb in zircon), and is interpreted as co-magmatic with
the Love Cove Group (Dallmeyer et al. 198la). Based on
geological relationships and geochemistry, several other
possible co-magmatic volcanic-intrusive suites have been
identified (Strong et al. 1978; 0'Driscoll and Strong 1979;

Hussey 1980), but are yet to be confirmed by age dating.
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The interpretation of the tectonic environment into
which Upper Proterozoic magmas were emplaced in the Avalon
Zone of Newfoundland is enigmatic. There is an abundant
volume of magmas with alkalic and tholeiitic affinities and
a strong bimodal compositional nature, typical of magmas
genrated during extensional tectonism. However there is
also a significant proportion of calc alkalic igneous rocks
(O'Driscoll & Strong 1979; O'Brien 1979) which is typically
indicative of magmatism associated with compressional

tectonism.

1.4. Upper Proterozoic Sedjimentation

Upper Proterozoic marine sediments of the Conception
Group conformably overlie the Harbour Main Group volcanics
in the extreme cast of the Avalon Peninsula, and overlie
Harbour Main volcanic rocks with local angular unconformity
further west (Williams and King 1979). McCartney (1969) had
previously described this contact as an unconformity.

The Conception Group is a 3 to 5 km thick sequence of
dominantly greenish-grey, but locally red, siliceous
siltstones and shales, with varying amounts of turbiditic
greywacke and chert beds (King et _al. 1974). These beds all
consist of dominantly felsic volcanic debris with a few
layers of airfall tuff (King et al. 1974). Lateral
interfingering of Conception Group sediments with Harbour

Main Group volcanic rocks is observed in several locations,
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and indicates the contemporaneocus nature of the upper units
of the Harbour Main Group with the lower units of the
Conception Group (King et al. 1974).

The Conception Group is overlain conformably, with
some local disconformity, by the 8 km thick Hodgewater Group
in the central Avalon Peninsula area, and by the 8 to 9 km
thick St. John's and Signal Hill Groups to the east (Rose
1952; McCartney 1967; Bruckner 1969; King et al. 1974).

The Hodgewater Group is very similar to the St. John's
and overlying Signal Hill Groups. Dark grey to black shales
of the Hodgewater and St. John's Group conformably and
gradationally overly the youngest Conception Group strata
(King et al. 1974). 1In both areas, the sequence coarsens
upwards to sandstone-dominated rocks. 1In the east, the
Signal Hill Group is topped by red sandstones and
conglomerates (Bruckner 1969). Red beds also occur in a
restricted area at the top of the Hodgewater Group, but
generally the sequence is thinner and finer grained,
consisting of greenish~-grey strata with some interbedded red
strata (King et al. 1974).

The Conception Group and overlying Hodgewater, St.
John's and Signal Hill Groups, have been interpreted by King
(1979) as being the result of early turbidite sedimentation,

followed by shoaling of a marine basin and southward

progradation of a delta front, followed by alluvial plain

conditions. The source material for the infilling of this
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basin is believed to be an active volcanic edifice in the
Harbour Main Group (King 1979).

Conception Group sediments on the Avalon Peninsula
have been correlated with similar appearing sediments of the
Connecting Point Group (Buddington 1919; Hayes 1948;
McCartney 1967). Rocks of the Connecting Point Group
outcrop in the western half of the Avalon Zone along a belt
which trends southward from Bonavista Bay, along the
southwest shore of the Isthmus of Avalon, and onto Long
Island in Placentia Bay (Fig. 1).

In the Bonavista Bay area, Jenness (1963) described
5200 metres of Connecting Point Group sediments, for which
neither the base nor the top is exposed, as consisting
predominantly of sandy and silty greywackes, black and grey
slates with only minor conglomerates, pyroclastic rocks,
lavas and cherty quartzites. On the Isthmus of Avalon,
McCartney (1967) described about 2700 metres of Connecting
Point Group strata, where again the base is not exposed, as
consisting of predominantly dark grey and green siltstone,
slate, argillite and greywacke. King et al. (1974) feel
that Connecting Point Group strata closely resembles
Cenception Group strata, both of which consist of volcanic
debris. However none of the formations established in the

Conception Group (Williams and King 1979) have been

recognized in the Connecting Peint Group and at present it

is not possible to make a direct correlation between the two
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Groups (Hoffman et al. 1979). 0'Driscoll and Muggeridge

(1979) interpreted the strata of the Connecting Point Group
in the Placentia Bay area as representing the infilling of a
marine basin by an overall shallowing upward sequence.

Both McCartney (1967) and Jenness (1963) describe the
occurrence of volcanic rocks near the top of the Connecting
Point Group. McCartney (1967) suggested that these volcanic
rocks are related to the overlying Musgravetown Group rocks
and that the contact between the two groups is conformable.
King et _al. (1974) describe this contact as conformable and
gradational in the isthmus area.

In the Bonavista Bay area, the Musgravetown Group lies
with pronounced angular unconformity upon the Connecting
Point Group (Jenness 1963). West of Trinity Bay, rocks of
the Musgravetown Group occur in three belts which trend in a
north-northeast direction. The easternmost of these belts
continues onto the Isthmus of Avalon and down to the
southwest area of the Avalon Peninsula.

The bimodal volcanic rocks of the Bull Arm Formation
occur at the base of the Musgravetown Group (Jenness 1963;
McCartney 1967; Malpas 1971). These rocks are overlain by a
sequence of interbedded grey-green siltstone, argillite,
arkose and red conglomerate (McCartney 1967; Jenness 1963).
The upper sedimentary rock units of the Musgravetown Group

have been corralated with similar rock units of the

Hodgewater Group to the east (Jenness 1963; McCartney 1967;
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King et al. 1974). Correlated units at the top of both the

Hodgewater and Musgravetown Groups are overlain by a thin
guartzite unit, the Random Formation, which underlies
fossiliferous Cambrian strata (McCartney 1967). The Random
Formation quartzite has been shown by Anderson (1981) and
Bengston and Fletcher (1983) to be diachronous over a

restricted range of time in the early Cambrian.

1.5. Cambrian and Ordovician Stratigraphy

Paleozoic rocks are preserved "only as isolated relics
in the cores of several synclines in western Avalon, and
within some down-faulted blocks in the southern half of the
Conception Bay area in eastern Avalon" (King et al. 1974).

In the western area, the Random Formation quartzite occurs
at the probable base of the Paleozoic sequence with
fossiliferous Cambrian strata overlying (Anderson 1981).
The Random Formation is bounded by disconformities over most
of its extent (Hiscott 1982). Previously a disconformity
was interpreded to exist at the top of the Random Formation
throughout the Avalon Zone (Jenness 1963; McCartney 1967).
A disconformity was also interpreted to exist at the base,
except westward from Placentia Bay where the Random
Formation conformably overlies the Early Cambrian fossil-
bearing strata of the Chapel Island Formation (Greene and

Williams 1974). In the Conception Bay area no Random

Formation equivalents are known (King et al. 1974). The
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Random Formation is interpreted as having been deposited
along a shoreline during a marine transgression during Early
Cambrian time (Hiscott 1982).

Above the Random Formation in the west and above
Precambrian strata in the Conception Bay area, is a sequence
of strata which ranges in :ge from Early Cambrian to Early *

Ordovician (McCartney 1967; King et al. 1974). 1In total,

these strata are in the order of 2 km in thickness. The
Early Cambrian Adeytown Group, the lowest unit in the
sequence, consists of red, green and grey silty mudstones
and nodular limestone. Conformably above the Adeytown Group
is the Late Cambrian Harcourt Group, which consists of dark
laminated shales with interbeds of fine-grained sandstone
which increase in abundance upwards. Conformably above this
are the Ordovician-aged, shale- to sandstone-dominated, Bell
Island and Wabana Groups, both occurring on islands in
Conception Bay. The Cambrian and Ordovician sequence of
rocks found above the Random Formation is thought to have
formed in an epicontinental marine environment as sub-

littoral and intertidal deposits (King et al). 1974).

1.6. Mid-Paleozoic Maqmatism

Mid-Paleozoic granitoids in the Newfoundlarnd Avalon
Zone are generally restricted to its western regions. The

A..Kley batholith, which intruded across the boundary of the

Gander and Avalon Zone (Fig. 1), is the largest such
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granitoid body occupying an area of approximately 6500
square kilometres. It is composed predominantly of coarse-
grained biotite granite (Strong et al. 1974; Dickson et _al.
1980). Kontak et al. (1988) have demonstrated that three
distinct episodes of magmatic activity were involved in the
formation of the Ackley Granite. Total-fusion 40Ar/39ar
dating of biotites, muscovites and one hornblende have
provided age dates which range from > 410.4 + 4.4 Ma to
352.0 + 5.0 Ma. The Ackley Granite had been previously
dated at 345 + 5 Ma (Rb-Sr) by Bell et al. (1977).

The St. Lawrence pluton, located near the southern tip
of the Burin Peninsula, intrudes Precambrian to Cambrian
sedimentary and volcanic rocks, as well as its own volcanic
carapace (Strong et al. 1978). It is composed of alkaline
to peralkaline alaskite and granite and has been dated at
328 + 5 Ma (Rb-Sr, Bell and Blenkinsop 1977).

Medium to coarse-grained K-feldspar-biotite granite
(Red Island Granite) has intruded into fossiliferous
Cambrian sediments on Red Island in Placentia Bay. Although
this granite has not been dated radiometrically, it is
definitely post-Cambrian and likely has formed in either
Devonian or Carboniferous time, related to the Acadian
Orogeny or the "Hercynian megashear" (Strong 1980). The Fox
Island Granite which occurs closer to the Avalon Peninsula

(Fig. 4) has not been studied in any detail but is thought

to have a similar origin to the Red Island Granite.




1.7. Summary of Structura eatures of the Avalon Zone

Structrual features resulting from two periods of
deformation are recognized in the Avalon Zone of
Newfoundland. The first period, during which only minor
deformation took place, occurred at the end of the
Precambrian and was called the "Avalonian Orogeny" by Lilly
(1966). The second period of more extensive and intense
deformation is of Devonian age and was related to the
Acadian Orogeny (Dallmeyer et al. 1981).

There is limited local, but strong, evidence for the
event called the "Avalonian Orogeny." The angular
unconformity beneath the Random Formation indicates an
uplift event which possibly occurred due to compressional
stress (King et al. 1974). Hughes and Bruckner (1971)
interpret this unconformity as a local phenomenon, rather
than the result of "an important period of folding.™

At Red Head, in the Flat Rock area north of St.
John's, strongly deformed Conception Group sediments have
been thrust over younger St. John's Group strata. Also,
undeformed Signal Hill Group sediments unconformably overly
strongly deformed Conception Group rocks (King et al. 1974;
Anderson et _al. 1975). Significant deformation due to

compressional stress must have taken place at Red Head

during late Precambrian time Anderson et al. 1975). At

Bacon Cove in Conception Bay, horizontal Cambrian strata
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unconformably overly Conception Group strata which dip from
452 to 90°, due to a period of deformation which occurred
after deposition of the Conception Group (McCartney 1969).

Rast (1979) and Keppie (1979) describe the development
of penetrative deformation in the Avalon Zone of New
Brunswick and Nova Scotia as Cadomian in age (late

Precambrian). Evidence from local areas indicates that a

period of late Precambrian deformation in the Avalon Zone of

Newfoundland may be related to more intense deformation of
the same age in the Avalon Zone of both New Brunswick and
Nova Scotia.

The most widespread deformation of Newfoundland Avalon
Zone rocks occurred after the deposition of Cambrian and
Ordovician strata. West of the Paradise Sound Fault (Figqg.
3) rocks of the Love Cove Group and portions of the
Marystown Group are deformed into tight to isoclinal folds
with attendant development of a generally penetrative axial
planar foliation (Jenness 1963; Hussey 1980; Dallmeyer et
al. 1983). In the northwestern Avalon Zone, northeast
trending folds have affected Proterozoic, Cambrian and
Ordovician rocks alike (Hayes 1948; Jenness 1963). Strong
et al. (1978) describe rocks of both late Precambrian and
Paleozoic age on the Burin Peninsula to be asymmetrically

folded and thrust towards the southeast. East of the
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Paradise Sound Fault, Musgravetown Group sedimentary rocks
and overlying Cambrian rocks are affected by moderately open
folds with variable development of an axial planar foliation
(Rose 1952; McCartney 1967; Williams and King 1979).

The metamorphic grade of Avalon Zone rocks ranges from
unmetamorphosed areas in the east to mid-greenschist
metamorphism (biotite grade) in rocks found next to the
Dover Fault (McCartney 1969; Dallmeyer et al. 1983).
Blackwood and Kennedy (1975) have shown that deformation of
the Love Cove Group was concomitant with movement on the
Dover Fault. The Ackley Granite intruded deformed and
metamorphosed rocks of both the Gander and Avalon Zone, and
has transected the Dover Fault (Dickson et al. 1980). This
places a time constraint on the age of the last movement
along the Dover Fault to be at least older than the youngest
aged granite dated in the batholith (352 + 5.0 Ma, age
dating discussed above) and younger than the oldest aged
granite (> 410.4 + 4.4 Ma). Movement on the Dover Fault is
therefore likely of Devonian age, but may be Early
Carboniferous. Elias and Strong (1982a) have shown that
deformation of the Indian Point Granite and Hardy's Cove
Granite, previously grouped together as the Straddling
Granite, place an upper age limit of Early Carboniferous for
final movement on the Hermitage Fault.

Dallmeyer et al. (1983) dated metamorphic

recrystallization of the Love Cove Group as ranging from 370
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to 390 Ma (%40ar/3%9ar) for the metamorphic recrystallization
of these rocks. The age dates for movement on the Dover
Fault and for deformation and metamorphism of the western
Avalon Zone correspond to the Acadian phase of Appalachian
orogenesis which took place during the Devonian. Due to the
similar nature of deformation in the western Avalon Zone to
that of the Avalon Peninsula in the east (i.e., large scale
north-northeast trending open folds with axial planar
foliation) it is likely that the widespread post-Cambrian-
Ordovician deformation seen across the Avalon Zone is of

Acadian age (Williams et al. 1974).

Several workers have described faults of both
Precambrian and post-Ordovician age on the Avalon Peninsula
(Rose 1952; McCartney 1967, 1969; Bruckner 1969). McCartney
(1969) described Precambrian faults as "high-angle, north-
trending faults with stratigraphic displacement commonly in
the order of several thousand feet." Such faults are most
abundant south and east of Conception Bay, but also control
the distribution of Connecting Point Group strata on the
Isthmus of Avalon and just west of Trinity Bay (Fig. 3),
through the presence of a number of horst and graben
structures. Relatively minor post-Cambrian movements
displace Cambrian beds in the opposite direction to the
major Precambrian movement (McCartney 1969).

Faults which were initiated in post-Ordovician time

form a "complimentary system" of strike-slip faults which
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offset the fold axis of Paleozoic and older strata
(McCartney 1969). On the isthmus and just east of the
isthmus, strike slip faults with sinistral displacement vary
in strike from 130° Az to 170° Az. Faults with dextral
displacement vary in strike from 035° Az to 065° Az
(McCartney 1967). Since folding of lower Paleozoic strata
is of Devonian age, these faults are Devonian or younger,
and likely developed during Acadian deformation. Thrust
faults, some of which cut Cambrian strata, have also been
recognized on the Avalon Peninsula (Rose 1952; McCartney
1967).

Jenness (1963) describes faults in the Terra Nova and
Bonavista Bay areas which range in age from post-Early
Ordovician to between Middle Ordovician and Late Devonian.
These faults are also of Devonian age or younger, as they
displace folds developed during Acadian orogenesis.

Southeastward-directed thrust faults on the southern
Burin Peninsula produce the dominant structural style

(Strong et al. 1978). Large areas of the Marystown and

Inlet Groups are relatively undeformed, apart from minor
open folding which can be timed between the Middle Cambrian
and intrusion of the St. Lawrence Granite (334 + 5 Ma, Bell

et al. 1977: Rb-Sr) and is interpreted as being of Acadian

age (Strong et al. 1978).




1.8. Summary

Late Precambrian volcanic rocks and volcanogenic
sediments are the oldest and the most prevalent lithologies
found in the Avalon Zone. Detrital marine sediment
deposition predominates in Early Paleozoic time, with marine
shoreline sediments and epicontinental marine sediments
forming the most abundant deposits. In Devonian and
Carboniferous time, igneous rocks are again most prevalent,
due to the crystallization of syntectonic granites.

Although some of the structural elements of the Avalon
Zone developed during late Precambrian time, most of the
deformation took place during the Acadian Orogeny. The

formation of BCS veins in Avalon Zone rocks is shown in

Chapter 2 to be concurrent with the development of

structural elements during Acadian orogeny.
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CHAPTER 2. G G ASSOCIATED VEINS

2.1. Occurrence of Barite and Associated Veins

In the study area (Fig. 4) quartz-dominated veins are

by far the most abundant vein type, followed by barite, then
calcite and sulphide mineral-dominated veins. Veins with a
major proportion of one or two of these mineral phases have
been found in several locations in the field area. Evidence
to be presented indicates that the formation of these
mineralogically different vein types are essentially
contemporaneous on a geological time scale, and can be
related to the Acadian deformational event which affected
the study area. The orientation data for all veins analyzed
in this study are tabulated in Appendix A.

In the area of study, BCS veins are exposed throughout
a section of rocks which ranges in age from late Haydrinian
through to Middle Cambrian (see Fig. 4 for a general
location map of the veins). The stratiqraphically lowest
rock unit which hosts BCS veins is the Connecting Point
Group, which occurs only on the Isthmus of Avalon in the
field area. This group of sedimentary rocks continues
northward off of the isthmus, but the occurrence of BCS
veins apparently diminishes off the isthmus. The La Manche
calcite-galena vein (BV12), once mined for its lead content

(Chute 1939), occurs along the south shore of the isthmus

(Fig. 5), also in rocks of the Connecting Point Group.
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In the southeast segment of the isthmus, clastic rocks
of the Connecting Point Group are stratigraphically overlain
by volcanic rocks of the Bull Arm Formation. The Bull Arm
Formation forms the base of the Musgravetown Group. BCS
veins have been observed in these late Haydrinian rocks
along both the eastern and western shoreline of the isthmus
and along the Trans-Canada Highway (Fig. 5). Malpas (1971)
described the occurrence of barite along numerous joint
planes in Bull Arm Formation rocks. The MacKay vein and
Fowler vein (Figs 6 and 28) of the Silver Cliff mine, occur
along the shore of Placentia Bay, just south of the isthmus
in rocks of the Bull Arm Formation, on the Argentia naval
base. These veins have been previously mined for lead, zinc
and silver.

On Bellevue Peninsula and on Collier Point (Figs 4 and
7), along the southern shore of Trinity Bay, several barite
and calcite veins occur in late Haydrinian sedimentary rocks
of the Hodgewater Group, which are stratigraphically
equivalent to rocks in the Musgravetown Group. West of
Collier Point, along the southern shore of Long Cove, barite
veins (BV39, 40 and 42) occur in Lower Cambrian rocks of the
Bonavista Formation (Fig. 7). In the Cape St. Mary's area
of the Avalon Peninsula, several barite veins (BV1l, 3 and 4)
occur in Bonavista Formation rocks, along the coast, south

of Cuslet Cove and north of the town of St. Brides (Fig. 8).

The barite vein BV-2 occurs in Musgravetown Group rocks

T em—
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along the coast just north of Cuslet Cove (Fig. 8). One
barite vein (BV9) was located on the east coast of this
peninsula, just south of the town of Branch, in the Middle
Cambrian Chamberlains Brook Formation (Fig. 8). Barite vein
formation was therefore at least post-Middle Cambrian.

Most of the veins which were sampled for this study
occur along coastal exposures or along the Trans-Canada
Highway. While the field work for this study was taking
place, the Newfoundland Department of Mines and Energy
conducted a stream sediment geochemical survey of the
Bellevue Map area (IN/12) and the St. Brides area of the
southern portion of the Avalon Peninsula. While traversing
these streams a significant number of barite veins were
found inland. The results of the geochemical sampling
revealed a number of locations with barium anomalies, along
with several other elements, indicating the possible
presence of many more barite veins in interior locations

(Howse et al. 1984).

2.2. Vein Morphology and Paradgenhesis

All veins observed in this study are of a dilational
nature. Euhedral crystal growth into vugs, brecciation of
wallrock, comb, ribbon and cockade structures (described

below) are textures which indicate open space filling as the

process of vein formation. These textures can be found in

most veins which have not undergone later deformation.
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Based on mineralogy and crosscutting relationships there are
two distinct sets of veins recognized in the field area.
There exists an early set of quartz + chlorite + calcite +
barite veins and a later set of barite + calcite + quartz
veins. The sulphide-bearing veins at Silver Cliff and la
Manche, as well as several smaller veins at other locations,
are related to the later set, but are discussed separately.

The early set of quartz + chlorite + calcite + barite
veins range in thickness from less than 1 and up to 15 cms,
and typically are 2 to 8 cms thick. Although these veins
pinch and swell in places, they are more typically constant
in thickness. A commmon observation was the pinching out of
a vein in close proximity to where another vein either
widened or a new vein had formed. The quartz veins
generally have a linear to slightly curved trace in outcrop.
Intersecting quartz vein sets have resulted in an apparent
brecciation of the wall rock at a few locations (e.g., Figq.
9, BV29 on Bellevue Peninsula). An en echelon zone of
quartz veins, precipitated into fractures which opened
during dextral shear motion, was found near the Silver Cliff
mine (Fig. 10). Most quartz veins have undergone some
deformation after precipitation, such as the dextral shear
which has deformed BV29 (Fig. 11) on Bellevue Peninsula.
Wall rock fragments are locally included in quartz veins.

Fractures filled by vein material generally have opened with

little brecciation of wall rock. Within the rare undeformed




Figure 9. Quartz precipitated into two predominant fracture
sets, resulting in a brecciated vein pattern. View is about

2 X 1.2 m, looking down into water. BV29 on Bellevue
Peninsula.

¥

Figure 10. En echelon pattern of guartz veins indicating
dextral shear. The handle of the hammer is pointing
upwards. AR-4 near the Silver Cliff mine.

-




Figure 11. Deformation caused by dextral shear
within a quartz-chlorite vein. BV29 on Bellevue
Peninsula. A
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veins, quartz crystals are coarse, prismatic and typically

S

oriented at a high angle to vein walls, with some comb

structures developed. There is no apparent wall rock
alteration next to the quartz veins.

Chlorite is a significant constituent of many quartz-
dominated veins, generally comprising 10 to 20%, and up to
60%, of a vein. Chlorite exists as fine crystals in
undeformed veins, commonly elongate parallel to their
crystallographic c-axis, forming pseudo-hexagonal cross
; sections. These crystals are generally twisted and curved

along their length (Fig. 12). Most chlorite exists in solid

masses where individual crystals are indistinguishable in

the "thick" thin sections prepared for fluid inclusion work.

Near the edge of these masses individual curved chlorite

v emr—— e

crystals (i.e., original form, not subsequently "bent") are

. surrounded by quartz, indicating co-precipitation with
quartz in these veins. Chlorite was frequently observed to
exist at the boundary between two quartz crystals as a thin
elongate mass, or in fractures which cut through quartz
crystals. Chlorite is also typically concentrated within
layers in quartz veins, resulting in ribbon structures.

In the early set of quartz-dominated veins, calcite,
and less commonly barite, occurs in a subordinate number of
veins, usually as late vug-filling crystals surrounding

earlier-formed quartz and chlorite crystals (Fig. 13).

Calcite was observed to have co-precipitated with quartz and
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Figure 12. Curved and twisted chlorite crystals surrounded
by quartz, next to a solid mass of chlorite. AR1-B2 near
the Silver Cliff mine (field of view ~ 10 X 7.5 mm).

Figure 13. Calcite grown around earlier euhedral quartz
crystals. BV35-C near Collier Point. Quartz - gtz, calcite
= cal, chlorite - chl.
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chlorite in three locations, BV33 (described below) and
BV23-B from Bellevue Peninsula (Fig. 7) and BV3-C from St.
Brides (Fig. 8).

Figures 14 and 15 are photographs of veins found on
the east coast of Bellevue Peninsula (BV33). Figure 14
shows several quartz-chlorite veins of variable strike. To “

the right of the hammer, a quartz-chlorite vein ends where a

pink calcite~dolomite vein, of a different orientation,
begins. Figure 15 is a close up of the region where the
veins meet. The calcite-dolomite vein can be traced off the
photograph for about 10 metres where the outcrop ends. When
this vein first opened, quartz and chlorite precipitated on
the fissure wall (Fig. 15). Carbonate then precipitated to
fill the rest of the vein and has precipitated around
earlier euhedral quartz crystals in the center of the
carbonate vein, next to the quartz-chlorite vein. This
quartz may be connected with the quartz-chlorite vein deeper
in the outcrop, or may have been connected above the present
outcrop before erosion. There is no indication of any
continuation or displacement of either of these two veins
past the intersection point. It appears that two fractures
of different orientation opened at the same time, and where
they intersected they each ended. Quartz and chlorite
initiated precipitation in both fissures, but precipitation
in the vein on the right was replaced by carbonate phases.

Close examination of the carbonate vein reveals that

chlorite filled fractures cut through a few early formed




Figure 14. Several orientations of quartz-chlorite veins
with one such vein intersecting a carbonate vein, BV33 on
Bellevue Peninsula.

Figure 15. A close up shot of the intersection of a
carbonate vein with a quartz-chlorite vein seen in Figure
l4. BV33 on Bellevue Peninsula.
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quartz-chlorite filled fractures cut through a few early
formed carbonate crystals. Carbonate then resumed as the
only precipitating phase. It appears that these two veins
started off precipitating from a similar fluid. The vein on
the right was then filled with fluid from a different source
with a different chemistry. Apparently there was a
"competition" for space, in the vein on the right, between
two diff-rent fluids while fissuring progressed. The fluid
precipitating carbonate phases eventually replaced the fluid
precipitating quartz-chlorite.

The later set of barite * calcite #+ quartz veins cut
earlier quartz-chlorite veins (Figs 16 and 17) in all known
locations except BV33 described above. These veins range in
thickness from coatings on joint surfaces, to veins several
metres thick (eg., BV1l Collier Point). BV11l averaged over
a metre in thickness and has been mined for barite (Fig. 7).

Minor displacements have affected some barite veins.
Figure 18 is a photograph of BVl (Cross'Point vein) locarced
north of St. Brides (Fig. 8) in the Cape St. Mary's area of
the Avalon Peninsula. The zig-zag geometry of this vein has
resulted from precipitation in an original extensional zig-
zag fracture pattern. Some later movements along slip
planes have displaced the ribbon structure of the vein.

Slickensides have also been found along several barite veins

indicating some degree of motion, the magnitude of which is

uncertain, but believed to be of only local significance.
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Figure 16. Barite vein cutting through an earlier
quartz-chlorite-calcite vein on Collier Point. The quartz
vein on the left side of the barite vein has been displaced

into_the top left corner of the

'

Figure 17. An early formed zone
precipitation is cut by a latter
on Collier Point. In the barite
Phase to precipitate and is seen

of quartz-chlorite wvein

barite—-calcite vein, again
vein calcite is the first
here lining the vein wall.
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. Cross Point Vein north of St. Brides.
2lg-zag geometry created by the original extensional

Figure 18. Note the

fracture pattern. The ribbon structure of the orignal vein
has been displaced along later minor slip planes.
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Brecciation of wall rock during the fissuring process
has occurred at several locations on Collier Point. Figure
19 is a photograph of a unique phenomenon observed in a
barite vein (BV48) which occurs along the east coast of
Collier Point. During extension and the opening of this
vein, numerous fragments of the wall rock broke off and were
incorporated into the vein along only one side. Either the
fragments were removed only from the one wall to which they
are now closest, or they came off of both walls and remained
next to the bottom wall with continued fissuring in the
vein. The vein dips 72° north and the fragments are along
the southern margin. A 72° dip is much greater than the
angle of repose and it seems unlikely that the clasts fell
off and were resting on the vein footwall at the time of
formation, unless there has been a considerable steepening
of the vein since formation. As will be discussed later on
there has been some rotation of the veins on Collier Point
but this particular vein (BV48) probably has undergone a
rotation which has lessened its dip by about 10°. It
therefore seems likely that this phenomenon is simply
related to a shift in the position of fissuring to the top

side of the vein after the clasts broke off.

Figure 20 is a photograph of a hand speciman from vein

BV1l on Collier Point (Fig. 7), the largest known barite
vein in the field area. This speciman displays '"cockade

structure”, which results from precipitation into the open




Figure 19. Vein BV48 located along the east coast of
Collier Point. See text for description.



Figure 20. From vein BV1l on Collier Point. This sample
displays cockade structure, with included wall rock
fragments coated with white calcite crystals. Pink barite
crystals fill the remaining space. Scale is in mm.

4
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spaces of a breccia, such that the clasts are coated with a
layer of radiating crystals. In the photograph, calcite
crystals coat the wall rock clasts, with barite filling the
remaining spaces. Calcite also coats the margins of BV11.
These are very common features of the BV11l vein and other
calcite-barite veins in the field area.

Barite veins range in content from 100% barite,
ignoring the very fine hematite which variably stains barite
crystals pink, to veins dominated by calcite, quartz or
sulphide minerals, containing only a minor amount of barite.
An overwhelming proportion of these veins are essentially
monomineralic barite veins with traces of late vug-filling
calcite or quartz. Barite typically occurs as coarse bladed
crystals which are variably white or pink. Barite roses
were observed in a few locations (Fig. 21). When calcite
and quartz are present as separate fissure-filling phases
they may be more or less abundant than barite in the vein.

Figure 22 is a photograph of BV22 in which quartz is
more abundant than barite. This vein occurs the west coast
of Bellevue Peninsula (Fig. 7). Medium to coarse subhedral
quartz crystals form a 10 cm thick lining along each vein
wall with a central 5 to 8 cm thick barite core. The quartz
in BV22 is different from quartz in the early set of quart:
-chlorite veins. 1In this vein the crystals are equant and

lack prismatic forms. The quartz band in BV22 is very

porous and weakly consolidated, suggesting that a binding
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Figure 21. Barite roses as late precipitating crystal

structures in spaces left between earlier calcite crystals
in vein BV1ll (Collier Point).

p #319
Figure 22. Vein BV22 from Bellevue Peninsula. Early quartz

Pregipitation has enclosed a core of later precipitated
barite (lens cap shadowed in upper left for scale).
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phase, such as calcite, has been leached out of the vein.
Furthermore, there has been no precipitation of chlorite
accompanying the precipitation of quartz in BvV22.

Figure 23 is a photograph of BV30, from the tip of
Bellevue Peninsula. Coarse scalenochedral calcite comprises
at least 80% of BV30 and is the initial precipitated phase.
Coarse, bladed, white and pink barite comprises the rest of
the vein. Barite is intergrown with calcite and also occurs
as a distinct fissure-filling phase next to the vugs.
Figures 24 and 25 are photographs of two offshoot veins from
the major BV1l vein on Collier Point. In both veins coarse
scalenchedral calcite formed early, lining all vein walls
and coating a wall rock fragment seen in Figure 25.
Precipitation of coarse, bladed, white and pink barite then
followed, filling the remaining space created by extension.

In all of the barite veins found on Collier Point,
calcite, where present, has precipitated either as the
initial vein-filling phase or very early in the paragenetic
sequence of the vein. This is also true of all of the veins
in the field area in which quartz and/or calcite form a
separate fissure-filling phase. Quartz and calcite can both
be found in minor quantities as inter- crystalline material
or as vug-filling material throughout the paragenesis of
many of these veins. Fine euhedral calcite crystals can

also be found as solid inclusions in coarse bladed barite

crystals in some veins. However, it is apparent that all




Figure 23. Vein BV30 from Bellevue Peninsula. This vein is
composed predominantly of calcite with lesser amounts of
interstitial barite. A late fissuring event, lined with
coarse scalenohedral calcite and partlally fllled 1n with
barite has developed on the right margin of the ve

A smail veinlet on Collier Point whlch haé
and a pink

Figure 24.
coarse white euhedral calcite lining the walls,

barite core.




Figure 25. A vein on Collier Point with euhedral calcite
lining both the walls of the vein, and a wall rock fragment.
Coarse bladed barite has filled the rest of the vein.

Figure 26. Vein BVS5 in the town of St. Brides. cCalcite has
filled one fracture in a pre-existing fracture set. The
Ssediments next to the vein have been altered from red to
green, indicating the reducing nature of the source fluid.
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significant fissure-filling precipitation of quartz and
calcite occurs early in the formatin of these veins.

In general there is no apparent alteration of wall
rock next to the barite veins. However, sediments within a
distance of about 10 cms on either side of the thin calcite
vein (BVS5, Figs 8 and 26), in the town of St. Brides, have
been altered from red to green, indicating a reducing nature
for the source fluid at this location. Such wall rock
alteration in not generally apparent in other locations
because these wall rocks were green (i.e., reduced) to begin
with. This photograph also illustrates that this vein has

formed in a pre-existing joint set, a feature discussed in

more detail further on in this chapter.

2.3. Sulphide Mineral-Bearing Veins

2.3a. La Manche Vein

The following discussion of the La Manche vein is
based primarily on the work of Chute (1939). The La Manche
veln (BV12, Figs 4 and 5) formed in siltstones of the
Connecting Point Group. For much of its exposed extent it
lies within or at the contact of an amygdaloidal basic dyke.
Mine workings have exposed the vein for approximately 530
metres. The vein varies from a few cms to 3 metres in

width, averaging less than 1 metre along its length. Chute

(1939) describes the vein as having an erratically variable
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strike which is attributed to pre-vein fractures into which
the vein has precipitated. Minor displacements along these
fractures have occurred before, during and after vein
formation, resulting in a total displacement of a few metres
of the wall rock on either side of the vein. Wall rock
inclusions are common but generally do not significantly
dilute the ore grade of the vein (Chute 1939). Evidence of
wall rock alteration is lacking along the vein.

The mineralogy of the La Manche vein is dominated by
calcite with abundant galena and minor sphalerite,
chalcopyrite, barite and quartz. Murray and Howley (1881)
reported finding minor amounts of fluorite but Chute (1939)A
was not able to repeat this observation. The vein is
characterized by comb structures, banding and an abundance
of vugs. The banding is a result of changes in colour,
texture or mineralogy of crystals which generally occur in
parallel aggregates of prismatic crystals grown
perpendicular to the wall rocks. Earlier-formed bands are
often split and disrupted by later bands.

Figure 27 shows the three-stage paragenetic sequence
for minerals in the La Manche vein as determined by Chute
(1939). Stage 1 calcite is fine-grained, milky white, and
precipitated in ribbon structures due to closely spaced
shear fractures. Stage 1 calcite has been brecciated by

later vein formation. Stage 2 calcite is medium-grained and

Pale purple, sometimes grading within crystals to white



STAGE 1 STAGE 2 STAGE 3

WHITE CALCITE PURPLE CALCITE COLOURLESS AND GREY CALCITE

CALCITE

GALENA

SPHALERITE

CHALCOPYRITE

QUARTZ

BARITE

FIGURE 27: PARAGENETIC SEQUENCE OF MINERAL PHASES PRECIPITATED IN THE LA MANCHE VEIN. AFTER CHUTE (1939).
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calcite. Comb structures are very common in stage 2
calcite. Stage 3 calcite is smokey grey to colourless and
forms comb structures. This calcite lines vugs that are
elongate in the plane of the vein and is also found in
stringer veins in the wall rock.

Galena occurs primarily in stage 2 calcite, and in
lesser amounts in stage 1 calcite, but not with stage 3
calcite. Most galena occurs in irreqular "mushroom shaped
masses" composed of *semi radiating prismatic crystals"
which have co-precipitated with the enclosing calcite.
Microscopy indicates that galena is relatively free of other
mineral phases, although small amounts of calcite and lesser
amounts of chalcopyrite can be found as inclusions.

Sphalerite is found as dark brown radiating crystails
occurring in discontinuous bands a few ceatimetres in width.
From his examination of the mine workings, Chute (1939)
observed that most sphalerite was separate from galena in
the vein, however there was no previous documentation of
this observation. Microscopy reveals that "chalcopyrite
disease" (Eldrige et al. 1983) is very common in sphalerite
from the La Manche samples. Chalcopyrite disease is a
texture in which microscopic blebs of chalcopyrite have
developed within much larger crystals of sphalerite (an

example from the Silver Cliff mine is shown in Fig. 31).

Sphalerite crystals containing blebs of chalcopyrite in

amounts exceeding that which can be reasonably accounted for
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by an equilibrium process of solubility and subsequent
exsolution, are common in many sulphide ores (Hutchison and
Scott 1981). Eldrige et al. (1983) discuss several possible
origins for chalcopyrite disease, and suggest replacement as
the most likely origin for this chalcopyrite. This is
supported by the recent work of Eldridge et al. (1988), who
synthesized this texture in the laboratory by interacting
sphalerite with a hot copper-bearing fluid. "Chalcopyrite
disease textures were formed only when starving solutions
were close to equilibrium with chalcopyrite." They conclude
that "chalcopyrite disease represents the earliest stages of
replacement of sphalerite by chalcopyrite."

Chalcopyrite is also found as larger crystals, along
with galena, within sphalerite crystals. Textures suggest
that this chalcopyrite and galena have formed by replacement
of the sphalerite. As well as occurring as a replacement
phase in sphalerite, chalcopyrite is also found: 1) in
bands less than a centimetre wide, 2) as isolated crystals
in calcite. Banded chalcopyrite was observed by Chute
(1939) only in samples from the mine dump and was not seen
in the upper mine workings that he examined. Chute
suggested that banded chalcopyrite existed only in the lower
mine levels, possibly indicating some depth-controlled
mineral zonation. Cross cutting relationships show that
there was repeated alternation in the deposition of banded

galena, sphalerite and chalcopyrite,
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Pyrite is rare in the La Manche vein. It can be found

in small quantities in the chalcopyrite bands and in calcite

in a few locations. Barite is found in small quantities as

tabular white to pink plates irregularly scattered through
the vein, but is most abundant in wvugs with stage 3 calcite.
Barite has also been found in a two centimetre wide
monomineralic veinlet 160 metres north of the mine. Quartz
occurs only as a late minor phase which lines the walls of
some of the many late stage wvugs.

In vein BVBA (Fig. 5), which occurs 1.5 km east of
Little Southern Harbour along Placentia Bay and only 2.7 km
north of the La Manche vein, calcite was the initial
precipitating mineral phase, followed by barite and galena
which have co-precipitated in this vein. About 2.8 km
east-northeast of La Manche, along the Trans Canada Highway,
a barite vein known as the "Sutteon" vein (BV53, Fig. 5),
contains a significant proportion of chalcopyrite. Barite
veins occurring in this area generally contain a greater

proportion of sulphide mineralization.

2.3b. Silver Cliff Mine
The Silver Cliff mine (Figs 4, 6 and 28) consists of
the MacKay and Fowler veins, comprised predominantly of
galena, sphalerite and pyrite. All ore mined was from the

MacKay vein. Ore grades ranged up to 159 and averaged 30
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oz/long ton of ore. The mine site is located near the south
coast of Placentia Sound along the southwest side of the
Broad Cove Creek ravine, which follows the surface
intersection of the Broad Cove Creek fault (Fig. 28). The
mine occurs in a thick sequence of feldspathic quartzites,
pebble conglomerates and lesser amounts of pyroclastic rocks
of the Bull Arm Formation in the Musgravetown Group.

The distribution of ore, as described by Chute (1939),
is controlled by three sets of faults. All ore discovered
was in the MacKay vein which Chute describes as a "fault
zone'" about a metre wide, with a strike ranging from 030 to
060° Az and a dip ranging from 50° to 80° southeast.
However, examination of a map of the mine workings (Chute
1939), indicates that the vein may not display the range of
strike suggested by Chute. The strike may be either 030° Az
or 060° Az as suggested by the stope orientations indicating
that vein material may have precipitated into fractures from
two separate sets. Unfortunately the variation in dip
described by Chute is not indicated on the map of the mine
workings and it is not known if there is an accompanying
change in dip with strike. Displacements along the MacKay
vein "fault zone" range from centimetres up to a metre.

A set of bedding plane faults hosts no ore. Chute
believes that these faults localized ore in the MacKay vein
where these structures intersected. A third set of faults,

which displaces the other two sets, ranges in strike from
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110° to 125° Az and in dip from steeply northeast to steeply
southwest. The Broad Cove Creek fault is parallel to these
structures. A geophysical survey (Cant 1974) indicates that
the ore zone may be displaced by dextral motion along the
Broad Cove Creek fault and may continue north of the fault.

The Fowler vein in the Silver Cliff mine is parallel
to the third set of faults. Although only a minimal amount
of ore was located along this structure, its presence
indicates that all three sets of faults developed prior to
the final deposition of ore. This conclusion, combined with
the observed displacements of the MacKay vein described
above, suggests that development of these fracture sets and
the event of ore deposition were contemporaneous.

The mined portion of the MacKay vein pinched and
swelled rapidly and was discontinuous. It ranged from
centimetres to over a metre in width. At the time of

Chute's survey only pillars remained of the ore zone, yet it

appeared that much of the ore was almost 100% sulphide

minerals with very little gangue material. In places, the
ore formed a network of closely spaced stringers of sulphide
mineralization in brecciated country rock. The ore is most
abundant where faults have most shattered the country rock
and is less abundant in veins where there is no faulting.
The MacKay vein consists of galena, sphalerite and
pyrite with small amounts of chalcopyrite, quartz, carbcnate

and barite. Pyrite occurs both in the vein and as fine
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euhedral disseminated crystals in the wall rock next to the
vein. The development of disseminated pyrite was
accompanied by silicfication of the wall rock. Chute
described pyrite as occurring earlier than other sulphide
minerals in the vein and as having been partially replaced
by them. He alsc described a second generation of pyrite
crystals deposited in late forming quartz-sulphide stringers
which cut through the Mackay vein and enclosing wall rock.
In samples of these late quartz-sulphide stringers observed
in this study, pyrite is subhedral and sometimes euhedral,
having formed both earlier than and contemporaneously with
sphalerite and galena.

Sphalerite varies from dark brown to colourless and
occurs in aggregates of fine to coarse crystals which
surround earlier quartz crystals (Fig. 29). Chute states
that it is probable that light coloured sphalerite is

younger than darker sphalerite. This is also a feature

which is observed in the samples collected for this study

(Fig. 30). Chute's description indicates that chalcopyrite
disease is a common feature of sphalerite at Silver Cliff.
Examination of sphalerite from the samples collected for
this study reveals the presence of chalcopyrite disease
(Figs. 29 and 31) most commonly in the outer opaque zones
within the sphalerite crystals. Chalcopyrite occurs as
described above, and also in larger masses in both

sphalerite and galena, possibly formed by replacement of




Figure 29. Sphalerite (sph) with chalcopyrite disease has -
grown around earlier euhedral quartz (qtz) crystals. Galena
(gal) has partially replaced sphalerite in the MacKay vein.
(AR25-B, field of view is 1.3 X 1.0 cms, very poor polish)
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Figure 30. Shows opaque sphalerite (sph) grown around early
euhedral quartz (gtz) crystals, grading to light yellow
Sphalerite in latest stage of open space fill (AR25-C from
the MacKay vein, field of view is 4.1 X 2.8 cms).



Figure 31. Larger bleb of chalcopyrite (cpy) replacing
sphalerite (sph). Small blebs of chalcopyrite as
chalcopyrite disease are also visible. Sphalerite has grown
around early euhedral quartz (gtz) crystals. AR6-A from the
MacKay vein, Silver Cliff (field of view is 1.3 X 1.0 cms).
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these minerals (Fig. 31). Chalcopyrite also occurs as small
crystals in wvugs lined with quartz.

Galena is generally later than sphalerite and pyrite
in the MacKay vein and replaces first-generation pyrite and
sphalerite (Fig. 29), and chalcopyrite which had previously
replaced sphalerite. Galena hosted most of the silver in
the vein. No silver mineral has ever been identified.
Following deposition of sulphide minerals the vein and
enclosing wall rock were cut by quartz veins with minor
sulphide mineralization (late quartz-sulphide stringers).

Chute (1939) did not determine the relationship of
barite or carbonate tco the other minerals in the mine. He
suggested that they occurred late in the vein paragenesis
but he offered no evidence for this. Examination of the
mine dump revealed no barite and only one monomineralic
veinlet of carbonate.

A number of other veins, which contain mineralization
similar to that of the MacKay vein, have been discovered in
the Placentia area (Chute 1939). These veins are generally
a few cms wide and contain variable proportions of galena,
sphalerite, chalcopyrite, pyrite, quartz, carbonate and
barite. Galena is typically the dominant mineral in these
veins. Silicification and pyritization within the wall rock
has been observed in these veins at several locations.

McCartney (1967), on his map of the Whitbourne area,

indicated the presence of flourite on Harbour Island in
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Placentia Bay, about 20 kms north of Silver Cliff. This is
the closest known occurence of fluorite to the study area,
although Murray and Howley (1881) reported minor amounts of

fluorite in the La Manche vein. Chute (1939) did not find

any fluorite in his examination of the LaManche vein. Large

amounts of fluorite, do exist further west on the Burin
Peninsula in the St Lawrence Fluorspar deposit. However
this deposit is Carboniferous in age and has formed in a
"megashear" tectonic setting (Strong 1979). As described
below the veins in the present study area are probably older

and likely formed in a different tectonic setting.

2.4. Relation of Vein Orjentation to Regqgjonal Deformation

Acadian deformation (see Chap. 1) resulted in the
development of open symmetrical folds in the field area,
with essentially vertical axial planes (McCartney 1967).
Fold axes are commonly gently curved and axial planes have a
general north-northeast strike (Fig. 32). Folds commonly
are doubly-plunging (McCartney 1967), and generally plunge
less than 15°, resulting in a dome and basin appearance to
the overall structure. A gentle re-folding of original
Acadian fold axes may explain their curvature and the
formation of doubly-plunging structures.

McCartney (1967) indicated on a map of structural
elements found on Collier Point in Trinity Bay, the presence

of a fold axis to an anticline, situated centrally along the
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FIGURE 32: STRUCTURAL FEATURES OF THE ISTHMUS OF AVALON FROM
McCARTNEY(1967). BELL: BELLEVUE PENINSULA, Syn:SYNCLINE,
Ant: ANTICLINE.
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length of the point (Fig. 32). A cross section drawn by
McCartney (1967) through Collier Point indicates a steep dip

for the axial plane of this fold with a possible slight

inclination from vertical resulting in a steep westward dip.

Figure 33 is a stereographic (Wulff Net) projection of
the poles to quartz and barite veins found on Collier Point
and the shore of Long Cove. Poles to barite veins plot in a
loose cluster displaying a generally north-northwest strike
and steep but variable dip. Poles to quartz veins also
define a cluster displaying steeply dipping veins which
strike east-northeast. The overall quartz vein cluster can
be subdivided in two adjacent sub-clusters. The sub-cluster
labelled "west" contains poles to quartz veins occurring on
the western limb of the fold, while the “"east" sub-cluster
contains poles to quartz veins occurring on the east limb of
the fold.

Consider a set of joints formed during the initial
phase of Acadian compression, striking approximately 065° Az
and dipping 82° north (a pre-Acadian joint set is unlikely
becuase, as is discussed below, the orientation of joints
and faults is consistent with their development during
Acadian stress). Subsequent folding of these joints, about
a horizontal axis trending 030 Az, would rotatate the joints
in an opposite fashion on either side of the fold axis,
creating two distinct joint sets. The orientation of these

joint sets would be similar to the "east" and "west" quartz
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EIGHTEEN DIFFERENT QUARTZ VEINS
ALL PLOT WITHIN THIS SHADED AREA

FIGURE 33: STEREONET SHOWING POLES TO VEINS FOUNDS ON COLLIER POINT. QV
ARE QUARTZ VEINS, QVM ARE THOSE QUARTZ VEINS FOUND ALONG THE
LENGTH OF THE MAIN BARITE VEIN (MBV), BV ARE BARITE VEINS. ®
ESTIMATED MIDPOINT, CPA IS THE POLE TO THE AXIAL PLANE OF THE
ANTICLINAL FOLD WHICH EXISTS ON COLLIER POINT, FROM McCARTNEY
(1967).
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vein sets found on Collier Point. Filling of joints by
gquartz would occur anytime after formation of the joints.
Thus vein filling was either syn- or post-tectonic. Most
vein material is deformed to varying degrees, suggesting a
significant component of syn-tectonic precipitation.

It is not clear if barite veins have also been
rotated. Not enough veins have been sampled to distinguish
separate sub-clusters of poles on a stereogram. However,
with the exception of one vein on Collier Point, barite
veins found west of the fold axis are either vertical or dip
steeply eastward. Barite veins found east of the fold axis
are either vertical or dip steeply westward. If this
observation is valid then the nature and timing of rotation
of barite veins may be similar to that suggested for quartz
veins.

The pole to the axial plane of the Collier Point fold,
assumed to be vertical as indicated by McCartney (1967), is
plotted on the stereogram in Figure 33 ("CPA"). Ideally,
this pole represents the direction of principal stress. The
barite vein set and guartz vein set are roughly symmetrical
about the direction of Acadian principal stress on Collier
Point, with separation angles of approximately 46° and 49°
respectively. Ideally, conjugate joints form at less than
45° to the principal stress direction in isotropic rocks,
and typically the angle is close to 30° (Badgley 1965).

However, on Collier Point it is the obtuse angle of a
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conjugate set that is symmetrical about the direction of

principal stress. This can occur if the angle was acute

upon joint formation and was subsequently widened by
rotation of joint planes during continued compression
(Badgley 1965).

Rotation of joint planes such that the angle between
joint planes and the direction of principal stress widened
from 40° at formation to 50° after rotation, requires
shortening of the strata along the direction of principal
stress by 16%, relative to extension of strata in the
direction of the fold hinge in a horizontal plane (Fig. 34).
Fluid inclusion work presented in Chapter 3 suggests that
quartz vein formation in the Collier Point area occurred at
less than a kilometre of depth. Certainly at such a shallow
level most strain would be brittle in nature, resulting in
the numerous joints, veins and faults that have been
described. The country rock was not analysed for
indications of ductile deformation. However, Figure 11
clearly shows that there must have been some significant
component of ductile deformation in these rocks.

Anisotropy in the rock, such as bedding or a pre-~
existing fabric, can result in formation of shear fractures
at greater than 45° to the directicn of principal stress
(Badgley 1965). Anisotropy on Collier Point is provided by
known stratification. As bedding was not perpendicular to

the principal stress direction, it should have contributed
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to variation from the ideal angle of joint formation. The
magnitude of this contribution is unknown by the author.
McCartney (1967) indicated the presence of a synclinal
and an anticlinal fold axis situated horizontally along the
length of Bellevue Peninsula, west of Collier Point (Fig.
32). A steep dip is again used for the axial planes of the
folds, as indicated by McCartney (1967). Figure 35 is a

Wulff Net stereographic projection of poles to quartz veins,
barite veins, one calcite vein and fault planes found on

Bellevue Peninsula. The range of strike for axial planes of
the synclinal and anticlinal folds are indicated by brackets
(range from McCartney 1967). Faults in the Whitbourne map

area are described as steeply dipping (McCartney 1967) and

are plotted as vertical in Figure 35.

Poles to eight barite veins and two calcite veins form
a cluster in Figure 35 which indicates a general north-
northeast strike and steep dips for these structures. These
veins are roughly parallel to the two fold axes which pass
through Bellevue Peninsula and may be classified as radial
joints (defined in Hobbs et al. 1976) developed during
folding. The limited spread of dips for these structures in
Figure 35 is likely due to the open nature of the folding
(McCartney 1967) and the limited sampling across fold limbs.

Poles to four quartz veins, two barite veins, one
calcite vein, one galena vein and two fault planes, form a

second cluster of structures striking east-northeast with
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FIGURE 35:

STEREONET SHOWING POLES TO VEINS, FAULTS AND AXIAL PLANES
FOUND ON BELLEVUE PENINSULA. THE RANGE IN ORIENTATION OF THE
AXIS FOR THE BELLEVUE PENINSULA SYNCLINE (BPS) AND THE BELLEVUE
PENINSULA ANTICLINE (BPA) ARE INDICATED BY BRACKETS. VISUALLY
ESTIMATED MIDPOINTS OF CLUSTERS ARE INDICATED AS®. BV-BARITE
VEIN, QV-QUARTZ VEIN, Cal-CALCITE VEIN, Gal-GALENA VEIN, F-FAULT.
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steep dips. The orientation of these structures is similar
to the quartz veins on Collier Point (Fig. 33). If these
structures represent one member of a conjugate set with the
same orientation as the quartz vein set on Collier Point,
the other member is either missing or is represented in
Figure 35 only by the Thornlea Fault and possibly one quartz
vein (BV29). Badgley (1965) has shown that one member of a
conjugate set may be poorly developed or missing in an area.

Poles to two quartz veins, a barite vein and a fault
plane form a third cluster in Figure 35 which represents
structures striking east-southeast with steep dips. These
structures are perpendicular to the axial planes of the two
folds on Bellevue Peninsula, and may be a-c joints (defined
in Hobbs et _al. 1976) formed during Acadian deformation.

Figure 36 is a stereographic projection of poles to
veins, faults and axial planes found on the Isthmus of
Avalon, including structures found on Collier Point and
Bellevue Peninsula. Plotting of all structures in this

expanded area on a single stereogram results in expansion of

the field of each cluster previously defined on either

Collier Point or Bellevue Peninsula, with the exception of
the cluster created by the a-c joints (found only on
Bellevue Peninsula). A portion of the expansion of these
clusters can be explained by the distortion and
reorientation of original structures during a later

structural event. This postulated event, discussed akove,
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FIGURE 36: STEREOGRAPHIC PROJECTION OF THE POLES TO VEINS, FAULTS AND AX-
IAL PLANES FOR THE ISTHMUS OF AVALON AREA INCLUDING DATA
PRESENTED SEPARATELY FOR BELLEVUE PENINSULA AND COLLIER
POINT. F-FAULT, CPA-COLLIER POINT ANTICLINE, BPA-BELLEVUE PENIN-
SULA ANTICLINE, BPS-BELLEVUE PENINSULA SYNCLINE. KHS-KITE HILL
SYNCLINE, CCS-CHANCE COVE SYNCLINE, RCA-RANTEM COVE ANTICLINE,
SHS-SERRATED HILLS SYNCLINE, BAS-BULL ARM SYNCLINE. MBV -
MAIN BARITE VFIN.
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might have caused the development of doubly-plunging
structures throughout the field area.

Figure 36 illustrates that the Isthmus of Avalon area
seems to host a set of conjugate structures, a set of radial
structures and a set of a-c structures, the development of
which are related to Acadian compression and folding.

Figure 36 also shows the presence of a set of steeply
dipping structures which strike southeast, including both
faults and veins, the origin of which is uncertain. The
direction of motion on the vertical faults (see Fig. 32), as
described by McCartney (1967), is compatible with some of
the faults having developed as conjugate shears during
Acadian compression directed east-southeast (Fig. 33).

Figure 37 shows the location of veins sampled in the
Cape St. Mary's area of the Avalon Peninsula, as well as
significant structures near these veins. Figure 38 is a
Wulff Net upon which the poles to veins and fault planes
have been plotted (fault planes are again assumed to be
vertical). On the west coast of the peninsula, near the
town of St. Brides, veins with two general orientations
exist. Two barite veins and one calcite vein strike roughly
east-northeast and dip vertically. Two barite veins strike
north-northeast and dip vertically. These two "sets" of
veins are roughly symmetrical about the implied direction of

principal stress (derived from the nearest fold axis) with

separation angles of 60° and 54° (Fig. 38). Once again it
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MARY’S AREA OF THE AVALON PENINSULA. STRUCTURE TAKEN
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BRANCH AXIAL PLANE

CONJUGATE SET g\)’

ST. BRIDES AXIAL PLANE

P~ T.e 38: STEREOGRAPHIC PROJECTION OF THE POLES TO VEINS, FAULTS
AND AXIAL PLANES IN THE CAPE ST. MARY'S AREA OF THE
AVALON PENINSULA. BV-BARITE VEIN, Ca-CALCITE VEIN, F-FAULT.
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is the obtuse angle of this possible conjugate set which is
symmetrical about the direction of principal stress, similar
to the relationship found in the Isthmus of Avalon area.

The photograph of BVS, shown in Figure 26, is the

calcite vein of the east-northeast set plotted in Figure 38.

This photograph shows other fractures which are parallel to
the vein and another more prevalent set of fractures which
strike approximately northeast and thus are roughly parallel
to the local fold axis. This second set is probably a
closely spaced set of fractures, radial to the fold axis.
Four faults which occur in the St. Brides area are also
plotted on the stereogram in Figure 38. These faults are
approximately perpendicular to the local fold axis and may
have initiated as a-c fractures.

The structure in the area of the town of Branch, where
three veins were measured, is more complex. Local fold axes
vary in strike over a range of 30° as indicated by
Fletcher's map (1971). An interpretation of the three veins
relative to the local structure will not be attempted here.

At the Silver Cliff mine, the orientations of only a
few structures are known and again an interpretation is
difficult. The Silver Cliff mine is on the flank of an
anticline, the axis of which is 1800 metres to the southeast
of the mine. The fold axis of this anticline trends at 025°
Az, similar to the fold axis situated on the Isthmus of

Avalon. The axial plane is again assumed to be vertical as




_77_
indicated by the open symmetrical style of the folding. The
Broad Cove Creek fault and the Fowler vein are approximately
perpendicular to the fold axis and may have originated as
a-c structures. The MacKay vein follows two trends. At the
opening to the MacKay adit the vein strikes at 060° Az and
dips 80° southeast. This orientation of the vein is at an
angle of approximately 35° to the presumed axial plane of
the anticline. The pole to the plane of the vein in this
orientation falls within the cluster of poles which were
interpreted as representing an east-northeast member of a
conjugate set of fractures in the isthmus area. Possibly
this portion of the Mackay vein originated as a fracture of
this set.

The second orientation of the MacKay vein strikes at
030° Az but the dip of this portion of the vein is uncertain
as access is no longer available. Chute (1939) described
the dip as variable between 80° to 50° southeast. Where the
MacKay vein is accessible at the opening to the adit, the
orientation of the vein is 060° Az 80° southeast, and

possibly where the strike changes to 030° Az the dip changes

to 50° southeast. Unfortunately this cannot be confirmed by

present exposures of the vein or by Chute's report. The

strike of this portion of the vein at 030° Az is similar to
that of the anticlinal fold axis and possibly this structure
originated as a radial joint. At a distance of 1800 metres

from the fold axis where the beds are dipping 50° northwest
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due to folding, a dip of 50° southeast for a radial joint is

feasible.

2.5. Summary

Quartz-dominated veins are the most abundant vein type
in the field area, with much fewer numbers of barite- and/or
calcite-dominated veins and only a few known sulphide
mineral-dominated veins. Veins are exposed throughout a
section of rocks which range in age from late Haydrinian
through to Middle Cambrian. The lithologies of these rocks
are quite variable, and include a suite of bimodal volcanic
rocks as well as sedimentary rocks derived from the erosion
of volcanic rocks.

These veins are all dilational and display textures
which indicate open-space filling. Post-precipitation
deformation is very common, but sections of veins which have
escaped deformation can be found. Cross~-cutting
relationships indicate that the barite- and calcite-
dominated veins are generally later than the quartz-
dominated veins. Both calcite and barite can be found as a
late vug-filling phase in a few of the quartz-dominated
veins. A small number of the quartz-dominated veins have
been found cross-cutting the generally later barite- and/or
calcite-dominated veins, thus indicating the close timing of

development of the different vein types.
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In general calcite is earlier than barite and is
commonly the earliest precipitated phase in barite-dominated
veins. Where sulphide minerals occur in these veins they
are either earlier or have co-precipitated with calcite
and/or barite, with different paragenetic relationships

found in different veins.

Both the orientation and the timing of formation of
the veins in the study area are Clearly related to the
formation of joints and faults during the Acadian
deformation event which affected the entire study area.
Veins have developed along a conjugate joint set, a radial
joint set and an a-c joint set in relation to the principal-

stress direction of Acadian deformation.
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CHAPTER 3. FLUID INCLUSION STUDY OF THE VEIN MINERALS

3.1. Introduction

One hundred and fifty-five doubly-polished wafers of

vein material, approximately one mm thick, were prepared

from samples of barite, quartz, calcite and sphalerite.
Forty-eight of these wafers contained fluid inclusions
suitable for further study. Microthermometric measurements
were made using a Fluid Inc. adapted, U.S.G.S. gas-flow
heating and freezing stage mounted on a Zeiss petrographic
microscope. The stage was calibrated using Chaixmeca and
BDH organic and inorganic standards. The results of this
calibration, shown in Figure 39, indicate that a maximum
temperature correction of 1.6°C at 260°C was required. All

data are tabulated in Appendix B.

3.2. Re=ults of the Study of Fluid Inclusions_jn Barite
Fluid inclusions observed in barite crystals are of

two types, both of which are believed to be secondary. Type
1 inclusions (Fig. 40) are overwhelmingly the most abundant
and are characterized by several common features. Type 1
inclusions are tabular and form groups in a common plane,
the result of incomplete healing of fracture planes within
individual barite crystals. These fracture planes can
commonly be traced right to the edge of the bcrite crystals.

Type 1 inclusions contain either a single liquid phase, or
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Figure 40. Type 1 fluid inclusion. The vapour bubble (vap)
is prominent while the fluid inclusion edge and enclosed
liquid (l1liqg) are very faint. A number of other fluid

inclusions are in the same plane. BV11l-N on Collier Point
(500X mag.).

Figure 41. Type 2 fluid inclusion in barite (BV6-A) from
Southern Harbour Station South (500X mag.).
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liquid and vapour, with vapour forming up to 10% of the
inclusion volume. When a vapour is present, type 1
inclusions generally homogenize below 100°C. Eutectic
temperatures (Te) observed during controlled melting of the
type 1 inclusions (i.e., Te ~ -23°C), indicate the presence
of the cations Na* and K* in solution. Salinity values are
consistently near 23 weight percent NaCl equivalent (wt. %
NacCl (eq)).

The second fluid inclusion type found in barite
samples is much less abundant. These inclusions have more
equant d.mensions than type 1 inclusions. They are
generally sub-rectangular to irregular in shape and range in
size from a few microns to 100 microns (Fig. 41). Type 2
inclusions contain variable proportions of liguid and
vapour, with a few completely vapour filled. In the type 2
inclusions, evidence for necking down or leakage is almost

ubigquitous (Fig. 42), leading to a lack of consistency in

observed homogenization temperatures (Th), ranging from room

temperature (vapour filled inclusions) to just over 400°c,
for the samples measured. Within one sample (BV1-H), a
spread of 213°C was found for the values of Th from two
separate type 2 inclusions. Salinity is also quite variable
in type 2 inclusions, ranging from 0 to 23 wt. % NacCl(eq)
with the mode at 0%.

Type 2 inclusions, with more equant dimensions and

random distribution, probably originated as primary fluid




a)

b)

Figure 42.

Type 2 fluid inclusions in barite:;
pPoor inclusion next to

a) vapour-
b) a vapour-rich inclusion. These
fluid inclusions have obviously necked down from each other
(BV6-A, Southern Harbour Station South, 500X mag.).
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inclusions and have subsequently been modified by secondary
processes. Similar results were obtained by Slack (1980),
from a study of fluid inclusions in fissure-filling barite.
Slack concluded that there was abundant evidence for post-
depositional necking down, resulting in unreliable data.
Another factor which has affected the results of this
study is the apparent structural weakness displayed by

barite crystals during both the heating and freezing

processes. When water freezes it undergoes an expansion in

volume of approximately 9% which may exceed the volume of
the existing vapour bubble, resulting in a high internal
stress and a subsequent stretching of the inclusion (Roedder
and Bodnar 1980; Lawler and Crawford 1983). This increase
in the volume of the inclusion without any loss or addition
of material, results in a reduced density of inclusion fluid
and an artificially high Th. In this study, stretching was
recognized by an increase in size of vapour bubbles after
freezing runs were completed, when viewed at the same
temperature before and after a run.

Stretching of fluid inclusions in sphalerite and
fluorite during heating runs has been described by Bodnar
and Bethke (1984). In these mineral phases it was found
that a certain degree of "overheating" above Th was required
to produce stretching of inclusions. They also noted that
the inclusions became more susceptible to stretching as

their size increased. During the present study, while
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heating inclusions in barite crystals, an increase in the
volume of the vapour bubble was often observed after a
heating run was completed. Occasionally while the
temperature of the inclusion was increasing, the vapour
bubble, which had been slowly decreasing in size, abruptly
increased in size, and then returned to its gradual size
decrease until homogenization or decrepitation took place.
Overheating is therefore not always required to cause
stretching of fluid inclusions in barite crystals.

Bodnar and Bethke (1984) also carried out heating runs
on four inclusions in barite. Two of these inclusions
decrepitated before Th was reached, one stretched when

overheated by 30°C and one did not stretch when c . erheated

by 30°C. From these results, they concluded that barite is

a very unreliable host mineral for fluid inclusion studies.
The results of the present barite study support the
above conclusion from Bodnar and Bethke's limited barite
study, but for a different reason. Problems of stretching
during heating and freezing can be overcome by careful
observation of the size of the vapour bubble. The more
significant problem encountered in this study was that of

locating unaltered primary fluid inclusions.

3.3. Results of the Study of Fluid Inclusions in Calcite

All fluid inclusions observed in calcite from the

veins sampled in this study are believed to be secondary,
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with the exception of a group of psuedosecondary inclusions
which will be discussed later. Typically these secondary
inclusions are very similar to the type 1 fluid inclusions
found in barite crystals described above (Fig. 40). Thev
are irregular in shape and most often with one dimension
much smaller than the other two. These fluid inclusions are
generally aligned in a plane or are near or along a visible
fracture in calcite crystals. Vapour denerally occupies 1
to 10% of these inclusions by volume.

Microthermometry measurements were carried out on a
total of ninety fluid inclusions from eight samples of
calcite. These inclusions all homogenized to a liquid
between 60° and 100°C (similar to the type 1 barite fluid
inclusions). Eutectic temperatures observed during melting
indicate the presence of CaCl, (Te = -49.8°C) in many of
these inclusions, and CaCl, combined with NaCl (Te =
-52.0°C), or with NaCl and MgCl, (Te = -57.0°C) in a few of
these inclusions. The salinity of these inclusions ranged
from 23 wt. % CaCl, for inclusions which contained only
CaCl,, to 39 wt. % NaClp(eq) for inclusions which contained
CaCl, + NaCl + MgCl,. Inclusions with CaCl; + NaCl had Te
values which indicated intermediate salinities. Daughter
minerals were not observed in any of these inclusions.
Similar appearing inclusions were observed in calcite
crystals freom another twenty samples on which

microthermometry was not performed.
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The shape, vapour content and range of Th values for
these secondary fluid inclusions are similar to that of the
type 1 secondary fluid inclusions found in barite. These
low temperature inclusions may have formed at the same time
in both calcite and barite during the syn-tectonic
deformation which has affected these veins (Chap. 2). This
event may also have destroyed any existing primary
inclusions in the calcite, and may have been responsible for
the alteration of primary inclusions in barite.

Sample AR1-B2 is from a quartz-chlorite-calcite vein
located about 1500 metres west of the Silver Cliff mine. It
contains calcite with equant, rhomboid shaped fluid
inclusions, all of which contain approximately 5% vapour
(Figs 43 and 44). These inclusions are all situated along
fractures which extend to the edge of the calcite crystals
and stop without entering neighbouring quartz crystals. Th
values for 10 inclusions ranged from 197° to 258°C and the
salinity ranged from O to 5 wt. % NaCl(eq). The nature of
the fluid inclusions in these calcite crystals is clearly
exceptional for the veins sampled in the study area.

In the vein AR1-B2, most quartz has co-precipitated
with chlorite, generally earlier than calcite precipitation,
although some late-formed quartz has apparently precipitated
after calcite precipitation was complete. Th values for

primary fluid inclusions in quartz range from 235° to 330°C,

with most between 250° and 280°C, significantly higher than
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Flgure 43. Pseudosecondary rhomboid shaped fluid inclusion
in calcite from vein AR1-B2, Argentia. The fracture along
which this inclusion has formed can be seen trending from
left to right across the photograph. The fracture
intersects the front of the thin section just below the
inclusion and is visible as white line tilted sligtly
downward to the right. The fracture intersects the back of
the thin section above the inclusion and is much more
blurred as it is further out of focus.
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Figure 44. Pseudosecondary fluid inclusion in calcite from
veln AR1-B2, Argentia. The fracture along which this
inclusion has formed is clearly visible, trending from the
top to the bottom of the photograph (500X mag.).
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was found in the calcite fluid inclusions described above.
The salinity in the quartz fluid inclusions ranges from 0 to
5 wt. % NaCl(eq), similar to the calcite inclusions. Fluid
inclusions in calcite crystals of this vein are interpreted
as pseudosecondary inclusions which formed during *he last
stage of calcite precipitation at which time the calcite
crystals grew in contact with earlier formed quartz. The
fracturing of the weaker calcite structure may have heen
caused by shearing stress in the vein, which occurred
contemporaneously with vein formation (see Chap. 2). Lower
Th values observed in the pseudosecondary fluid inclusions
in calcite, relative to the primary fluid inclusions
analysed in quartz, indicate the lower temperature which
existed in the fluids at the time calcite crystals were
affected by a deforming stress. The full explanation of how
the fluid inclusions found in vein AR1-B formed is very

complex ar.d is discussed in detail in the following section.

3.4. Fluid Inclusions jn Veins of the Silver Cliff Mine

and Surrounding Area

Ia the Silver Cliff mine the MacKay vein, as described
by Chute (1939), was up to a metre thick and was composed

almost entirely of sulphide minerals with very little quartz

gangue material. Quartz-sulphide mineral veinlets, which

cut across the earlier-formed main segment of the MacKay

vein, developed during the last vein-forming event in the
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mine (see Chap. 2). Samples collected from the Silver Cliff
mine for this study are from a surface exposure of the
MacKay vein, and from the mine dump. It is believed that
all samples which were found to be suitakle for primary
fluid inclusion work are from the late-formed set of quartz-
sulphide mineral veinlets. Thus the fluid inclusion data
presented here provide information relevant only to this
late stage veinlet formation. Samples were also collected
from barren quartz + chlorite + epidote veins which occur in
an area up to 500 metres from the mine.

Primary fluid inclusions were found only in undeformed
portions of quartz and sphalerite crystals (Fig. 45).
Undeformed crystalline material was located in vugs where
portions of crystals were situated in open space, avoiding
transmission of deformational stresses. Fractures with
trails of secondary fluid inclusions have developed in most
"undeformed" crystals (Fig. 46). These fractures have
likely formed either during the application of lithologic
stress to other parts of the crystal or during hydraulic
stress applied after crystal formation. 1In regions between
such fractures, fluid inclusions can be found which have
regular equant to sub-equant shapes, random distributions
and which show no signs of leakage or necking down. These
are interpreted here as being primary fluid inclusions.

In quartz-chlorite veins sampled from the mine area,

undeformed quartz crystals were also found in non-vuggy



Figure 45. Primary fluid inclusions in quartz. Note the
random distribution of these inclusions as suggested by
their two dimensional scatter and the variable degree of
focus indicating a variable depth within the thin section.

Sample AR1-B2, Argentia.



LEAKAGE TRAIL

Figure 46. Fluid inclusions in a fractured quartz crystal.
Many of the fluid inclusions in this photograph are
Secondary as indicated by their situation along fractures or
by the presence of leakage trails. The two fluid inclusions
in focus in the center of the photograph are interpreted as
Primary. Careful observation during focussing indicates
that these inclusions are situated between fractures and
that there are no visible leakage trails. This sample BV3-D
from St. Brides is used as it best diplays,
Photographically, primary fluid inclusions found between
fractures. This is a feature found throughout the field
area.
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areas of veins surrounded by chlorite in otherwise deformed
veins. The surrounding incompetent chlorite has apparently

protected the gquartz crystals from stress. Primary fluid

inclusions have been located in such quartz crystals.

Salinity data for these fluid inclusions were
difficult to obtain with approximately one successful
measurement for every nine inclusions studied. The most
common cause of failure in attaining a salinity value was
metastability, whereby an inclusion fluid would not freeze
even though it had been cooled far below its freezing
temperature. This metastability arises from the small size
of many of the inclusions (i.e., often 2 microns or less),
which commonly results in difficulty in the nucleation of
ice crystals (Roedder 1984).

Because of the volume expansion which can take place
in fluid inclusions during freezing, Th values were
determined before melting temperatures to avoid erroneous Th
values. However this sequence of operations resulted in a
further difficulty. Frequently during heating runs, the Th
for several inclusions would be determined from one
location. In heating a group of inclusions to the
temperature at which the last inclusion of this group
homogenized, the earlier homogenized inclusions would
sometimes decrepitate, preventing the collection of salinity
data. The collection of homogenization data was deemed of

more value to this study.
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The measured salinity of fluid inclusions in the ore
veins ranges from 2.0 to 7.4 wt. % NaCl(eq) and averages 4.5
wt. % NaCl(eg). Although it is very difficult to determine
the melting Te of low-salinity inclusions due to the small
amount of melt formed at the eutectic point, a first melt
was observed in two inclusions at -19.0° and -17.0°C. These
temperatures are slightly higher than the Te ~-20.8°C for

the Hj;0-NacCl system. This deviation from the Te for the

H,0-NaCl system probably reflects the difficulty in

observing the first melt. It is therefore probable that
NaCl is the dominant salt present in these inclusion fluids.
It is also possible that a mixture of NaCl and KCl exists in
these fluids as such a mixture has a Te of -22.9°C, just
slightly lower than that of pure NaCl in H,O.

Measured salinity values in the barren veins ranges
from O to 5.5 wt. ¥ and averages 1.8 wt. % NaCl(eq).
Chlorite is present in these veins, thus MgCl, must have
been present in the precipitating fluids. Significant
quantities of MgCl; mixed with NaCl will result in Te values
of -35.0°C. As this was not observed, it is unlikely that
the MgCl,; concentration is very high. Possibly most of the
Mg was stripped from the solution by chlorite precipitation.
Figures 47 and 48 show the limited salinity data for both
the ore veins and the barren veins plotted against both "Th"

and "EVC" (Estimated Vapour Content - by volume) at room




ORE VEINS BARREN VEINS

w
=
3
o
>
>
-]
g
-
r4
w
-
Z
O
Q
[+ 4
2
(o]
a
g
>
o
w
-
q
2
-
[
w

! 1 1 1
6 7 0 1 2

SALINITY WT. 9% NaCl EQUIVALENT

FIGURE 47: SHOWS THE LACK OF CORRELATION BETWEEN THE AVAILABLE SALINITY DATA AND THE ESTIMATED VAPOUR
CONTENT AT ROOM TEMPERATURE FOR VEINS AT SILVER CLIFF. CONNCIDE NT VALUES ARE CIRCLED.




ORE VEINS - SILYER CLIFF

1

BARREN VEINS - SILVER CLIFF

O
3

w
@
-1
[
<
@
w
a.
=
w
—
Z
Q
=
<
N
Z
w
Q
Q
=
Q
X

1 L { ] ] ]
3 4 5 6 7 9 10
SALINITY WT.% NaCl EQUIVALENT
FIGURE 48: SHOWS THE LACK OF CORRELATION BETWEEN HOMOGENIZATION

TEMPERATURE AND SALINITY FOR SILVER CLIFF VEINS. COINCIDENT
VALUES ARE CIRCLED.




-99-

temperature. There is no apparent correlation between
salinity and either of these parameters.

Th values for primary fluid inclusions found in quartz
crystals and one sphalerite crystal of the late veinlets
from the Silver Cliff mine are presented in Figure 49. F
Temperatures range from 230° to 504°C and form two distinct

groupings. The lower temperature group (LTG) contains most

of the data and ranges from 230° to 370°C. There is a gap
in the data from 370° to 430°C. The high temperature group
(HTG) of data ranges from 430° to 504°C. Also significant
is the fact that LTG fluid inclusions, with a few
exceptions, all homogenized to a liquid, while the HTG
inclusions, without exception, homogenized to a vapour.

A further distinction can be made between the LTG and
the HTG fluid inclusions. Figure 50 shows that for the LTG
inclusions, the EVC of the fluid inclusions, at room
temperature, increases with Th. Figure 51 shows that the
HTG inclusions display a negative correlation between EVC
and Th, opposite to the trend displayed by the LTG data. As
will be discussed, an ideal plot would define a non-linear
curve. Variation from the expected curve is introduced by
the error in accurately estimating the vapour content of
inclusions. These estimates are made by visual comparison
(two dimensional perspective) of the apparent occupied area
of vapour and liquid in these inclusions, to a chart

developed by Roedder (1972) which relates surface area in
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spherical inclusions to volume %. A degrze of error is
introduced because the inclusions have somewhat irregular
non-spherical shapes. Also, it is more difficult to
estimate the relative proportions of surface areas for the
more irregularly shaped inclusions.

Three differences in the nature of the LTG and the HTG
have been discussed above: 1) different Th ranges; 2)
different homogenization behaviour; 3) opposite
correlations between Th Vs EVC. These differences provide
the key to understanding how the LTG and HTG fluid
inclusions have formed. It is believed that the fluid
inclusions formed in the Silver Cliff ore veins trapped
fluids over a range of temperatures with boiling taking
place at the high temperature end of this range. The LIG is
composed of inclusions which have trapped fluid which was
not boiling. The HTG inclusions contain fluid which was
boiling when trapping occurred. To explain these
conclusions it is necessary to review how the fluids
involved in trapping behave under conditions of variable
pressure, temperature and salinity.

Figure 52 is a temperature-density (T-D) plot for pure

H;0 showing the immiscibility field which exists for this

system. The maximum temperature of immiscibility occurs at
the critical point for pure H,0 at 374°C and 220 bars. The

critical point is the point on the immiscibility surface
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which separates fluids which behave more like liquid from
thcse which behave more like vapour. Fluid inclusions with
fluid densities greater than the critical density (~ 0.4
gms/cc), wWill homogenize to a liquid on the immiscibility
surface to the right of the critical point in Figure 52.
Inclusions with fluid densities less than the critical
density, will homogenize to a vapour on the immiscibility
surface to the left of the critical point.

It is interesting to note that trapping of fluids
above the immiscibility surface, at varying temperatures,
holding pressure constant (e.g., along an isobar in Figq.
52), should result in a Th Vs EVC curve which mimics the
shape of the isobars in Figure 52. For example the
inclusions plotted in Figure 50 are all from veins in the
Silver Cliff mine. The mine workings were on two levels
which were within 10 metres of each other. Assuming no
overpressure development, all fluid inclusion in veins from
the mine trapped fluids at essentially a constant pressure.
Thus ideally the data points in Figure 50 should define a
curve that has a similar shape to the isobars in Figure 52.
This should become most noticeable at lower temperatures
where the isobars in Figure 52 steepen. 1In Figure 50 there
is no clear steepening of the data ir che low temperature
region. This may be due to the fact that there are very few
inclusions with a Th below 260°C, where the steepening

becomes more pronounced in Figure 52. As will be seen
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later, other such plots (e.g., Fig. 60) which include lower
temperature fluid inclusions do show a pronounced steepening

at the low temperature end.

The temperature range for the two plots in Figure 51
is too limited to show anything but a straight line. Also
at the pressure conditions (~200 bars as discussed below)
and over the tenperature range indicated for the fluid
inclusion data plotted in Figure 51, the isobar curve in
Figure 52 is very ~lose to a straight line.

A potential use of Th Vs EVC plots is the evaluation
of overpressure dzvelorm t during fluid inclusion
formation. A sigaificar - overpressure development in a
group of inclusions will show in points plotted on a Th Vs
EVC graph as a deviation from the expected trend if the
degree of overprecsure is sufficient to show up against
other variations from the expected curve (discussed above).
If the cverpressure is constant throughout the formation of
the inclusions whizh ar+ analysed, it will not be detectable
on a Th Vs EVC plot. In Figure 50 there is no clear
deviat on {rom the e"._.ected trend, although there is
considerable variation from any one curve. It is not known
how m-ch overpressure is necessary to cause a significant
deviacion from an expected curve. An example of
overpressure effects which show clearly on a Th Vs EVC plot

is discussed ."urther on in this chapter.
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Figure £3 is a pressure-temperature (P-T) plot of the
NaCl-Hy0 system. The immiscibility field of pure H,C
displayed 1n Figure 52 as a two dimensional field, is
represented in Figure 53 by the solid line which begins at
0°C and ends at the point Cg, the critical point for pure
HyO0. The critical point for pure NaCl is indicated by Cjgq-
Also shown in Figure 53 are the immiscibility fields of
solutions containing 1, 5 and 20% NaCl, with critical points
C1, Cs and C,g respectively, and the critical curve which
joins them. The critical curve is defined by the locus of
critical points for all compositions intermediate between,
and including, pure H,0 and pure NaCl. Figure 53 shows that
the addition of 5% NaCl to pure H,0, creates a solution with
a two-phase immiscibility field which is considerably
expanded relative to pure H,0, such that immiscibility
reaches temperatures well over 700°C. Figure 50 shows that
a 0.1% NaCl solution has an immiscibility field which
extends up to 650°C. Thus the addition of NaCl to pure H30,
even in very minor amounts, results in a pronounced
enlargement of the immiscibility field.

The immiscibility curves for all solutions with
compositions between 0.0 and 100% NaCl are composed of two
segments, a "boiling curve" and a "dew (or condensation)

curve", which are separated by the critical point for that

composition. In Figure 53, the portion of an immiscibility

curve which intersects the critical point from the left is
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the boiling curve, while the dew curve intersects the
critical point from the right.

Ideally, fluid trapped within an inclusion maintains
an overall constant density through changing temperature and
pressure conditions. This is due to the rigidity of the
crystal structure which generally maintains a constant
inclusion volume (exceptions were discussed above, e.qg.,
inclusions in barite). After trapping, the fluid moves
through P-T space along its isochore (constant density path)
to progressively lower temperatures and therefore pressures.
Eventually the P-T conditions are such that the trapped
fluid intersects its immiscibility surface. If the density
of the trapped fluid is greater than the critical density,
its fluid characteristics are closer to that of a liquid
than a vapour. The isochore of such a fluid intersects its
boiling curve (e.g., 200°C for an isochore of 1%, Fig. 53),
and a vapour is exsolved. A fluid with a density below the
cri_.ical density behaves more like a vapour than a liquid.
Its isochore will intersect its dew curve (e.g., 650°C for
an isochore of 1%) and will condense droplets of liquid.
The critical density isochore is the line in P-T space,
above the immiscibility field for a given composition, which
separates fluids with a liquid nature from fluids with a
vapour nature (e.d., 385°¢C for an isochore of 1%, Fig. 53).

The following discussion relates the observations made

from the data (discussed above) to the known k~haviour of
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the H,0-NaCl system in order to explain the formation of the
ore vein fluid inclusions found at Silver Cliff. A constant
salinity will be assumed in order to simplify the present
discussion. A salinity of 5 wt. % NaCl is chosen as it is
close to the average of 4.5 wt. % NaCl(eq) found for the ore
veins, and because experimental data are available for 5.0
wt. % NaCl solutions.

It is assumed that the hydrothermal fluid is produced
at its source at some undetermined elevated temperature and
pressure (refer to Figs 54 and 55 for the following
disscussion), and moves upwards in the crust from its source
under the influence of an upward decreasing hydraulic
pressure gradient. As the fluid ascends, both pressure and
temperature decrease. Temperature can change depending on
variations in the source temperature and the rate of cooling
while the fluid travels from the source to the level of

mineral precipitation. Assuming fluid over-pressures were

insignificant along the fluid path, fluid pressure will

depend on the height of the overlying water column if
pressure is hydrostatic, or the height of the overlying rock
column if the pressure is lithostatic. The P-T character of
the fluid will follow one of an infinite number of possible
pathways on its upward migration. The following discussion
focusses on two potential pathways shown in Figure 55.
Precipitation of mineral phases may take place at any

point along the fluid path. This discussion concerns only
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that mineral precipitation which takes place at the crustal
level of the Silver Cliff mine (i.e., constant pressure,
possible overpressure is evaluated below). Fluid inclusion
formation at constant pressures and at variable temperatures
(and thus variable densities) may occur along the horizontal
line A-B in Figure 55. Line A-B is situated such that fluid
inclusions which display the range of Th values of the LTG
(230°C to 370°C) would have formed above the immiscibility
field of a 5% NacCl solution, at a constant pressure. The
line A-B does not cover this range of temperatures, but the
isochores of fluid inclusions which are trapped along this
line will intersect the 5% immiscibility field over this
range of temperatures as indicated along the temperature
axis in Figure 55. A hydrothermal fluid which rises through
the crust along path #1 in Figure 55 might be trapped at the
mine paleo-elevation at a temperature above the Th of 230°c,
then subsequently (e.g., during uplift and erosion) move
along its isochore until it intersects the immiscibility
surface at 230°C. When the isochore intersects the
immiscibility surface for a 5% NaCl solution, a vapour
bubble forms in the inclusion. This is also the point on
its immiscibiliby surface that the fluid in this inclusion
will homogenize during microthermometry. The higher
temperature data within the LTG might result from the

trapping of hydrothermal fluids at the mine elevation, which

have risen along fluid paths between paths #1 and #2 (i.e.,
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progressively more rapid ascent resulting in higher
temperatures and/or variable source temperatures).

The trapping of fluids along the line A-B in Figure 55
to form the LTG, would explain the positive correlation
between Th and EVC seen in Figure 50. Three isochores have
been drawn in Figure 55 using the experimental data of
Potter and Brown (1977). These isochores show that trapping
of fluids at increasing temperatures along the line A-B in
Figure 55 results in lower inclusion fluid densities, which
results in increased vapour contents in these inclusions at
room temperature.

The explanation of how the HTG fluid inclusions may
have formed is more complex. A fluid which moves along path
#2 will enter its immiscibility field at point B in Figure
55, resulting in boiling of fluids at that crustal level.

The composition of vapour which is exsolved from the liquid

at point B can be determined from Figure 56, At 370°C and

200 bars, a liquid of 5% NacCl is in equilibrium with a
vapour of such a low salinity that it falls off the left of
the diagram (<0.001 wt. % NaCl).

If conditions remain close ter equilibrium during
ascent the fluid never moves far into the immiscibility
field, but remains close to the immiscibility surface, even
though temperature and pressure may continue to decrease.
This is accomplished by the boiling process which exsolves a

vapour with a much lower salinity, thereby increasing the
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salinity of the remaining liquid. This results in a
continuous shift of the boiling curve to higher temperatures
(i.e., to the right in Fig. 55), while the fluid continues
to decrease in temperature and pressure. Boiling may occur
at progressively shallower depths along the path from point
B to D. At point D the salinity of the liquid will have
increased to 10% NaCl. With the low salinities found in the
ore vein fluid inclusions, it is probable that fluids which
precipitated minerals in these veins had not experienced
significant previous boiling. Shallower veins formed from
this same ascending fluid should have higher salinities.
Such veins have not been found and may have been eroded.
Fluid inclusions which form at point B in Figure 55,
from a 5% NaCl solution, have the potential to trap a liquid
of 5% salinity, a vapour of very low salinity (< 0.001%), or
variable proportions of these two immiscible fluids. Fluid
inclusion studies have shown that small amounts of liquid
are more commonly trapped with exsolved steam, than are
small amounts of vapour trapped with liquid (Roedder, 1984).
If a volume of vapour of very low salinity mixed with a
relatively minor volume of liquid with a salinity of 5%
NaCl, the resulting fluid could have significantly increased
salinity from the original vapour while remaining below the
critical density, and thus still homogenize to a vapour (all

HTG inclusions homogenized to a vapour). As Figure 54

shows, the immiscibility field of the vapour is readily

e | s A bt + e ma -t




-117-~

expanded to higher temperatures due to the increased vapour
salinity. The greater the proportion of liquid, the greater
the expansion of the immiscibility field.

The addition of liquid to exsolved vapour results in a
new isochore with a different position in P-T space. Figure
57 schematically shows the relative homogenization behavior
of fiuid inclusions of differing densities. At a constant
composition, increasing the density of an inclusion fluid
results in a lowering of Th. Thus the addition of liquid to
an exsolved vapour of the same composition, causes a
lowering of Th. The opposite effect on Th is observed if
salinity increases while density remains constant.
Increasing salinity results in an expansion of the
immiscibility field, resulting in a higher Th. The addition
of a small amount of liquid to a vapour results in both an
increased salinity and density, each tending to shift the Th
of the resulting fluid inclusions in opposite directions.
The domination of one of these factors over the other is
dependent on the proportion of liquid added to vapour.

The first additions of more saline liquid to extremely
low salinity vapour results in the most rapid expansion of
the immiscibility field, resulting in increased Th values

(Fig. 54) even though fluiad density is increasing. With

greater proportions of added liquid the effect on Th which

results from the salinity increase becomes less significant,
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while the effect of the density increase becomes more
significant. Eventually this results in a reversal of the
trend to increasing Th values. Further additions of liquid
to the vapour-like fluid results in decreasing Th.

The above discussion shows that in inclusions which
trap variable yet small proportions of liquid relative to
exsolved vapour, such that the effects of increasing
salinity dominate over the effects of increasing density,
the observed trend in Figure 51 can develop. This is
possible if trapping occurs in a boiling system. Thus in
Figure 51, inclusions of the HTG which have the highest
vapour contents and the lowest Th values, have formed by
trapping of the highest proportion of vapour and the lowest
proportion of liquid. Those which have the lowest vapour
contents and the highest Th values are considered to have
trapped the lowest proportion of vapour and the highest
proportion of liquid.

The HTG of fluid inclusions have probably formed by
trapping of exsolved vapour with variabhle proportions of
higher salinity liquid in a boiling system. The LTG has
probably formed by trapping liquid over a range of
temperatures. There exists a distinct gap between the two
groups of data. This gap has probably developed as a result
of a minimum amount of liquid which ends up trapped in the

vapour rich inclusions. This has the effect of raising the

Th of the HTG by a minimum amount above the actual trapping
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temperature. This also implies that there must also be a
maximum amount of liquid which gets trapped with the vapour,
or again there would be a continuum observed the Th data
from the LTG to the HTG. The above explanation for the gap
which exists between the LTG and the HTG suggests that
boiling was occurring at 370°C, where the gap begins.
Inclusions of the LTG which homogenized at or near this
temperature, may have trapped liquid which was boiling.
Possibly these higher temperature inclusions of the LTG have
trapped small amounts of vapour and thus homogenize at a
temperature slightly higher than that of trapping.

The range of temperatures over which boiling could
have taken place is restricted by the limited range of
salinities found in these fluid inclusions. With 370°C as
the maximum temperature of boiling, a fluid with the highest
observed salinity of 7.4 wt. % NaCl(eq) boils at about 200
bars (Fig. 56). At the same pressure, boiling of a fluid
with the lowest observed salinity of 2.0'wt. % NacCl(eq)
would take place at 364°C. Thus assuming that the observed
salinities are representative and that pressure was constant
(Fig. 50 suggests pressure was constant), boiling would have
occurred over a limited range of temperatures between 364°
and 370°c.

If pressure was not constant, trapping of fluid

inclusions could have taken place at lower temperatures.

For example, if the pressure in the fluid due to lithostatic
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or hydrostatic load is 150 bars, fluid trapping at a
constant pressure would take place along the line E-F in
Figure 55, and boiling of a 5% NaCl solution would occur at
about 345°C. However, this solution could also boil at
370°C, without developing salinities above the observed
salinities, if over-pressures in the range of 50 bars were
to develop such that boiling at 370°C occurred near point B.
Thus the observed salinities allow the possibility of about
50 bars of over-pressure development. If there was over-
pressure development the lack of deviation in Figure 50
suggests that it remained relatively constant during LTG
fluid inclusion formation.

An estimate of the maximum pressure of trapping in
these inclusions (lithostatic + hydrostatic) is attained by
plotting the maximum possible temperature of boiling (370°C)
and the lowest possible salinity (pure water) on Figure 56.
This yields a pressure of 210 bars which is the upper limit
for the pressure of formation of fluid inclusions in the
Silver Cliff mine. +:r estimate of the minimum pressure of
trapping is attained tsing the measured maximum salinity of
7.5 wt. % NaCl(eq) and a minimum boiling temperature of
364°C, resulting in a pressure of 180 bars (Fig. 56). It is
unlikely that the lowest observed salinities boiled at the
highest observed temperatures (and visa versa), thus the

actual range between the maximum and minimum pressure is

likely much less (i.e., 190 to 200 bars). The likely
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maximum pressure of 200 bars corresponds to a depth of about
800 metres if the pressure is purely lithostatic, or about
2000 metres if the pressure is purely hydrostatic. The
minimum pressure of approximately 190 bars corresponds to a
depth of 760 metres and 1900 metres for lithostatic and
hydrostatic pressure respectively.

For fluid inclusions which trapped boiling fluids such
as those at the high temperature end of the LTG, the Th is
the trapping temperature. However for those inclusion
fluids which were trapped above their immiscibility fields,
their Th would be lower than their trapping temperatures
(Fig. 55). Using boilirg curves for saline solutions,
constructed by Haas (1971), it is possible to estimate the
trapping temperature of fluid inclusions, if the fluia
salinity, trapping pressure and the Th are known. To
estimate the trapping temperature of the lowest temperature
inclusion in Fiqure 49 (230°C), an isochore is drawn in
Figure 55 such that it intersects the 5% NaCl immiscibility
surface at 230°C, and has a slope which is estimated from
the neighbouring determined isochores (Potter and Brown
1977). Isochores for three different densities of a 5% NaCl
solution are shown. The trapping temperature is attained
from the point where the constructed 230°C isochore

intersects the estimated trapping pressure (i.e., ~ 200

bars). The inclusions which homogenized at 230°C would have

been trapped at a temperature of 230° + TPc (=14°C) =




=123~

2449C. The major assumption in this procedure is that the
pressure of trapping of this fluid is the same pressure at
which the higher temperature fluids boiled.

Temperature corrections to determine trapping
temperature from Th are commonly made using the curves
developed for the H,0-NaCl system by Potter (1977). To use
these curves, the fluid salinity and the pressure of the
fluid during inclusion formation must be known. These
curves only work for inclusions which homogenize to a liquid
and contain only H,0 and NaCl.

Figure 58 shows the curves developed by Potter (1977),
for a 5% NacCl solution. For a pressure of 200 bars (20 MPa)
and a Th of 230°C, the temperature correction is 15°¢C, which
is 1°C higher than was determined using Figure 55. The
inclusion in Figure 49 which homogenized at 230°Cc, was
probably trapped near 245°C. At 300°C the temperature
correction is 10°C, while at 350° it is 8°C. The inclusions
which homogenized at 370°C do not require a temperature
correction, because they were boiling.

It is apparent from Figure 55 that the temperature
correction curves of Potter do not work for all of the data
in Figure 49. For inclusions which fall on the line A-B in
Figure 55, close to the point of boiling (B), their
isochores will obviously intersect the immiscibility field

at a temperature closer to the trapping temperature. As the

point of boiling is approached the Th must approach the




5 PERCENT NaCli

200 MPa

175 MPa

150 MPa

125 Mpa

100 MPg

\75 MP,

50 MPa

O
o
Z
Q
-
Q
w
<
[ 3
o
o
w
[ 9
=
-
a
[+ 4
w
0.
=
w
-

25 MPa

1

150 23 250

HOMOGENIZATION TEMPERATURE °C

FIGURE 58: TEMPERATURE CORRECTION FOR 5-PERCENT NaCl SOLUTION AS A FUNCTION OF HOMOGENIZATION
TEMPERATURE AND PRESSURE. FROM POTTER (1977).




-125-

trapping temperature. Thus the curves of Potter (1977) are
not useful for inclusions which formed near their
immiscibility surface.

The temperature-corrected data indicate that quart:z
precipitation in late stage veinlets, which cut across the
Mackay vein, has taken place over a temperature range from
about 245° to 370°C. The temperature data from the primary
fluid inclusions found in one sphalerite sample indicate
that sphalerite precipitation took place over a temperature-
corrected range of at least 285° to 310°C. More sampling is
necessary to obtain a more accurate temperature range.

Figure 59 shows the Th data from two barren quartz
veins (AR2-A and AR20-A) and one barren quartz-calcite vein
(AR1-B) found in the Silver Cliff mine area. Veins AR1-B
and AR2-A are located approximately 1500 metres from the
mine, while the vein AR20-A is situated about 100 metres
from the mine on surface. Measured salinity values range
from 0.0 to 4.8 wt. % NaCl(eqg) with the average at 1.8%.
The Th values range from 180° to 330°C, with a peak at about
255°9C. These Th values overlap with those of the LIG ore
veins. All of these inclusions homogenized to a liquid.

Figure 60 shows Th Vs EVC at room temperature for
these three veins. The Bl, B2 and BC inclusions (Fig. 59)
are from the same vein. The B2 inclusions are from early-

formed quartz which has co-precipitated with chlorite (Fig.

12) before calcite precipitation took place. Th values
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range from 235 to 300°C for these early-formed inclusions.
The Bl inclusions are situated in the latest-formed quartz
found in this vein, which has co-precipitated with and
formed later than calcite. These later-formed inclusions
are hotter with Th values ranging from 255 to 330°C. The BC
inclusions are psuedosecondary inclusions found along
fractures in calcite (described above) and their origin will
be discussed below. The B2 inclusions overlap in Figure 60
with the BC, 2 and 20 inclusions. The 2 and 20 inclusions
are from monomineralic quartz veins which are cogenetic with
quartz-chlorite precipitation (see chap. 2).

Excluding the Bl inclusions, the remaining data in
Figure 60 form a curve which is steep at low temperatures
and flattens at higher temperatures. This trend which was
predicted earlier from Figure 52 did not show up on the Th
Vs EVC plot for the LTG ore vein data (Fig. 50) due to the
lack of low temperature data. Down temperature steepening
of the data trend is well exemplified in Figure 60 due to
the greater abundance of low temperatu e data. The insert
in Figure 60 shows the outlines of Th Vs EVC data for both
the LTG ore veins and non-ore veins at Silver Cliff (Bl
inclusions excluded, ore vein data outside the 95 percentile
contour of Fig. 50 alsc excluded).

The flattening trend displayed by the non-ore vein

data clearly occurs at a much lower temperature than for the

LTG ore vein data. This suggests that the LTG ore veins
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formed at a higher pressure and therefore possibly at a
greater depth. This results in the trapping of higher
density fluids in inclusions which move along a higher
pressure isobar in Figure 52. Vein AR1-B (Bl, B2 and BC
inclusions), and vein AR2-A both occur about 1300 metres
higher in the stratigraphy than the ore veins in the mine.
However, vein AR20-A occurs lower in the stratigraphy than
the ore vein, thus ruling out the use of stratigraphy as an
indication of depth of vein formation. The similarity of
the data for the B2, BC, 2 and 20 inclusions suggest that
they formed at about the same pressure. This suggests that
the present relative positions of the veins may be similar
to that which existed at the time of vein formation. If
this is correct there must have been an overpressure
development at the time of formation of the Bl inclusions.
The overlap of the Bl data with the LTG data suggests that
this overpressure persisted and stabilized during
precipitation of the LTG ore veins. The Bl inclusions may
have recorded the pressure increase from lower-pressure non-
ore veins up to the higher pressure ore veins.
Over-pressure development arising from the boiling
process is unlikely. The exsolution of a lower density
vapour requires a volume increase for the mass of fluid
which becomes vapour. Continued boiling can build up fluid
pressure only if vapour release by the boiling process

exceeded vapour dissipation by the upward bouyant motion of
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vapour bubbles out of the area of boiling. However in doing
so the pressure build up moves the fluid to the edge of the
immiscibility field (i.e., Jpwards in Fig. 55) such that
boiling would slow down considerably. Boiling would then
take place only at the rate allowed by the dissipation of
pressure due to the buoyant rise of vapour bubbles out of
the zone of boiling. It is unlikely that any significant
build up of overpressure can develop from the exsolution of
vapour during boiling as it is a self-defeating process.
Another possible mechanism for increasing the
pressure during the Bl inclusion formation might be a shift
to a greater degree of lithostatic pressure during this
phase of quartz precipitation. As earlier described, the
formation of the Bl inclusions was contemporaneous with or
occurred after calcite deposition in the vein. Factors
controlling calcite precipitation are discussed in Chapter
4. Rapid calcite deposition during boiling off of CO, gas
may have filled fractures faster than they were opening,
resulting in plugging of the hydrothermal system. Pressure
in the hydrothermal fluid may then have increased having
gained a lithostatic component, putting an end to boiling.
During such an event the volume of fluid moving through the
rock would be a greatly reduced. Fluid inclusions formed in
quartz which precipitated during this phase of increasing

pressure could produce the pattern observed for Th vs. EVC

for the Bl inclusions seen in Figure 60.
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Over the range of temperatures indicated from Figure
60 for the formation of the Bl inclusions (255°C to 330°cC
plus a pressure correction), quartz is more soluble in H,O
as pressure increases (Fig. 61). The increase in pressure
caused by plugging of the hydrothermal system would act to
reduce gquartz precipitation. However falling temperature is
the dominant factor controlling quartz precipitation at
these pressure-temperature conditions. Precipitation of
quartz should proceed even in a plugged system as long as
significant cooling of the fluid was occurring.

The remaining question is the absence of CO, in these
inclusions found in quartz, as would be expected had these
inclusions formed in a boiling system. Kerrich et al.
(1986) found a similar lack of CO; in fluid inclusions in
quartz crystals which have co-precipitated with calcite.
They explained that the absence of visible CO, in quartz

inclusions must reflect its essentially complete removal

from the hydrothermal fluid before trappihq. This they

explain by €O, effervescence from the hydrothermal fluid
during pressure release caused by faulting and fracturing.
CO, effervescence results in an increased fluid pH, which in
turn promotes carbonate precipitation (discussed in chap.
4). Effervescence of CO; could thus explain the proposed
rapid precipitation of calcite and plugging of the
hydrothermal system. All CO, is removed from the fluid by

effervescence and by calcite precipitation. Subsequent
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precipitation of quartz in the remaining pore volume would
then occur at a higher pressure as indicated by "B1"
inclusions in Figure 60, and would be devoid of CO,. This
would also coincide with the formation of the ore veins,
also at a higher pressure. Faulting and fracturing was
certainly taking place in the field area during vein
formation (chap. 2) and may have contributed to, or have
been the dominant control in CO, effervescence (by sudden
pressure release). However it is felt that these processes
are not absolutely necessary to cause CO, effervescence in
these veins. Simple pressure decrease due to fluid ascent
in the crust can result in the boiling off of CO,, similar
to the processes described for boiling and formation of the
HTG inclusions in Figure 49.

The Bl inclusions, which formed later in the vein
paragenesis than the other inclusions in Figure 59, indicate
that a fluid which was both higher in temperature and
capable of calcite precipitation, passed through the vein.
Carbonate is a gangue mineral in the Silver Cliff mine. It
is probable that the passage of fluids, from which calcite
precipitated in the barren veins, is contemporaneous with
carbonate precipitation in the MacKay vein.

The BC inclusions found along fractures in calcites

have formed at temperatures and pressures similar to the

early-formed quartz (B2, 2 and 20 inclusions) as indicated

by the overlap of data points in Figures 59 and 60.
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However, calcite is paragenetically later than this quartz.
It is therefore believed that these psuedosecondary
inclusions formed after all mineral precipitation in this
vein was complete and the over-pressure which had developed
during formation of the Bl inclusions had dissipated. This
pressure dissipation may have been aided by the same
fracturing event which resulted in the development of the

psuedosecondary fluid inclusions in calcite.

3.5. Fluid Inclusjions jn artz- o) Veins

Figure 62 shows Th data for primary fluid inclusions
found in undeformed quartz crystals of the quartz-chlorite
veins which occur throughout the field area. Most of the
data ranges between 110° and 230°C, with a pronounced peak
at 165°C. Abcve 230°C the data occur discontinuously up to
320°C. From 320° to 370°C there is no data. Above 370°C is
a group of sporadic data which reaches up to 470°C.

The salinity of these fluid inclusions ranges from 0.0
to 3.0 wt. %, and averages 0.6 wt. % NaCl(eq). Obtained Te
values ranged from 0.0° to -9.0°C. These inclusions may
contain variable amounts of KCl forming a solution with a Te
of -10.6°C. As with the veins in the Silver Cliff area,
NaCl may be present but because of low salinities, the first
melt possibly was not detected until temperatures were

significantly higher than the Te. NaCl was determined to be

the salt most likely present in fluids from which the barren
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veins at Silver Cliff were deposited. It is thus most
likely the salt present in fluids from which quartz-chlorite
veins were deposited throughout the field area.

The large data peak occuring between 110° and 230°C

(uncorrected for pressure) indicates the temperatures of

precipitation of most quartz in the quartz-chlorite veins.

Similar to the AR1-B quartz-chlorite vein at Silver Cliff
(discussed above), a late pulse of fluid has passed through
some of these veins, depositing late calcite and barite and
forming fluid inclusions in quartz with higher Th values.
BV24-B is a quartz-chlorite-calcite vein found on Bellevue
Peninsula, along with other barite and calcite veins. 1In
BV24~B euhedral quartz crystals are surrounded by later
calcite. Th data from BV24-B fall within the main data peak
and also in a small data cluster between 240° and 320°cC.
QV1l1~M, QV11-S, BV35-C and BV38=-A are quartz-chlorite veins
found on Collier Point, where several barite and calcite
veins occur (e.g., large BV1l barite vein). QV11-M and S
both contain minor amounts of late-formed barite. BV35-C
and BV38-A each contain late-formed calcite. Th values from
each of these four veins fall in both the main data peak and
in the small cluster of data between 240° and 320°c.

In BV35~C, higher temperature inclusions occur in the
outer growth zones of two quartz crystals. This included
inclusions with Th values between 370° and 470°C, with those

above 420°C homogenizing to a vapour. Figure 63 shows shows
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a poor negative correlation (r = -.41) between Th vs EVC at
rcom temperature for BV35-C vapour rich inclusions. By
excluding the one data point at 80% vapour and 450°C the
value of r = -.71. There is no visually apparent reason for
excluding the data from this inclusion. It is impossible to
completely rule out leakage by visual observation. Possibly
leakage has affected this one inclusion without leaving a
leakage trail. If there is a significant negative
correlation between Th and EVC for primary fluid inclusions
in BV35-C, it is the same trend observed for vapour-rich
inclusions found in the ore veins in the Silver Cliff mine.
Vapour-rich inclusions in BV35-C are interpreted,
similar to vapour-rich inclusions in the Silver Cliff mine,
to have trapped variable proportions of coexisting vapour
and liquid in a boiling system. The two higher temperature
inclusions which homogenized to liquid at 373° and 401°C may
have trapped enough liquid to have a density greater than
the critical density for their composition. The temperature
of boiling in BV35-C is not as well defined as it is in the
late vienlets of the MacKay vein due to the sparsity of
data. However, there is a similarity in the data between
Figures 62 and 49. At Silver Cliff it was determined that
boiling occurred at the maximum temperature of the LTG, just
below the temperature gap which separates vapour-rich from

vapour-poor inclusions. Using a similar argument, boiling

may have occurred in BV35-C just above 300°C. The two
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inclusions that homogenized to a liquid just above 300°C
represent trapped liquid of the boiling system.

The salinity of one inclusion from BV35-C, which
homogenized near 300°C, was determined to be 1.0 wt. %
NaCl(eq). The boiling curve for pure water is very similar
to that of a 1.0% saline solution at 300°C and thus can be
used to estimate trapping pressure. Figure 55 shows that
boiling of pure H,0 at 300°C occurs at 80 bars, coinciding
with depths of 320 and 800 metres for lithostatic and
hydrostatic pressure respectively. Using a Th of 165°C
(temperature mode in Figure 62) the temperature correction
for these non-boiling fluid inclusions, containing a 1% NacCl

solution at 80 bars, is 10°c, indicating trapping at 175°c.

3-6. Summary
Using paragenetic data from Chapter 2, and the fluid
inclusion evidence presented above, several conclusions can
be made about the formation of veins in the field area.
Quartz-chlorite veins were deposited earliest with
gquartz precipitation occurring over a temperature range of
110° to 220°c, from a fluid of essentially zero salinity.
Deposition of quartz, calcite and/or barite occurred late in

the paragenesis of the quartz-chlorite veins, from a fluid

with higher temperatures roughly between 240° and 320°cC.

This fluid boiled above 300°C at a pressure of 80 bars on

Collier Point, indicating depths of 320 and 800 metres for
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lithostatic and hydrostatic pressure respectively. This
event likely coincided with the formation of calcite and
barite veins in the field area.

Calcite and barite likely occur late paragenetically
in the MacKay vein (Chute, 1939). Ore formation in the
MacKay vein is thus likely earlier than barite and calcite
vein formation in the field area. Precipitation of quartz
and sulphide minerals occurred between 245° and 370°c, with
boiling of ore fluids occurring at 360° to 370°C, indicating
a pressure of about 200 bars. This corresponds to depths of
800 and 2000 metres for lithostatic and hydrostatic pressure
respectively. Ancmalous Th Vs EVC behaviour for fluid
inclusions found in barren vein quartz from the Silver Cliff
area suggest that plugging of the hydrothermal system may
have occurred locally during a phase of rapid calcite
deposition. This resulted in a shift to more lithostatic
conditions in the field area. Ore fluid salinity ranged
from 2.0 to 7.5 wt. % NaCl(eq), and averaged 4.5%.

The highest temperatures found in fluid inclusions
from the field area are from ore veins at Silver Cliff. It
is interesting to note the close proximity of this "hot
spot" to suspected syntectonic granites found on Fox Island

and Red Island, to the north and north-west (Fig. 4). These

granites, or related unexposed granites, represent possible

sources of fluid for the hotter veins in the field area.

This will be discussed in more detail in the next chapter.




CHAPTER 4. GEOCHEMISTRY

4.1. Stable Isotopes

Natural variations in ratios of stable non-radiogenic
isotopes of an element are related to mass-dependent
differences in their nuclear properties which cause a
separation (fractionation) of the various isotopes of an
element during geochemical processes. Heavier isotopes
form stronger chemical bonds which are less easily broken,
and lighter isotopes have faster reaction rates due to
their lower mass. Both effects lead to isotopic
fractionation. Such mass differences are less significant
in heavier elements where the mass of one neutron does not
significantly increase the mass of the nucleus. Mass
fractionation effects are usually considered to be
insignificant above mass 40 (Cox et al. 1979).

Understanding of stable isotope variations in nature
is dependent upon experimental studies arid studies of
natural systems. The stable isotopes of hydrogen, oxygen
and sulphur in hydrothermal systems have received the most
study and are the best understood. Carbon isotope

variations in hydrothermal systems have also received much

study, but comprehensive experimental data are not yet

available.
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Isotopic ratios are expressed as a value which is
normalized to an internationally agreed standard. For
example oxygen isotopic ratios are expressed as follows:

(180/760) gapm - (180/'00) ¢4

5180 - X 1000 %
sam (180/760) (4

where the standard used is SMOW (standard mean ocean water),
and " % " represents the term parts per thousand'. For
carbon, the term 513C expresses the ratio 13C/12C in a
sample relative to the standard PDB (Pedee Formation
belemnite). For sulphur, the term 6345 expresses the ratio
of 34s/3%s jn a sample relative to the standard CD

(Troilite, from Canyon Diablo meteorite).

4.2. Oxygen _and Carbon Isotope Study of Vein Calcites

Calcite crystals were hand picked from samples of
quartz-chlorite + calcite veins and barite + calcite =+
quartz veins. These crystals were screened microscopically
to remove visible impurities. Six fine-grained samples
were checked for purity by X-ray diffraction analysis
resulting in the exclusion of one sample.

Carbon and oxygen isotope ratios in calcites were
determined at the University of Waterloo. Carbon and
oxygen as CO, were extracted from calcite samples by

treatment of the calcite with 100% phosphoric acid at 50°C

using a method modified from McCrea (1950). 6'3c and 6180
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were then determined directly using a semiautomated V. G.
Micromass 903 triple-collecting mass spectrometer.
Analytical uncertainty is less than *+ 0.2 % for 5180 and *
0.1 % for §'3c.

On the basis of isotope and REE (Rare Earth
Element(s)) data presented in Table 4-1 (discussed below),
two groups of geochemically distinct calcites have the
following characteristics: group A) 6180 values from 11.5
to 12.1 % , variable §'3C values from -4.9 to -15.1 %, low
REE abundances, variable CeN/YbN (N - normalized) ratios
and positive Eu anomalies discussed below; group B)
higher 6'80 values from 14.5 to 17.3 % , a restricted range
of 8'3¢c values from -10.8 to -8.2 %, REE abundances which
range from under 10 to over 1000 times chondrite, positive
correlation between CeN abundance and CeN/YbN ratio and
moderate to slight negative Eu anomalies.

The veins of these two groups are geographically
interspersed. Most of the veins in group B are greater
than 15 cm wide, with the exception of the last three veins
listed in Table 4-1, each of which is about 10 cm wide.

All of the veins of group A are less than 5 cm wide with
the one exception of vein BV8 which occurs about 3 km north
of the La Manche vein. This 15 cm wide barite-galena-

calcite vein contains calcite from both group A and B.

BV8-A calcite is from the vein margin, whereas BV8-2




TABLE 4-1. OXYGEN AND CARBON ISOTOPIC DATA & REE DATA FOR VEIN CALCITES
REE ABUNDANCES ARE IN PPM
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calcite is later and is intergrown with galena and barite,
The presence of both types of calcites in this one vein
suggests that analysis of more duplicate calcite samples
from these veins might well reveal that calcite from both
groups occur in more of the veins. The significance of

this will be discussed later.

4.2a. Oxygen

Isotopic exchange between precipitating calcite and
the hydrothermal fluid takes place according to the
reaction

Hy'80 + cac'®0y = H,'60 4 cac'8o,
with an equilibrium constant of

(cac'®,] (u,760]

= K= « (fractionation factor).
1-H
[cac'®0;] [n,780) cal-n20
This simplifies to
('80/10) .3
= o .
cal-H20

Substituting in the expression for 5180 (previous page) for

both calcite and H,0, the following equation can be derived
6'%0y50 = 1(1(8"80,,41/1000) + 11/0eyy_ya0) - 11 1000.

The value of 8'80_,) is known by analysis and the Xcal-H20

value can be calculated from the equations used to
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construct Figure 64, if the temperature of calcite
formation is known. Using a temperature range of 240° to
320°C, as indicated by the fluid inclusion data discussed
above, the possible range of values for Qpal-g2o is 1.0077
to 1.0049.

Figure 65 shows the possible range of 6180H20 values
for the two calcite groups, at both the minimum (240°C) and
maximum (320°C) observed temperatures of calcite formation
as indicated by the fluid inclusion data. Using any one
temperature as the temperature of all calcite formation

(for the purpose of discussion), there is a distinct break

between the values of 6180H20 for the two calcite groups.

Over the total range of temperatures the calculated values
of 6180H20 for both the group A and B calcites overlaps the
known isotopic compositional fields for both primary
magmatic and metamorphic water. The fluid from which
either the group A or group B calcites have precipitated
could have formed from a single source or a combination of
sources (primary magmatic, metamorphic, meteoric or
"exchanged' meteoric water). Figure 65 places several
restrictions on possible fluid sources. If group A
calcites formed at temperatures closer to 240°C, primary
magmatic water is eliminated as a possible single source.
If either group A or B calcites formed from a single-

sourced fluid, meteoric water is eliminated as a possible
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source, unless it had undergone some degree of isotopic
exchange with the country rock. Carbon isotope evidence
presented below supports the conclusion that meteoric
waters, which had undergone a degree of isotopic exchange
with the country rock, were involved in the formation of
group A calcites. However the carbon isotope and other
data presented below do not provide evidence for the
involvement of exchanged meteoric water in the
precipitation of the group B calcites. This suggests that
the group B calcites precipitated from either metamorphic
water, primary magmatic water, water which has
equilibriated with magmatic rocks or some mixture of these
possibile fluids.

Metamorphic and primary magmatic fluids, and fluids
which were in equilibrium with magmatic rocks, are all
geologically feasible as fluids which may have been sourced
in the field area. 1In Chapter 2, it was established that
vein formation took place during Acadian orogenesis, a
period of both metamorphism and emplacement of granitoid

magmas. Metamorphism of Avalon Zone rocks increases from

east to west, reaching mid-greenschist facies (biotite

grade) near the Dover fault (Chap. 1). Figure 66 shows
that for pelites and greywackes, at low pressures

(indicated by the fluid inclusion study, Chap. 3), biotite
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grade metamorphism begins just above 400°C. The
temperature of metamorphic fluids sourced at the elevation
of the present surface in the field area are therefora
limited to a maximum temperature of about 400°C. If fluids
ascended from deeper rocks, their temperature may have been
greater. The maximum temperature of calcite precipitation
(320°C, from fluid inclusion data), and even the maximum
measured temperature of quartz precipitation in the Silver
Cliff mine (370°C), fall within the indicated range of
temperatures of metamorphic fluids in the field area.
Metamorphosed sedimentary and igneous rocks tend to
retain their original 6180 values during metamorphism
(Taylor 1979). The rock types in the field area are
predominantly volcanic rocks, greywackes, arkoses and
volcanogenic sediments, which generally have 6180 values
ranging from +5.0 to +13.0 %, (Taylor 1979). water
released from these rocks during metamorphism may have 5180
values close to this range. The values of 6180H20 as

indicated by the group B 61B°cal values, also fall within

this range. The 6180H20 values calculated for the group A

calcites falls clearly within this range at the higher
temperatures indicated by the fluid inclusion data and fall
at the margin of this range at the lower indicated
temperatures.

For the range of possible temperatures indicated for

calcite precipitation by the fluid inclusicn data, it is
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not possible for both the group A and group B calcites to
have precipitated from fluids of similar 6180‘{20 character,
In Figure 65, the lower 6180H20 limit of group B calcite at
320°C, is the same as the upper limit at 240°C. It is
possible that all group B calcite precipitated from a fluid
with a constant §'80y,4 value of +9.4 % over this range of
temperatures. The low ‘518°ca1 veins of group B would have
formed at the highest temperature (320°C), while the
highest 6180ca1 veins would have formed at the lowest
temperature (240°C). This hypothesis is supported by a

similar trend in the &’ 3Ccal values, as will be described.

A fluid with a 6180H20 value of +9.4 % is compatible with

both a magmatic and a metamorphic source. The limited
range of ‘Swocal values in group A calcites indicate a
source of limited oxygen isotope variation and a relatively
constant temperature. This source must alsoc have had a
lower 61 80 character than the source for group B calcites.
To summarize, the oxygen isotope data separate the
analyzed calcites into two distinct groups. Group A
calcites have precipitated from water of lower 61 80
character than group B. A possible interpretation of the
group B data is that the group B calcites may have
precipitated from a fluid of constant 6180},20 (+9.4 %)

over a range of temperatures from 320°to 240°cC.
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4.2b. Carbon

Aqueous carbon species which may be important in
hydrothermal fluids are COZ(aq)' H,CO4, HCO3", C032' and
CH4(aq) (Ohmoto 1972). The proportions of these species
are controlled by the T (temperature), foz {oxygen
fugacity), pH and I (ionic strength) of the hydrothermal
€luid. Carbon dioxide is often the most abundant carbon
species under conditions of low pH and high fO,. Carbon
dioxide in solution is present predominantly as the CO,
molecule and partly as the H,CO3 molecule. The sum of
these two species is commonly expressed as H2C°3(apparent)'
Because dissolved carbon dioxide is present predominantly
as CO, molecule rather than H,CO4, the following
approximation can be made:

613CH2CO3(app) = 613CC02 (Ohmoto 1972).

Figure 67 shows the fields of dominance for the
aqueous carbon species at variable temperatures and pH
levels. Over the range of temperatures indicated for
precipitation of calcite (240° to 320°C) the C032‘ field of
dominance ends at pH levels below about 11. At lower pH
levels which are likely for these veins (discussed below)
CO32' levels would be insignificant. CH4(aq) is important
only under conditions of low fO, (i.e., log fO, ¢ -38 at
250°C) (Ohmoto 1972). As is demonstrated further on in
this chapter the log foz value of the fluid was likely in

the range of -32 to -34. CH4 was thus not likely to have
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been an important carbon species in the fluid.
The importance of HCO3' asS a species can be evaluated
if the temperature and the PH of the fluid are known.

[HCO3'] is related to [H2C°3(app)] by the reaction

H2CO3(app) = HY + HCO3~ logk = -7.63 (250°C)

logk -8.86 (300°C)
(Helgeson 1969).

The following equation can be written

K
[H3C03(4pp)] (10%)

[HCO -] =
3 (H*]

Table 4-2.

[HCOa_] =

'02[H2C03(app)]

'2[H2C°3(app)]
.0014[H2C03(app)]

+014[HC03 (455 ]

As Table 4-2 shows, HCO3‘ becomes an important species in
hydrothermal fluids as temperature decreases and as pH
increases. Thus at higher temperatures and lower pH
values, [H2C03(app)] is approximately equal to the sum of

all carbon species in the fluid, and therefore
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13 > =13
0 “Ch2co3(app) - O Ctotal c-

Isotopic exchange between calcite and H2C°3(app) in

hydrothermal fluid can be described by the equation

(13c/12¢),,

= R
13,12 cal - H2CO3(app)
("7c/ C)}12C03(app)

The following equation can be derived:

[(6'3c..1/1000) + 1]

13 _ cal

6 “CH2c03(app) = - 111000 &,.
[ acal - H2C03(app)

A similar equation which relates isotopic distribution
between the species HCO3' and H2C03(app) can also be
derived. Values of o can be obtained from the equations
used to calculate the equilibrium fractionation curves
shown in Figure 68. Using these equations and the
previously quoted equation relating 6180ca1 with 6180H20,
the theoretical variation of 6180cal with 613Ccal at
changing temperature and pH conditions can be calculated.
The two curves in Figure 69 show the theoretical variation
in 6180ca1 vs. 6‘3cca1 which should develop in calcites
precipitating at temperatures from 320° to 250°C at a pH of
5.7 and 7.0. 5180ca1 and 613Ccal data for the group B
calcites are also shown in Fiqure 69. Curve #1 is drawn

for all pH values that are low enough at all temperatures
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considered, such that [HCO3'] remains insignificant (at
250°C and pH = 5.7, [HCO37] = +01[HCO3(5pp) ) - The values
of 613Ctotal c and 6180H20 were chosen such that the curve

passed through the data point for BV11-E. Curve #2 was

calculated using the same values of 613Ctotal c and 6180H20

as for curve #1, but for a pH of 7.0. Either of these two
curves can be shifted to better fit the data, without
drastically changing the shape of the curve, by varying the
starting values of 613Ctotal c and 6180H20' As well, a
complete range of intermediate curves exist, representing
pH values between 5.7 and 7.0.

Although individual data points will display a
considerable amount of deviation from any curve which is
calculated to best fit the data, the overall trend of the
data more closely matches that of curve #2. Deviation from
a single curve may well be due to variation in pH of the
hydrothermal fluid. Possibly the higher temperature data
for group B fit better with a curve which is closer to
curve #1 indicating a lower pH, while the lower temperature
calcites may have precipitated from a fluid with a higher
pPH resulting in a shift to higher 513Ccal values. Such a
shift in pH may be a consequence of falling temperatures,
as the dissociation constant of H,0 decreases with
decreasing temperature, resulting in a rise in pH.

Precipitation of calcite from the hydrothermal fluid

will result in fractionation of both carbon and oxygen
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isotopes over the indicated temperature range. However
there is no obvious calcite fractionation trend observed in
these isotopic data, although some of the vz -iation from
the curves of Figure 69 may be due to a subordinate degree
of crystal fractionation. One reason for the insignificant
amount of isotopic fractionation in these calcites may be
that a small amount of calcite precipitation took place
relative to the large oxygen and carbon reservoirs in the
hydrothermal fluid, composed predominantly of H,0 and CO,.

The carbon isotope data support the evidence provided
by the oxygen isotopes which suggested that the calcites in
group B with the lowest 518°ca1 values precipitated at the
highest temperature, and those calcites with the highest

8aocal values precipitated at the lowest temperatures from

a fluid of constant 5180H20 and 513Ctotal ¢ composition.

Using 320°C as a possible temperature of deposition
of calcite in sample BV11-E (lowest 513C value), and
assuming that the value of [HCO3”] is insignificant at this
temperature, 513Ctotal c for the hydrothermal fluid is
estimated to be -8.6 % . Using 240°C as the temperature of
deposition for calcite in vein BV52-A (highest §'3C value)
and assuming a pH = 7.0, 513Ctotal c = -8.1 % . These
values are within the range of possible 513Ctotal c values
(+2.0 to -10.0 % ) indicated by Ohmoto and Rye (1979) for

magmatic carbon. Other possible sources include fresh
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water limestone, organic carbon and reduced carbon in
sedimentary and metamorphic rocks.

The Lower Cambrian Smith Point Formation is the only
significant limestone unit on the Avalon Peninsula. It is
a thin marine limestone found in both the northern
(McCartney 1967) and southern (Fletcher 1971) regions of
the field area. The carbon isotopic character of the Smith
Point formation is unknown, but most marine carbonates,
regardless of age, have 613C values between -4 and 4 %,
{Chmoto and Rye 1979). As Figure 68 shows, isotopic
fractionation between calcite and H2C°3(app) is not
sufficient over the temperature range indicated to allow
for a marine limestone to be the carbon source for these
veins, with the exception of BV3a (§'3c.,; = -4.9 %.).

Variations in the amount of organic and reduced
carbon in sedimentary or metamorphic rocks are expected
over the expanse of the field area. This would result in
variable 613Ccal values in veins from different areas,
which had an organic or reduced carbon source, as is
observed for the 613Ccal values from the group A calcites.
The value of -15.1 %, certainly argues for isotopic
exchange with a graphitic source for carbon in BV35-C. A
likely source for this graphite would be metamorphosed
sedimentary rocks in the field area which contain organic
carbon, converted to graphite during metamorphism. The

limited range in 513Ccal values for group B calcites (-8.2
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to -10.8 %) argue against an organic or a reduced carbon
source. This suggests that the carbon is most likely of
magmatic origin.

In summary, the carbon isotopic data support the
oxygen isotope data in separating calcites into two groups.
Group A calcites appear to have precipitated from a fluid
which has undergone isotopic exchange with sources of
differing carbon signature, but which had a relatively
constant oxygen isotopic character. Group B calcites have
probably precipitated from a fluid of relatively constant
oxygen and carbon isotopic composition, over a range of
temperature from approximately 240° to 320°C. A magmatic
source is indicated for the group B carbon and oxygen.

As described above, the group A veins are thin
relative to the group B veins. The rate of fluid flow
through these smaller fracture networks would be diminished
resulting in longer residence times. ».so, the surface
area of wall rock exposure per unit volume of fluid is
increased. Fluids in these smaller veins thus have more

opportunity for contamination by ground water mixing.

4.3. Rare Earth Elements
Rare earth elements (REE) in calcites, and in one
dolomite sample (BV33-A), were determined at the University
of Waterloo, using Instrumental Neutron Activation Analysis,

as described by Hertogen and Gijbels (1971) and Gibson and
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Jagam 11980). The REE, La through Lu in group IIIB of the
periodic table, typically form trivalent ionic species with
iocnie radii (1.13 te 0.94 A) which allows them to substitute
for Ca®* (1.08 A) in calcite. In aqueous solution the REE

form complexes with ligands such as OH™, F~, 5042', HP042',

HCO3', C032', etc. The stability of these complexes tends

to increase from La to Lu, due to a systematic change in the
physical and chemical behavior of the REE. Fractionation of
REE may thuc. result during: hydrothermal fluid formation
and solution of REE; interaction of this solution with
country rocks during transport; precipitation of minerals
containing REE; remobilization and alteration of REE-
bearing phases after deposition (Moller and Morteani 1983).
Anomalies in abundances of Ce and Eu found in REE-
bearing phases develop when these elements form ionic
species other than the trivalent species common to REE. 1In
a fluid with high £0,, Ce3* will oxidize to ce?* and will
readily be absorbed by any oxyhydrates (e.g., FeO(OH))
encountered during transport, resulting in Ce depletion
from the fluid. A Ca®‘ bearing mineral phase (e.g.,
calcite) precipitating from a Ce-depleted fluid, regardless
of oxidation conditions at the site of deposition, will
have a negative Ce anomaly {Moller and Morteani 1983).
Positive Eu anomalies can develop in hydrothermal
fluids by alteration of feldspar crystals, which commonly

contain a positive Eu anomaly. Ca2+-bearing mineral phases
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precipitating from a Eu-rich fluid will develop a positive
Eu anomaly only if Eh conditions at the site of deposition

3+

are high enough such that Eu is the stable ionic species

in the fluid. Under reducing conditions, Eu®*

is stable
and tends not to co-precipitate with other REE, resulting
in a negative Eu anomaly {(Moller and Morteani 1983).

Figures 70 and 71 illustrate REE patterns from group
A and B calcites (data in Table 4-1, REE normalized to

chondrite values of Frey et al. 1968). The four group A

samples have distinct positive Eu anomalies of variable
magnitude which show no correlation to REE abundance or
steepness of REE pattern. Group A REE have twice the
variation in CeN/YbN ratios relavive to group B REE, yet
there is no correlation between this ratio and abundances
of any of the REE. The only other featurz common to group
A REE is their relatively low overall abundance, which is
similar to calcites with the lowest REE abundances in Group
B. Sample BV9-C is exceptional in that it is very depleted
in HREE relative to the other three group A samples,

The lack of correlation between group A REE
abundances and the steepness of REE patterns suggests that
REE distributions in group A calcites were not controlled
by a fractionation process, supporting a similar conclusion
drawn from carbon isotopic data. From the variable §' 3Ccal
values it was suggested that group A calcites precipitated

from fluids which had reacted with variable host rocks,
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one of which was graphitic. Such reactions may have
affected REE abundances in the hydrothermal fluid, which
may explain the lack of correlation between CeN/YbN and REE
abundance. The vein host rocks are predominantly volcanic

rocks and sedimentary rocks formed by erosion of volcanic

rocks. REE and isotopic abundances in the fluid would vary

with variable degrees of equilibriation of fluids with the
different host rocks. These fluids could readily develop
positive Eu anomalies by alteration of feldpars in the host
rocks. Even in host rocks depleted in Eu, selective
alteration of feldspars, which tend to be Eu-rich, could
result in a Eu-rich alteration fluid.

Thirteen samples which comprise group B all have
small but distinct negative Eu anomalies. The ratio of
CeN/YbN increases proportionally with increasing abundance
of LREE (light REE) within group B. This is illustrated in
Figure 72 which shows a strong positive correlation (r =
0.91) between Ce abundance and CeN/YbN. Group B calcites
become more LREE enriched with increasing overall REE
abundance. The correlation between CeN/YbN and REE
abundance diminishes as the REE atomic number increases.
This correlation suggests that fractionation is a process
which exerted a significant degree of control over the
distribution of REE in group B calcites.

To understand the nature of the observed Eu anomalies

and the fracticnation trend it is first necessary to
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understand how the REE are complexed in the hydrothermal
solution. Ultimitely this requires a knowledge of the
distribution coefficients between each of the REE and the
solution, at its source, during transport and at the site
of depositon. Such complete understanding is not presently
possible due in part to the lack of reliable experimental
data dealing with REE complexing. However, the existing
experimental data, combined with observations of natural
systems, allows for a degree of valid interpretation.

A number of possible complexing agents for REE in

natural systems have been described in the literature (Cl7,

F~, OH™, 5042-, HCO3’, C032'). Experimental work carried

out by Bilal et al. (1979), Bilal and Becker (1979), and
Bilal and Kob (1980) at 25°C, showed that at low fluorine
concentrations ([F] = 10-3 M), where monofluoro complexes
predominate, REE stability constants have a maximum at Tb.
Where concentrations of F exceed 10'3M, difluoro complexes
predominate and the stability constants of complexes formed
with REE increase gradually from La to Lu. The assumption
made in using these data to interpret natural hydrothermal
systems is that similar complexing relationships exist
under natural hydrothermal conditions of elevated
temperature and pressure.

Flynn and Burnham (1978) showed that fluorine does
complex REE at magmatic conditions in hydrothermal fluids

but they did not determine differences between monc and
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difluoro complexes. In the St. Lawrence fluorspar deposit
on the Burin Peninsula, Strong et al. (1984) suggested that
REE in hydrothermal fluids which precipitated fluorite in
fluorspar veins, were complexed by difluoro anions, based
on the shape of REE patterns in fluorites. Fluorite was
absent from all vein material examined in this study.
Murray and Howley (1881) report the existance of minor
fluorite in La Manche vein. McCartney (1967) did not find
any fluorite in the La Manche vein, but he described minor
fluorite existing on Harbour Island in Placentia Bay. This
general lack of fluorite suggests that if F concentrations
in the hydrothermal fluids which precipitated group B
calcites would be low, and any REE-F complexes would be of
the monofluoro type with maximum stability at Tb. The REE
patterns for group B suggest that the the stability of the
REE complexing anion increased gradually from La to Lu.
This suggests that fluorine was not involved as a
significant ccaplexing ion in these fluids.

There are very few experimental data evaluating 5042'

as a REE complexing agent. Bilal et al. (1979) showed that

at 25°C and pH=3.6, 5042' did complex REE when sulphate
concentrations were significantly higher than other better
complexing agents (e.g., F7). Guichard et al. (1979)
demonstrated that natural barites from hydrothermal and
marine systems contain significant quantities of REE. They

describe barites with up to 1000 times chondritic values of
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La. Sulphate may have been a complexing agent for REE in
some of these chemical systems. Several barite samples
from the present study area were analyzed and were found to
have REE levels below the reliable detection limit of the
analytical technique (INAA). It does not appear that
sulphate acted as a significant complexing agent in the
barite veins of this study.

At the higher temperatures of sulphide mineral
precipitation (up to 370°C from the fluid inclusion study,

307°C for one galena-sphalerite pair using 6348 ratios

{discussed later in this chapter]) HyS was the dominant

sulphur species in the hydrothermal fluid and sulphate
would be insignificant. Therefore, REE found in calcites
which co-precipitated with sulphide minerals (e.g., La
Manche vein) could not have been complexed by sulphate.

It is still curious that no significant REE
abundances were found in barite, although this was not
rigorously tested. Possibly all REE were stripped from the
hydrothermal fluid by early calcite precipitation. Another
possible explanation is that a completely separate fluid,
depleted in REE, was responsible for barite precipitation
in these veins. However the sulphur isotope data (to be
discussed) do not support that interpretation.

As discussed, the 8032' abundance is not significant

at the pH levels involved, and HCO3' is only significant at

the lower temperatures involved. Thus these two species
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are discounted as possible complexing agents. Burnham and
Flynn (1978) attempted and failed to get quantitative data
on REE-CO, complexing under magmatic conditions.

It is difficult to evaluate the role of OH as a

complexing ion in these solutions. Bilal et al. (1979)

found that at 25°C, REE-fluoro complexes were unaffected by
variations in pH below wvalues of 5. At pH levels higher
than 5, OH™ affected the formation of REE-fluoro complexes.
At higher temperatures the dissociation constant of water
increases thus lowering the pH level of fluids, accompanied
by an increase in the activity of the OH™ ion. Clearly more
experimental work is needed to evaluate the role of OH™ as a
REE complexing agent under natural hydrothermal conditions.
The overall syn-depositional nature of calcite and
sulphide minerals at La Manche (samples BV12-E, F, G and I)
and in other veins (e.g., BV8 at Little Southern Harbour)
indicates that calcite deposition marked the onset of
sulphide mineral depcsition in the vein system. In barren
quartz-chlorite veins, calcite often occurs as a late wvug
filling phase which may coincide with the calcite
deposition associated with sulphide mineral precipitation.
Fluid inclusion data suggest that low salinities
existed in the hydrothermal fluid during precipitation of
quartz in quartz-chlorite veins (average 0.6 wt. %
NaCl{(eq)). At Silver Cliff higher concentrations of

NaCl(eq) are found in fluid inclusions in quartz crystals
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associated with sulphide mineral deposition (average of 4.5
wt. % NaCl(eg)). Thus it is reasonable to assume that the
introduction of fluids into the vein system which were
capable of precipitation of calcite coincided with an
increase in the NaCl(eq) content of the fluid.

Flynn and Burnham (1978) conducted experimental work
at magmatic temperatures and pressures which showed that
Cl™ is a good complexing agent for REE (slightly better
than F7). Their experiments used chlorine concentrations
which ranged from C0.6M to 0.9M, which is approximately 3 to
5 wt. % NaCl and is similar to the concentrations found at
Silver Cliff. Thus it is possible that the chloride ion
was the dominant complexing agent in the hydrothermal
fluids from which the group B calcites precipitated.

Negative Eu anomalies found in all group B calcites
may have developed as a result of source fluid generation
processes, equilibriation with country rock during
transport or by precipitation under reducing conditions.
Figure 73 shows REE patterns for four sedimentary rocks
from various locations on the Isthmus of Avalon. The
patterns are very similar except for the presence of one
negative Ce anomaly. All four samples have a slightly
negative Eu anomaly and are moderately enriched in the
LREE. It is possible that fluids which equilibriated with
such rocks could then have precipitated calcites which

yield REE patterns observed in the group B calcites.
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However if a fluid was in contact with such rock long
enough to equilibriate its REE abundances, possibly the
carbon isotopic ratios in the fluid would also be affected

and show a greater variat:on, as has apparently happened to

group A calcites. The lack of variation in carbon isotopic

ratios in group B calcites may be evidence that negative Eu
anomalies found in group B calcites is not related to
transport processes.

Carbon and oxygen isotopic data suggest a magmatic
source for hydrothermal fluids from which group B calcites
precipitated. A magmatic source can expell Eu-depleted
fluids capable of precipitating calcites with negative Eu
anomalies. Flynn and Burnham (1978) showed that fluid
exsolved from a granitic melt at low pressures (i.e., 1.25
kb at QFM buffer conditions), with no previous Eu depletion
and with C1™ as a complexing agent, would have a well
developed negative Eu anomaly and would be LREE-enriched.

Figure 74 shows six REE patterns from granitic rocks
taken from Fox Island and Red 1Island in Placentia Bay (Fig.
4). Tb values for FOX-CG and FOX-FG were discarded due to
interferences developed in the neutron activation process.
As described in Chapter 1, these granites are post-Cambrian
and are believed to be syntectonic, formed roughly at the
same time as the veins. The evidence for this is based on
their association with other dated granites. They

represent possible fluid source rocks for the veins.
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The large negative Eu anomaly developed in all six samples

suggests that it may not be necessary to exsolve
hydrothermal fluids from magmas at shallow levels as was
discussed. These magmas were probably strongly depleted in
Eu before they reached shallow crustal levels, probably due
to feldspar fractionation. Eu depletion in the
hydrothermal fluid may simply be the result of having
equilibriated with a Eu-depleted melt. Strong et al.
(1984) concluded that negative Eu anomalies developed in
fluorite in the St. Lawrence fluorspar veins (on the Burin
Peninsula west of Placentia Bay) were the result of
precipitation from a fluid which had exsolved from a Eu-
depleted melt. These veins and the St. Lawrence granite
are believed to be cogenetic.

To summarize, if the negative Eu anomalies observed
in the group B calcites of the present study developed due
to source processes, the cause of Eu depletion in the
source fluid may be due to exsolution at shallow crustal
levels or to exsolution of fluid from a Eu-depleted melt or
some combination of the two processes.

Finally, there is evidence that negative Eu anomalies
may have developed in some of the calcites as a result of
reducing conditions during precipitation. Three of the
four calcites from the La Manche vein (BV12-I,E and G)
which precipitated with sphalerite and galena have the most

pronounced Eu anomalies (Fig. 71) (BV12-F is a
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monomineralic calcite sample from the tailings pile and is
of uncertain paragenesis). As is discussed later in this
chapter, the precipitation of sphalerite and galena in this
vein probably took place while H,S was the dominant sulphur
species in the hydrothermal fluid. Under such reducing
conditions negative Eu anomalies may have developed in co-
precipitating calcite as the reduced Eu?* ion would not
precipitate with the other REE ions as discussed earlier.
The presence of barite instead of sulphide minerals
indicates a more oxidizing fluid with 5042' (oxr HSO,7) as
the dominant sulphur species. Under such conditions more
of the Eu would be in the trivalent state and thus more
readily accommodated in the calcite structure resulting in
less anomalous behaviour. Thus calcite in veins that have
barite as the main sulphur species such as those samples
from the Collier Point barite vein (BV11 samples) have
smaller negative Eu anomalies.

Before discussing the development of the
fractionation trend observed for REE in group B calcites, a
brief discussion of the processes controlling calcite
deposition is in order. Holland and Malinin (1979)
reviewed various factors affecting calcite solubility in
hydrothermal fluids. Figure 75 shows that the cooling of
the fluid below 300°C results in an increase in the calcite

solubility, promoting dissolution of existing calcite and
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the possible development of an undersaturated condition.
Figure 75 also shows that as PCO, decreases calcite
solubility decreases, promoting an oversaturated condition
and precipitation of calcite. If the temperature and

pressure conditions of the rising hydrothermal fluid

intersect the immiscibility surface for the COZ—HZO system

(see Chap. 3 for a discussion of immiscibility surfaces),
CO, will effervesce resulting in a rapid reduction in the
PCO, level in the hydrothermal fluid and an accompanying
increase in pH. Loss of C0, due to effervescence strongly
promotes calcite precipitation.

Holland and Malinin {(1979) suggest that in
hydrothermal fluids which rise without Co, effervescence,
the decrease in calcite solubility due to decreasing
pressure is normally more than compensated for by the
increase in calcite solubility due to falling temperatures
in the direction of fluid flow. This adds support to the
hypothesis that C02 effervescence did occur, resulting in
calcite precipitation, as was inferred above by the fluid
inclusion data.

The REE fractionation trend developed in the group B
calcites can be explained by both precipitation and source
processes. Using a magmatic source for the hydrothermal
fluid, fractionation which results only from precipitation

processes requires that fluids, which are continuvously

exsolved from a crystallizing melt, remain relatively
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constant in composition. The earliest-formed calcites from
any one pulse of hydrothermal fluid would be the most REE-
enriched, and the most LREE-enriched relative to the HREE'’s
(due to the increase in stability of complexes from La to
Lu, as discussed earlier). Continued precipitation from
the same fluid pulse would result in calcites that
contained progressively lower levels of REE and that were
progressively less LREE-enriched. Using this model a
zonation of REE character is expected, with the most
enriched calcites precipitated closest to the source at the
highest temperatures, and the most depleted calcites
precipitated furthest from the source at the lowest
temperatures. Other factors, such as a variable
precipitation rate and variable flow rate at which the
hydrothermal fluid moves through the vein system, will tend
to mask this zonation.

The present sampling density is too sparse to
document this zonation in the field area. However, the
calcites which have the highest REE abundances are those
from the La Manche vein (BV12) where sulphide minerals were
deposited, and thusthis vein was likely relatively closer
to its fluid source. The calcite sample from the vein BV8-
Z (Little Southern Harbour vein) also has very high REE
abundances. This vein contains up to 40% galena with the
remainder consisting of barite and c.'icite. Thus the

highest REE abundances are found in calcites associated
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with sulphide mineralization. It is unfortunate that
calcite associated with sulphide mineralization was not
discovered in the tailings pile or in the vein exposure at
Silver Cliff. Calcites from the large Collier Point barite
vein (BV11) contain the next highest abundances. Although
there is no sulphide mineralization in BV11, the vein
thickness and length suggests that fluid permeabilities
would have been guite high, and thus the ratio of flow rate
to precipitation rate would be relatively high. This may
have resulted in high REE abundances in calcites from the
BV11 vein compared to other smaller veins found on Collier
Point (i.e., BV46-A, Fig.7). Similarly, on Bellevue
Peninsula, calcite from BV30-A, which is a 60 cm thick
zoned calcite-barite vein (Fig. 23) found along strike with
several other thicker vein exposures, has relatively high
KEE abundances. The much smaller BV33-A vein (5 cm thick),
located 1400m from the BV30 vein has one of the lowest REE
abundance levels of any of the group B samples (BV33-A is
dolomite). Fluid would have moved more slowly through
these smaller and more discontinuous veins and thus have
more time to cool and precipitate calcite resulting in
lower REE abundances.

The observed fractionation may also result from
exsolution of a continuously evolving hydrothermal fluid

from a source melt. To date there has been no experimental

work done to determine how the REE chemistry of exsolved
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hydrothermal fluid changes with progressive crystallization
of the melt. Flynn and Burnham (1978) determined that for
granitic melts at the QFM oxygen buffer (Q=quartz,
F=fayalite, M-magnetite), REE distribution coefficients (K,
defined as prm REE in vapour/ppm REE in melt) decrease from
Ce to Yb. This work also showed that with exsolution
occurring at decreasing pressures there was an enrichment
of REE in the vapour phase. Most importantly Flynn and
Burnham (1978) showed that as the chloride content of the
solution in equilibrium with the melt increases, the ratio
of ppm REE in vapour/ppm REE in melt increases in cubic
proportionality. However this ratio was never greater than
0.2 for trivalent REE under all conditions studied.

Once exsolution of vapour from a melt has begun, more
vapour continually exsolves from the melt in an effort to
maintain equilibrium as crystallization proceeds. It is not
clear, from experimental or field data, whether subsequent
volumes of exsolved vapour are richer or poorer in REE than
preceeding volumes. Strong et al. (1984) suggested the
latter for fluids associated with the St. Lawrence Fluorite
veins. The partition coefficient for chlorine very strongly

favours the agqueous (vapour) phase (Kilinc and Burnham

1972). Since chlorine is a good complexing agent for REE in
the vapour phase, there is a strong possibility that the REE
follow chlorine into the agueous phase. Kilinc and Burnham

{1972) showed that for a granodioritic melt with 3% H,0 and
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a low chlorine concentration of 0.1%, the first vapour phase
formed at 0.6 Kb (exsolution occurs when melt has undergone
10% crystallization) contains 4.6 wt. % chlorine. At 2.1
Kb (exsolution occurs when melt has undergone 53%
crystallization) the exsolved vapour contains 7.5 wt. %
chlorine. Thus the chlorine composition of the exsolved
vapour is very pressure dependent and it is therefore also
likely true of the REE composition.

The process of exsolution itself can cause variation
in the pressure of exsolution as there is limited pore
volume in the country rock to hold the exsolved vapour. As
exsolution proceeds pressure will build up if there are no
conduits to allow the fluid to escape. However Burnham
(1979) suggests that the amount of pressure build-up would
rarely exceed 400 bars at shallow crustal levels, before
causing brittle deformation of the surrounding rock and
allowing escape of the exsolved fluid. Pressure build up
due to exsolution is therefore not likely to greatly affect
chlorine and thus REE concentration in the exsolved fluid.

Kilinc and Burnham (1972) also showed that in an open
system, where exsolved fluids are able to move away from
the melt (as likely existed during formation of the veins
in the present study, before calcite precipitation;
discussed in Chap. 3), the chlorine content of the evolving
aqueous phase in the 2.1 Kb example above, cdecreases by a

factor of 20 or more as exsolution evolves. In the lower
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pressure case of 0.6 Kb the chlorine content actually

increased with progressive exsolution. Thus the evolution
of the chlorine content, and therefore possibly the REE
content, of the exsolved fluids from a melt, may be
strongly dependent on the crustal level at which the melt
crystallizes. Clearly the source granites would have to be
identified and studied to determine the nature of their
composition and history of crystallization to evaluate
fully how evolution processes may have caused the observed

fractionation pattern.

4.4, Summary of Results of REE Study of Calcites

There are two distinct groups of calcites indicated by
their REE geochemistry.

Group A: 1) These calcites are inferred to have
precipitated from fluids which have exchanged REE with the
country rock.

Group B: 1) Prior to incorporation into these
calcites, the REE were likely complexed by chloride ions in
the hydreothermal solution, although other complexing ions
remain a possibility.

2) Slightly stronger negative Eu anomalies observed
in the La Manche vein and other calcites probably are the
result of precipitation under reducing conditions.

3) Less pronounced negative Eu anomalies may be the

result of precipitation under less reducing conditions, or
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from a Eu-depleted fluid. Eu depletion in the fluid could
result from exsolution of fluid from a magma at very shallow
crustal levels or by exsolution from a Eu-depleted melt.

4) The observed REE abundance trend is probably due
to fractionation during precipitation. Possibly some of
the variation in the REE abundances is due to evolution of
the REE chemistry of the hydrothermal fluid during

progressive exsolution from the magma.

4.5. Sulphur Isotopes
Table 4-3 lists the 5348 values determined for

eighteen barite, five galena and six sphalerite samoles
collected in the field area. The isotopic determinations
were carried out at McMaster University. Sulphide samples
were converted to sulphur dioxide by reaction under vacuum
with copper oxide at 1200°C. Carbon dioxide was removed
from the sulphur dioxide by fractional distillation at the
freezing temperature of liquid pentane. Sulphur dioxide
was separated from water by fractional distillation at the
temperature of dry ice. Sulphur dioxide samples were
stored in pyrex tubes prior to mass spectrometry. Values
of §3%s were determined by analysis in a double inlet-
double collector mass spectr~meter with a 6 inch radius and

90° magnetic sector analyser. Measuvement precision was

+ 0.2 % . No standards or duplicates were analysed.




Table 4-3

6345 Values
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4.5a. Geothermometry
The value of 6345 for both sphalerite and galena was
determined from one sample (AR6-B) for the purpose of
geothermometry. The calibration equation of Czamanske and
Rye (1974) for sphalerite-galena pairs was used to determine
the temperature of isotopic equilibriation:

1000 1ln o = 7.0 x10° /T2

sph-gal
From the determined values of 6345 for sphalerite and

galena from AR6-B, Qg h_gal (=(345/325)Sph/(34S/325)gal) is
+1.8 yielding a calculated temperature of equilibration of
307°c. This isotopic temperature determination is at the
high end of the range in measured Th values found in fluid
inclusions in sphalerite crystals in the Silver Cliff vein
(273° to 300°C, Fig. 49). With a temperature correction of
13°C for “he fluid inclusion with Th = 273°C and 10°C for
the fluid inclusion with a Th at 300°C (see Chap. 3), the

isotopic temperature determination actually falls within the

range indicated by the fluid inclusions (285° to 310°%C).

4.5b. Sulphur Source and Paragernesis of Sulphur-Bearing
Mineral Phases
The variation of sulphur isotopic compositions of
naturally occurring sulphide minerals is illustrated in
Figure 76. Clearly there is much overlap between igneous

and sedimentary sulphide mineral isotopic compositions. It

is therefore necessary to combine sulphur isotopic studies
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with other geological and geochemical data to determine a
most likely sulphur source.

The five galena samples analyzed, three from the
Silver Cliff veins ('"AR" samples in Table 4-3) and two from
the Little Southern Harbour vein {"BV8" samples), have §3%s
values ranging from -2.3 to -5.5 %, . Both the highest and
the lowest values are from the Silver Cliff veins. Six
srhalerite samples from the La Manche vein (BV12) and the
Silver Cliff veins have 6345 values ranging from -0.7 to

1.7 %, with the two lowest values from th2 Silver Cliff

vein. The 63%s values for baiite samples range from +9.6

to +15.4 % . Barite from two sulphide-bearing veins
(Little Southern Harbour - BV8, La Manche - BVi2) had §3%s
values of +10.6 and +10.9 % (respectively) at the low end
of the 5348 range for the barites. Barite veins which
contain no other sulphur-bearing mineral phases have 5345
values ranging from the lowest value of +9.6 % to the
highest value of +15.4 %..

Befcre discussing the observed variations in the 5345
values for galena, sphalerite and barite, a discussion of
the conditions and the processes under which precipitation
of these phases occurred is in order. Paragenetically,
barite occurs after sulphide mineral precipitation, in both
the La Manche and Silver Cliff veins. The early
paragenesis of the sulphide minerals relative to barite,

and the higher indicated temperatures of sulphide
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mineralization suggests that H,S was the initial dominant
sulphur species in the hydrothermal fluid. Figures 77 and
78 show the stability fields for the various sulphur
species at 350° and 250°c. At 350°C H,S is stable below a
pH of 9 and at log a0, levels less than -29. As pH
decreases the H,S5 stability field boundary is found at
progressively higher levels of log a0, (i.e., log a0, = 25,
pH = 5). Figures 77 and 78 also show the stability fields
of barite and calcite. 1In the early paragenesis of the
Silver Cliff vein neither calcite or barite are observed
and thus it is inferred that the pH and aO, conditions were
outside of the stability fields of these phases while
sulphide mineralization was taking place. At 250°C the
stability fields for the various sulphur species shift to

lower values of log a0, and pH. A fluid which is at 350°C

and has a log a0, of -33 and pH of 5.7 (neutral pH at 350°

C) is within the HZS—dominant field outside the stability
field of both barite and calcite ("X" in Fig. 77). This
same fluid at 250°C has a pH of 5.0 and (assuming a
constant value of log a0,) is within the stability field of
HSO,”, with both barite and calcite stable ('"X" in Fig.
78).

If one envisages the progressive shift of the
stability fields with decreasing temperature the

paragenetic sequence observed in these veins area can be




Caicite Insoluble

:
:
[ ]
»
»
»
»
:
i
H
[]
»
L]
»
:
o :
[ H
Q H
o H
- | »
.
»
:
[ ]
[ ]
[ ]
1]
:
3
H

FIGURE 77: SHOWS THE FIELDS OF DOMINANCE FOR THE VARIOUS SULPHUR SPECIES, AND ALSO SHOWS

HOW, AT 350°C, THE BARITE SOLUBILITY LINE IS AFFECTED BY VARIABLE CONCENTRATIONS OF
Ba?'ION AND >s CONTENT. CALCITE SOLUBILITY LINE IS FROM SO, RYE AND SHELTON (1983).
FIELDS WERE CONSTRUCTED USING THERMODYNAMIC DATA FROM HELGESON (1969).




- 193 -

-25 —
‘E’E
"
0 - ot -
2500C Hso; $02
Hem
Mt
...Hem
Chl
~ ~N
o Bn + Py ‘sea,,,
Q /
Cp 3 ~0s
(L) [} L4 )/
S e
e -~ ... [882 -
40 F Cp + Py ..o/s,’o, ~ -_-]-‘ 10
...'930/ ~‘-‘~
Py et %
Po N 3V
45
H2S(aq)
HS = S2°
.50 L 1 | ] 1
0 2 4 6 8 10 12
pH

FIGURE 78: SHOWS THE FIELDS OF DOMINANCE FOR THE VARIOUS SULPHUR
SPECIES, AND THE STABILITY FIELDS FOR SEVERAL SULPHIDE MINERALS
OVER VARIABLE pH AND OXYGEN ACTIVITY CONDITIONS AT 250°C. FROM
BARNES (1979).




-194-
traced. At the highest temperatures ( = 360°C, "A" in
Fig. 79) H;S is the dominant sulphur species and sulphide
mineral deposition takes place without calcite or barite at
Silver Cliff. 1In the La Manche vein the fluid was cooler,
stabilizing calcite ('B'" in Fig. 79) by shifting the
stability field to lower pH levels (effervescence of CO,
discussed below). Sulphide mineralization would still have
occurred because the fluid was still in the HZS(aq) dominant
field. The Little Southern Harbour vein (BV8) displays the
next step in the sequence with early-formed calcite found in
the same vein with galena and barite. Thus with further
cooling the stability field of barite had moved to
sufficiently low levels of a0, and pH that barite became
stable ("C" in Fig. 79), but probably was still near the
st-dominant field, possibly just inside of it. The Sutton
vein (BV533, Fig.5), situated about 4 km east of the Little
Southern Harbour vein (BV8), contains barite and
chalcopyrite and was probably deposited at pH and a0,
conditions similar to that of the Little Southern Harbour
vein., The rest of the veins to the north and east contain
mineral assemblages dominated by barite and/or calcite, with
no significant sulphide mineral content. During
precipitation of these veins further cooling resulted in pH
and a0, conditions which wer. either in the HSQ,- or 5042-
dominant fields and which were outside of sulphide mineral

stability fields ('"D" in Fig. 79).
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In all cases where calcite occurs with barite,
calcite has formed early in the paragenesis of the vein, as
predicted by the cooling model. The other feature that
changes in these sulphide-free veins is that the barite
becomes very hematite-rich, which according to the
stability field for hematite in Figure 78, suggests further
cooling and oxidation of the fluid. This model assumes
that the concentrations of ions in the hydrothermal fluid
remain constant except for depletion due to precipitation.

In the veins found in the southern reaches of the
field area, to the south of the Silver Cliff area, calcite
occurs late in the vein paragenesis in numerous quartz-
calcite (+ chlorite) veins. These veins have subseguently
been cut by lu. 2r-formed monomineralic barite veins, which
is compatible with the paragenetic sequence observed in
veins in the northern areas.

The above 'cooling" model was likely enhanced and may
have even been dominated by the rise in pH which would take
place during CO, effervescence. As Figures 77 and 78 show,

any increase in pH would favour the precipitation of both

calcite and barite. It would also favour 8042' as the

stable aqueous sulphur species in the hydrothermal fluid, as
oxidation progressed.

It has been inferred above that when sulphide
mineralization began in the Silver Cliff veins, H,S was the

dominant sulphur species in the hydrothermal FEluid.
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Figure 80 shows the equilibrium isotopic fractionation
factors for sulphur compounds, relative to H,S at variable
temperatures. Sulphate minerals are not on this diagram
due to the lack of fractionation between sulphate in
solution and precipitating sulphate phases (Sakai, 1968).
Using the sulphur isotopic temperature determination of 307°
C and the 5345 values for sphalerite and galena determined
for sample AR6-B, the 63%s ratio in the coexisting H,S is
calculated to be -0.20 and -0.43 % respectively for
sphalerite and galena (equations from Ohmoto and Rye 1979).
These values are probably indicative of the value of
634stota1 g in the hydrothermal fluid at or very close to
the end of precipitation of sulphur-bearing phases from the
fluid at Silver Cliff. 3% .., 5 in the hydrothermal
fluid at the source of the sulphur may be slightly
different than is indicated by the AR6 crystals, if there
was any significant precipitation of sulphur-bearing phases
from the fluid before it reached the crustal level of the
Silver Cliff vein. Evidence presented below suggests that
there was early precipitation of galena and the development
of a degree of significant fractionation before
precipitation of the AR6-B sample. A 534stotal g value of
about -0.3 % as indicated by the AR6 spalerite-galena

pair, is therefore likely a few % higher than the value of

534stotal s for the sulphur source (assuming no isotopic

exchange during transport).
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After the initial formation of the hydrothermal
fluid, and assuming that there was no addition or
subtraction of sulphur to the system during transport,
there are three processes which can significantly affect
the 634s values of sulphide and sulphate minerals
precipitated from the fluid. These three processes are: 1)
Temperature variation: This results in increasing sulphur
isotope fractionation between sulphur-bearing species as
the fluid cools (Fig. 80). Cooling alone does not affect
the value of 634stotal g in the fluid; 2) Crystal
fractionation: As predicted from Figure 80, precipitation
of galena will result in an upward shift in the &%Sys¢(aq)
value, and thus 634Stotal g+ in the vemaining hydrothermal
fiuid. Precipitation of pyrite has the opposite effect to
that of galena, while the effect of sphalerite and
chalcopyrite precipitation is minimal; 3) Oxidation: At
higher temperatures almost all of the sulphur in the
hydrothermal fluid is in the form of st'with only a very
small proportion in an oxidized state. The 634Stotal S
value is therefore very close to 634SHZS(aq)' and actually
is just slightly higher due to the existence of a small
component of oxidized sulphur which has a higher 6345 value
as indicated in Figure 80.

Upon cooling of the fluid, oxidation of H3S
transforms progressively more of the total sulphur to 5042’

(or HSO4'). The value of 63483042—(aq) shifts
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progressively closer to 534stotal s which remains constant.
The value of 5345H2$(aq) decreases during oxidation,
maintaining isotopic equilibrium with the sulphate species
according to Figure BO. Precipitation of sulphur-bearing
minerals from a fluid which is undergoing oxidation will
result in progressively lower 6345 values for both sulphide
and sulphate minerals. The relative importance of any one
of these three processes in controlling the isotopic ratios
in the various sulphur species will depend on the relative
rates at which cooling, precipitation and oxidation take
place.

The limited number of analyzed samples from the
Silver Cliff veins and the La Manche vein, combined with
the lack of paragenetic control for the samples which were
collected (i.e., a number of samples were from tailings
piles), make it difficult to say much about how sulphur
isotopic conditions varied during precipitation within
individual veins. However it is observed that there exists

a significant variation between the three galena samples

analyzed from the Silver Cliff veins with 634Sgal ranging

from -5.5 %, (AR25-A) to -2.3 % (AR6-B) with a difference
of 3.2 % . Oxidation is not likely to have been a
significant process until very late in paragenesis of this
vein as suggested by the lack of calcite and barite in

these samples. As well, an unrealistic amount of cooling
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would be required to account for this variation b.tween
samples (see PbS curve in Fig. 80).

Unfortunately Chute (1939) 4did not indicate the
relative proportions of the various sulphide minerals
precipitated at Silver Cliff. However from his description
of the La Manche vein and a number of other mineralized
veins in the area (Jersyside, Strouter adit, Verrains
Island, Galleons Point, Black Point and Bay de l1’Eau River),
it is apparent that galena is the dominant sulphide mineral
precipitated in the area and may well have been the dominant
sulphide mineral precipitated in the Silver Cliff veins.

The variation in the sulphur isotope ratios observed
in these galena samples could be due to fractionation
caused by galena precipitation. If fractionation was the
controlling process the galena in sample AR25-A would have

precipitated earliest, followed by the galena in AR5-A and

then AR6-B. This suggests that the initial §34s, .., < in

the hydrothermal fluid was a few per mil lower (-4.0 % for
AR25-A, assuming precipitation at the maximum temperature
of 370°C as indicated by fluid inclusions) than was
calculated using AR6-B. The other possible cause for the
variation is a simple variation in the sulphur isotope
ratios in the source fluid. However, fractionation,
combined with temperature variation and oxidation models,
also explains the variation in sulphur isotopes from Silver

Cliff to La Manche and to the other veins.
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Four sphalerite samples were analyzed from the La
Manche vein. These samples all have higher 6345 values
(0.2 to -1.7 % ) than the sphalerite samples from Silver
Cliff. For any of the 634ssphal values from the La Manche
vein, the previously calculated value of 634SH25 (-0.3 %,
from AR6-B) is too low to be in equilibrium over the likely
temperature range of precipitation of this vein (325° to
275°C is a likely range by comparing the known paragenesis
of the vein with stability fields in Figs 77 and 78). This
suggests that galena fractionation continued to drive up
the value of 634SH25 at least until after the time of
deposition of the La Manche vein. Despite the fact that
galena was by far the most abundant sulphide mineral in the
La Manche vein and can still be found in abundance in the
existing tailings, no galena samples were obtained due to a
sampling error.

The one barite sample analyzed from the La Manche
vein has $3%s value of +10.9 % (BV12-F). When this value
and the values determined for the sphalerite crystals from
this vein are compared using Figure 80, it is clear that
sphalerite and barite are far from equilibrium at any
reasonable temperature for the precipitation of this vein.
By the time barite precipitated late in the paragenesis of
the vein, the temperature of the fluid had dropped
significantly such that a large proportion of the original

H,S had been oxidized to 5042'. As discusused above, this
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results in mich lower values of 63%s for both 5042‘

and H,S
remaining in the fluid, which explains the low values for
534Sbar observed for the La Manche samples. This also
suggests that the analysed sphalerite had precipitated
before much oxidation had taken place. Otherwise it would
have had much lower §3%s ratios.

The Little Southern Harbour vein (BV8) also contains
galena, calcite and barite. However in this vein these
mineral phases were deposited closer together
paragenetically. Even though galena precipitation
continued up to the time of deposition of this vein, the
values of 534sgal for the two BV8 samples are lower than
would be expected had sulphur isotope fractionation due to
galena precipitation continued to be the dominant isotope-
controlling process. The observed 634Sga1 values of -3.8
and -3.3 % are similar to those found at Silver Cliff.

The galena in this vein was deposited while conditions were

close to the H,S - 5042°

stability field boundary as

indicated by co-precipitated barite. Oxidation of HpS was
a significant process here even during galena precipitation
which resulted in lowering 534SH25 and thus the 634Sga1
values as observed. Unfortunately the barite sample BV8-H
is not directly from the Little Southern Harbour vein but
from a small barite vein about 10 m away which contains no

sulphide mineralization. The 634Sbar value of +10.6 %.
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indicates that oxidation of much of the st(aq) had taken
place by the time this barite had been deposited.

Three barite samples from the Collier Point vein have
values of 634Sbar ranging from +15.4 to +12.9 %, . The
presence of an almost ubiquitous hematite staining of the
barite suggests that the oxidation of HyS to S0,2” in the
hydrothermal fluid was complete by the time most of the
fluid reached the site of deposition of the Collier Point
vein (Fig. 79). The earliest fluid which resulted in
calcite deposition may have been less oxidized. 534Sbar
values are higher in the Collier Point vein than they are
at Little Southern Harbour and La Manche. Possibly the
fluid from which the Collier Point vein precipitated had a
higher 6345 source. However it could have the same source
as the other veins if more galena precipitation, and
therefore fractionation, had taken place from the
hydrothermal fluid before it flowed through the Collier
Point fracture. Possibly the availabiliﬁy of Pb in each
area controlled the amount of galena precipitation.

Obviously there was an abundance of HyS which
survived sulphide precipitation to be later oxidized and
deposited as barite on Collier Point. The variation in
sulphur isotopes between the three samples from Collier
Point (15.4 to 12.9 % ) can be explained by varying d=agrees
of previous galena precipitation before the barite in each

sample was precipitated. The different barite samples may
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have been deposited from different pulses of hydrothermal
fluid, each of which had experienced different amounts of
galena precipitation at deeper levels and higher
temperatures beneath or lateral to the Collier Point vein.
Those pulses of fluid from which more galena precipitation
took place would later have precipitated barite with higher
values of 634Sbar’

BV39-B and BV48-A (Fig. 7) are samples from two much
smaller barite veins found on Collier Point about 2 kms and
1 km respectively, from the large Collier Point barite vein
(BV11). These two veins also have high 634Sbar values of
14.0 and 14.6 %, respectively, in line with the values
determined for BV11 barite, again indicating a high
proportion of previous galena precipitation.

The rest of the barite veins in the field area have
values of 534Sbar ranging from 13.2 (BVS5-A) to 9.6 %, (BV2-
A) with the variation betwren these samples possibly
reflecting the variation in the amount of galena
precipitation which took place in each area. 1It is
interesting that the 634Sbar values for all the veins found
in the southern portion of the field area (St. Brides,
Branch) are relatively low, suggesting that galena
precipitation may have been minimal in this region. From an

exploration viewpoint the northern area appears to hold more

potential for discovery of sulphide-mineralized veins.
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The values of 5345 determined for sphalerite and
galena, and the values of 534SHZS determined for the co-
existing hydrothermal fluid, fall within the peak range for
igneous sulphides illustrated in Figure 76. This evidence,
combined with the other geochemical and geologic evidence
already presented (C, O, REE data, potential syntectonic
intrusion of granitoid magmas), suggests that sulphur, as
well as carbon, oxygen and the REE were all emplaced in the
hydrothermal fluid during the expulsion of this fluid from
a magma,

In summary the sulphur isotope data support the
following conclusions:

1) Sphalerite precipitation in the late veinlets of
the Silver Cliff mine occurred at about 300°cC.

2) The sulphur found in both the sulphide and the
sulphate minerals had an igneous source.

3) The ratios of sulphur isotopes found in the
various sulphur-bearing minerals were controlled initially
by the source and the temperatur: of precipitation. As
vein formation proceeded, galena precipitation exerted a
dominating control over isotopic fractionation. Finally
the process of oxidation of H,S5 to 8042' (or HSO4-}, in the
hydrothermal fluid, became the dominant control.

Figure 81 attempts to show how the sulphur isotopic

ratios varied in the hydrothermal fluid and in the
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precipitated sulphur phases as vein formation progressed in

the field area.
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CHAPTER 5. SUMMARY OF DATA AND CONCLUSIONS, WITH
COMPARISONS TO OTHER DEPOSITS

5.1. Summary of Data and Conclusions

In Chapter 2, it was shown that vein formation had
taken place by mineral precipitation in a fracture set
which developed during Devonian Acadian deformation.
Quartz + chlorite (+ minor calcite and barite) veins are
the most common and earliest-formed vein type. Veins that
are dominated by calcite, barite and/or sulphide minerals
are paragenetically later than the quartz-chlorite veins.
Amongst these later veins, sulphide minerals are generally
earliest, followed by calcite and then barite.

In Chapter 3, a study of fluid inclusions in quartz
crystals from the early set of quartz-chlorite veins
showed that the bulk of gquartz precipitation in these
veins took place at temperatures between 110°C and 230°C
from a fluid with no significant salt content. Late in
the paragenesis of these veins higher temperature fluids
moved through the vein openings and precipitated quartz
and late calcite and/or barite at higher temperatures and
pressures. The higher pressure is believed due to
throttling of the fracture network during rapid calcite

precipitation. This resulted in a shift in the nature of

the pressure to more lithostatic conditions. The £fluid




-210-

inclusion evidence for samples from Collier Point
indicates that this late fluid boiled at just above 300°C.

In the area of the Silver Cliff veins, fluid
inclusion data from the barren quartz + chlorite veins
indicates that quartz precipitation took place over a
higher range of temperatures (180°C to 330°C) than the
quartz + chlorite veins of the rest of the field area. As
with the other quartz + chlorite veins the highest
temperature inclusions are from quartz which precipitated
with calcite rather than chlorite. Thus the depositon of
calcite and barite as late phases in the quartz-chlorite
veins coincides with the introduction of a much hotter
pulse of hydrothermal fluid moving through the fracture
system in the entire field area. This hotter fluid was
apparently hottest in the Silver Cliff mine and resulted
in formation of the sulphide-mineral-dominated MacKay and
Fowler veins, as well as a number of other sulphide-
mineral-dominated veins in the Silver Cliff area. Fluid
inclusion evidence indicates that this fluid boiled at
about 370°C in the Silver Cliff mine. Away from the
Silver Cliff area, where this hotter pulse of fluid was of
lower temperatures, calcite- and barite-dominated veins
were formed at this time.

In Chapter 4 the sulphur isotope geochemistry of
galena, sphalerite and barite was shown to be consistent

with a magmatic source for sulphur (other sources are also
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possible as discussed). The observed evolution of sulphur
isotopes through the paragenesis of galena, sphalerite and
barite indicate that fractionation due to galena
precipitation controlled the distribution of sulphur
isotopes in sulphide minerals during the early phase of
sulphide mineral-dominated precipitation. Progressive
cooling resulted in oxidation of HZS(aq) in the
hydrothermal £luid to 0427 (,.) (and/or HSO4™(5q)). This
resulted in a shift from sulphide- to sulphate-dominated
mineral precipitation. The distribution of sulphur
isotopes in sulphur bearing minerals precipitated during
the oxidation process is controlled by the degree of
oxidation, which in turn is highly temperature dependent.

In Chapter 4 two groups of calcites were
distinguished by their REE geochemistry, as well as by
their carbon and oxygen isotope geochemistry. The group A
calcites precipitated from fluids which had exchanged REE
and carbon isotopes with the country rock. The group B
calcites have REE, carbon and oxygen isotopic
distributions which suggest a magmatic source. The
distribution of carbon and oxygen isotopes within the
group B calcites suggests precipitation from a fluid which
underwent progressive cooling during crystallization.

The transition described above, from reducing to

oxidizing conditions in the nydrothermal fluid, also

manifests itself in the nature of Eu anomalies developed
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in group B calcites. Early calcites precipitated with
sulphide minerals under reducing conditions have well
developed negative Eu anomalies. Paragenetically later
calcites precipitated with barite have much smaller
negative Eu anomalies, reflecting the more oxidizing
nature of the hydrothermal fluid at that time. Finally,
there is a well developed REE crystal fractionation trend
observed for the group B calcites created during
progressive calcite precipitation.

The data collected in this study (field
relationships, paragenetic data, fluid inclusion data,
carbon, oxygen and sulphur isotope data, REE data) allow
the following conclusions to be made about the veins in
the field area.

1) The early quartz + chlorite veins were formed during a
regicnal deformational and low grade metamorphic event, by
precipitation in fracture sets developed during this
defcrmation.

2) During this deformational event a much hotter pulse of

hydrothermal fluid moved through the same fracture set.

This later fluid pulse deposited sulphide-mineral-
dominated veins where it was hottest and presumably
closest to its source (Silver Cliff, La Manche). Further
from the source, where the fluid was cooler, calcite- and
barite-dominated veins were precipitated (Collier Point,

Bellevue Peninsula, Cuslet Cove, etc..).
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3) The proximity of the "hottest' sulphide dominated
veins to suspected syndeformational granitic intrusions,
combined with the geochemical evidence, strongly suggest
that the hot fluid pulse was sourced by exsolution of
fluid during crystallization of these granitic magmas.
Carbon, oxygen, sulphur and REE were all likely sourced
from these granitic melts as well., In some of the veins
studied, there is evidence that elemental and isotopic
exchange took place between this magmatic fluid and either

the surrounding country rock or meteoric waters.

5.2, Comparison_to Qther Deposits

The Taolin 2Zn-Pb-fluorite deposit, of the Hunan
province in China, displays a number of similarities to
the Silver Cliff deposit. The Taolin deposits occur along
a major fault zone between the Mofushian granite batholith

{136 Ma, Li et al. 1964) and Proterozoic aged metamorphic

phyllites and quartzites (Ding and Rees 1984). The fault
zone is 50-300 m wide and trends east-northeast for over
20 km (Ding et al. 1986). Mineralization developed as
fissure filling veins and as cementation of brecciated ore
and country rock, in part concentrated at fault
intersections (Ding et al. 1986). The MacKay vein at
Silver Cliff was formed by fissure filling in a fault zone
with brecciation of ore and country rock increasing near

the intersection of faults (Chute 1938). Chute believed
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that ore was concentrated near these fault intersections.
Silver Cliff vein formation has taken place close to where
much younger granitic rocks have intruded Proterozoic
metamorphic rocks. Thus both the geological setting and
the nature of mineral emplacement are similar for both
deposits.

Mineralogically there are both similarities and
differences. At Taolin there is a pre-ore stage of barren
quartz described by Roedder and Howard (1988), comparable
to the early barren quartz veins found in the present
study area. Ding and Rees (1984) describe an early stage
of ore mineralization (stage 1) consisting of galena, dark
brown sphalerite, chalcopyrite, quartz and fluorite. At
Silver Cliff the ore mineralization stage consists of
galena, sphalerite (dark earlier than light), quartz,
pyrite and chalcopyrite. The obvious differences are the
presence of fluorite at Taolin, absent from Silver Cliff
(and La Manche) and the absence of early pyrite at Taolin.
The second ore mineralization stage (stage 2) described by
Ding and Rees (1984) at Taolin consists of barite, galena,
light sphalerite, calcite and chalcopyrite. The
introduction of later barite, calcite and lighter coloured
sphalerite are all features observed at Silver Cliff.
"Later' calcite and barite is a feature also found in a
number of other veins in the present study area (i.e., La

Manche, Little Southern Harbour, etc.).
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Ding and Rees (1984) studied sulphur isotopes in the
sulphide minerals at Taolin. Sulphur isotope

geothermometry at Taolin indicates that stage 1 veins

precipitated over a temperature range from 345°C to 265°C,

while stage 2 veins precipitated over a lower temperature
range from 265°C to 220°C. These results are similar to

those of this study using fluid inclusion evidence and one

sulphur isotope pair. At Silver Cliff the highest
temperatures found were 370°C ranging down to around 285°C
for the ore assemblage. These are modestly higher
temperatures than those found by Ding And Rees (1984) at
Taolin, but this is easily explained by a modest
difference in the depth of formation. Roedder and Howard
(1988) conducted a fluid inclusion study of one of the
Taolin deposits (Shangtangchong mine) but were not able to
find a reliable geobarometer to determine pressure and
therefore the depth of formation of the deposit that they
studied.

The trend towards lower temperatures during later
calcite and barite precipitation is similar for both
deposits. Roedder and Howard (1988) found a much lower
temperature range of 200°C to 120°C using fluid inclusions
from quartz, sphalerite fluorite and barite. However
their study was limited to only eight '"representative"

samples. Also they admit that it is questionable as to

whether or not any of the fluid inclusions found in both
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barite and sphalerite were primary. Perhaps further study
of quartz from contemporaneous quartz-ore mineral
assemblages would yield higher temperatures.

Ding and Rees (1984) modelled the variation of
sulphur isotope ratios found in various sulphur-bearing
species in the hydrothermal fluid and the resulting
precipitated sulphide minerals at Taolin. Figure 82
illustrates the result of their modelling and shows,
similar to what was shown for the Avalon veins, that the
earlier sulphide and later co-precipitated barite and
sulphide minerals all had the same sulphur source, which
they describe as primary, either from the mantle or from
partial melting of a deep crustal source. The sulphur-
bearing minerals of stage 2 precipitated from a fluid
which was a residue of stage 1 precipitation. Similar to
Avalon veins, Ding and Rees (1984) showed that the sulphur
isotope variations found in the sulphur-bearing mineral
species can be explained by processes of: 1) increasing
fractionation between various sulphur-bearing species in
the hydrothermal fluid and the precipitating sulphide
minerals with decreasing temperature; 2) oxidation of
sulphide te sulphate. However Ding and Rees (1984) also
state that the precipitation of sulphide minerals involved
no isotope fractionation. Yet Figure B0 clearly shows
that there will be sulphur isotope fractionation between

precipitated ga.ena and H,S

) over the temperature range

(aq
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indicated for all sulphide mineral deposition in the
Taolin deposit. However if the amount of galena
precipitation is relatively small the effects of galena
precipitation may be minimal relative to the other two
processes. They have not demonstrated this to be the case
in the Taolin deposit.

Ding et al. (1986) studied oxygen and lead isotopes
from the Taolin deposit. They suggested that lead was
probably derived from the Mofushian granite. Water from
the hydrothermal fluid from which the Taolin deposit
formed contains oxygen which either exchanged with the
granite or was partially magmatic in origin. This is
similar to results found for oxygen from the calcites of
the Avalon veins. As well the carbon and sulphur from the
Avalon veins have an indicated magmatic source.

Another similarity between the Taolin and the Avalon
veins is the low salinity indicated for the hydrothermal
fluid from which the deposits precipitatad. Roedder and
Hovlard (1988) describe sal. i :ies ranging from 0 to 14 wt.
% NaCl(eq). The range found for the Silver Cliff veins
was 0 to 7 wt. % NaCl(eq) which is somewhat lower on
average. This may be due to a greater depth of formation
of the Silver Cliff deposit which would result in a lesser
degree of previous boiling which takes place before the

flvids reached the deeper level of the Silver Cliff veins.

Fluids rising to the shallower levels of the Taolin veins
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have a greater opportunity for boiling and thus for
developing higher salinities.

Finally both deposits have alteration zones next to
the veins. Ding and Rees (1984) report wall rock
alteration consisting predominantly of silicification with
lesser chloritization and sericitization. At Silver Cliff
the wall rock next to veins has been altered to quartz and
pyrite. Roedder and Howard (1988) reported that there was
a lack of wall-rock alteration in the Shangtangchong mine,
which appears to be at odds with the resvl.s of Ding and
Rees (1984).

Kamilli and Ohmoto (1977) studied the paragenesis of
the Finlandia vein of the Colqui District in Central Peru.
This vein is situated in a belt of Tertiary andesitic
volcanic rocks with norite and andesite porpyhry stocks
intruded into the area. The Colqui district has been
subjected to a folding event of moderate intensity with
contemporaneous faulting developed along two principal
frac 1re orientations. Radiometric dating of muscovites
from the vein yielded two overlapping ages of 10.0 + 5 Ma
and 10.6 + 5 Ma (K-Ar), corresponding to the age of
intense volcanism in the Central Andes, which also
corresponds to the age of deformation and intrusive
activity in this area (Kamilli and Ohmoto 1977). The
geological setting of the Finlandia vein is thus very

similar to the setting of the Avalon veins in terms of
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folding, faulting and fracture development, with
contemporaneous intrusion of magmas.

Samples were collected from the Finlandia vein as
mining progressed, resulting in very good paragenetic
control. This degree of control allowed for the
recognition of seven distinct stages of precipitation
(Kamilli and Ohmoto 1977). Quartz dominated the first
three stages of precipitation. Sphalerite and galena are
dominant or very significant through stages IV to VII.
Quartz was variably important through these last four
stages and present in all seven stages. Siderite is
present in the final three stages of vein precipitation
and barite was deposited in the final stage of vein
formation. This sequence of mineral precipitation from
early quartz to later sulphide minerals to later carbonate
and finally barite, is similar to that found at Silver
Cliff and throughout the Avalon study area.

In the Finlandia vein, muscovite is present in minor
amounts throughout much of the paragenesis of the vein.
Minor amounts of argentite and tetrahedrite are also
present from stage I through to stage VI precipitation.
In particular stage II contains high silver and gold
values (up to 43 and 1.8 oz/short ton respectively). 1In

the Mackay vein at Silver Cliff, silver was found in

galena giving ore grades up to 159 oz/short ton averaging
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30 oz/short ton. No silver mineral has yet been
recognized at Silver Cliff.

The fluid inclusion study carried out by Kamilli and
Ohmoto (1977) using quartz crystals from the Finlandia
vein shows similarities to the Avalon fluid inclusion
study. Primary fluid inclusions in quartz crystals from
the Finlandia vein contain predominantly vapour-poor
inclusions and a much smaller number of vapour-rich
inclusions which have much higher homogenization
temperatures, similar to the distribution of fluid
inclusions found in quartz crystals in the Avalon veins.
Also similar is the interpretation of these vapour-rich
high temperature inclusions as having trapped variable
proportions of liquid and vapour during a time when the
hydrothermal fluid was boiling (stage II in Finlandia
vein).

A pressure study using fluid inclusions which boiled
indicated that the Finlandia vein formed at a depth of
about 1000 metres, compared with 2000 metres for the
Silver Cliff veins, using purely hydrostatic models. The
fluid inclusion evidence from the present study suggests
that there was a component of lithostatic pressure during
the formation of the Silver Cliff vein (and other late-
formed veins). Thus there may not have been that much

difference in the depth of formation of the Silver Cliff

and the Finlandia veins. Possible shallower depths
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indicated for the Finlandia vein would correspond with
lower temperatures of boiling of the fluid (290°C at
Finlandia compared with 370°C at Silver Cliff) and vein
formation. Salinity values measured for the fluid
inclusions in quartz from the Finlandia vein range from 0
to 13 wt. % NaCl(eq) (Kamilli and Ohmoto 1977). These
higher salinities again indicate a larger proportion of
previous boiling than is indicated for the Silver Cliff
veins, possibly the result of vein formation at shallower
levels.

Figure 83 shows how the sulphur isotopic
compositions of galena and sphalerite vary through the
paragenetic stages of precipitation in the Finlandia vein.
For both minerals the 8348 values increase progressively
from stage I through to stage VI. 1In stage VII, when
precipitation of barite begins, with its much higher 6345
values, the 6348 values of galena and sphalerite drop
sharply. These observed trends match very well with the
hypothesised trend shown in Figure 81 for the veins in the
Avalon area. As with the Avalon veins the 5343 trends in
the Finlandia vein can be explained by early galena
precipitation with fractionation processes dominating.

Fractionation, due to galena precipitation, gradually

drove up the value of 634S(HZS) in the hydrothermal fluid

and thus subsequent sulphide minerals. This is followed
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by a later oxidation dominant process which converted
H2S(aq) t0 50427 (aq) (OF HSO4 (5q)). This oxidation drove
down the 534SH25 value and results in much higher §34s
values for sulphate (see Chap. 4). Kamilli and Ohmoto
(1977) favour an explanation whereby the £O,-pH conditions
are such that oxidized sulphur species are dominant
throughout the vein paragenesis. This explanation favours
a sedimentary origin for the sulphur whereas the
explanation suggested here favours an igneous origin for
the sulphur. The explanation suggested by Kamilli and
Ohmoto (1977) fails to account for the observed isotopic
trends which are similar to those shown in Figures 81 and
82.

Oxygen isotope data from quartz, and hydrogen
isotope data from the Finlandia hydrothermal fluid trapped
in fluid inclusion in quartz strongly suggest that
meteoric water dominated the fluid from which quartz
precipitated. Such an isotopic study was not undertaken
for the Avalon veins and it is not known if meteroic water
was involved in the precipitation of quartz in these
veins. However if this were so, the mixing of meteoric
fluid with igneous derived fluid would aid in the cooling
and possibly the oxidation of the igneous sulphur-bearing

fluid, promoting the mineral paragenesis observed in both

veins.
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So et _al. (1984) described the Sambo Pb-Zn-barite
deposit, located 45 km south of Seoul, South Korea. This
deposit is composed of fissure-filling ore veins which
developed in Proterozoic biotite schists. The area has
bs~n intruded by Jurassic granodiorite stocks (177.3 + 3.6
Ma, K-Ar from biotite in granite; 163.6 + 3.3 Ma, K-Ar
from muscovite in granodiorite) which are believed to have
the same age as the ore deposit. The Jurassic age of the
ore deposit is implied by its similarity in mineralogy,
which is Ba-rich, to a known Korean Jurassic to Early
Cretaceous Ba-rich metallogenic epoch.

Three distinct stages of mineralization have been
recognized, from earliest to latest: 1) abundant quart:z
with small amounts of barite and minor sphalerite, galena,

pyrite and chalcopyrite; 2) main ore stage composed of

quartz and barite as the dominant minerals with abundant

sphalerite and galena, and minor pyrite, chalcopyrite,
calcite and dolomite; 3) quartz dominant stage with
lesser barite, galena and sphalerite and minor pyrite,
chalcopyrite, calcite and dolomite. There is no clear
separation of the major minerals described above by their
stages, with only their abundance in each stage changing.
Thus despite the similarity in the minerals found in the
Sambo veins with those of the Avalon veins, the
paragenetic distribution of these minerals is distinctly

different. The presence of barite in the early stage of
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vein formation suggests that conditions were more
oxidizing in the Sambo hydrothermal fluid earlier in the
vein paragenesis. The presence of sulphide minerals late
in the vein paragenesis suggests that the hydrothermal
fluid maintained a similar level of oxidizing character
throughout vein formation.

A fluid inclusion study was carried out on the
quartz crystals from each stage of the vein (So et al.
1984). No obvious spatial or temporal trends could be
documented by this study. However an analysis of the data
presented by So et al. (1984) shows that all fluid
inclusions in quartz from a mineral assemblage which
contains barite homogenized at or below 270°C. Fluid
inclusions in quartz found in mineral assemblages with
sulphide minerals, but with no barite, homogenized up to
324°C. There was considerable overlap in the Th values
for the various assemblages analysed. Pressure data
suggest that trapping of inclusions took place at 500 m or
1250 m for lithostatic and hydrostatic conditions
respectively. Salinities ranged from 0.7 to 16.9 wt. %
NaCl{eq). Thus slightly shallower depths and higher
salinities are indicated for the Sambo deposit relative to
the Silver Cliff veins, and again may suggest a greater
degree of previous boiling at Sambo.

Sphalerites from the Sambo deposit have 6345 values

ranging from -3.7 to -9.6 %, , while 634s values from
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galena range from -6.4 to -11.8 % (So et al. 1984).
Barites have 6345 values ranging from +14.7 to +17.2 % .
No systematic temporal or spatial variations of the 5345
values in these minerals were found. It is interesting to
compare these 6345 values with those found for the same
minerals in the Avalon veins. The §°%s values for the
sulphide minerals are significantly lower at Sambo, while
the values for barite are significantly higher (Avalon
values: galena -2.3 to -5.5 % ; sphalerite +41.7 to -0.7 %
; barite +9.6 to +15.4 % ). In the Avalon veins most of
the sulphide mineral precipitation was complete before
barite precipitation began. Thus the values of 5348
obtained for the sulphide minerals reflect equilibrium
with 634SHZS in the hydrothermal fluid during a period in
which most of the sulphur in the hydrothermal fluid was in
the st(aq) form. Similarly, when barite precipitated,
most of the sulphur in the hydrothermal fluid existed as
5042-(aq) (or HSO4'(aq)). At Sambo, however, barite and
sulphide minerals precipitated from a hydrothermal fluid
which must have constantly contained significant
quantities of both st(aq) and 5042—(aq) (or HSO4'(aq)) at
the same time. The modelling that Ding and Rees (1984)
did for the Taolin deposit shows that there can be a
considerable range of temperatures over which both st(aq)

and 5042' will be significant components of the

(aq)
precipitating fluid. This range is illustrated by the
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total sulphur line in Figure 81 where it undergoes the

transition from HZS ) to SO42 ) dominated fluids.

-(aq

As can be seen from Figure 80, assuming a primary

(aq

magmatic sulphur source similar to the Avalon veins,
barite which is precipitated under conditions of
incomplete oxidation can develop 634S(bar) values up to
+25 % . Under "oxidation-dominant" to "oxidation-
complete" conditions, values for 63%s in sulphide minerals
can easily reach down to -12 % . Thus the mineralogical
differences between the Sambo and the Avalon veins may be
due only to the constancy in the character of the
hydrothermal fluid, being partially oxidized at Sambo,
relative to that seen for the Avalon veins. This
constancy may be due only to the limited geographic nature

of the study conducted by So et al. (1984) which was

restricted to the mine itself.

5.3. Summary

The Avalon veins which formed during the quartz-
galena-sphalerite-calcite-barite mineralization event have
fundamental similarities to a number of veins in other
deposits described in published literature, three of which
were described here (Taolin, Finlandia and Sambo). Cther
deposits not described here include the veins of '"Lake

City District", Colorado (Slack 1980); the "Mainlangd"

group veins near Thunder Bay, Ontario (Franklin et al.
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1986); the "Fresmillo'" silver-lead-zinc mine in Mexico

(Macdonald et al. 1986). These deposits are all formed by

an event of crystal precipitation in fissure-filling veins
associated with contemporaneous granitic intrusion. Where
geochemical analysis has been performed the granitic
magmas invariably are found to have acted as the heat
source for the deposits and also to have supplied many of
the components for both gangue and ore minerals. Where
the mineralogic evolution has been documented these
deposits have similar mineral assemblages and show similar
evolution of these assemblages.

It is clear from comparing these various studies to
the study presented above that the presentation of data
from only a few aspects of vein formation, or from only a
limited geographical area, can result in erroneous
conclusions, or conclusions which are limited in their
scope. This study greatly benefited from covering an area
much larger than a single mine site. It 'has also
benefited from the wide range of analysis techniques that
have been employed (structural geology, paragenetic study,
fluid inclusions, REE, carbon, oxygen and sulphur

isotopes).
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Appendix A

Vein Orientations

vein | strike | dip vein | strike | dip

Barite Veins Quartz Veins (cont.)
BV1 070 Az vert BV18A 086 Az 54
BV2 080 Az vert BV18B 064 Az 34
BV3 014 Az g0 BV19 075 Az 87
BV4 012 Az g0 BV20 076 Az 82
BVé6 040 Az 90 BV24 060 A2 72
BVS 028 Az 90 BV25 055 Az 90
BVS 100 Az 90 BV27 065 Az 90
BV11 152 Az 80 BV29A 130 Az 75

. 154 Az 90 BV29B 105 Az 70

160 Az 70 BV32 105 Az 90

. 167 Az 36 BV33B 068 Az 90

overall 165 Az 90 BV34 005 Az 56
BV11A 148 Az 60 BV3S 064 Az 60
BV11B 168 Az 78 BV36 075 Az 42
BV11C 003 Az 76 BV37 058 Az 90
BV15 010 Az 89 BV3¢9 113 Az 90
BV17 022 Az 65 BV41 135 Az 80
BV21 028 Az 70 BV43 082 Az 68
BV22 025 Az 85 BV48 054 Az 72
BV23A 010 Az 70 QVM1 043 Az 84
BV23B 015 Az 80 QVM2 052 Az 90
BvV23C 050 Az 68 QVM3 056 Az 86
BV26 025 Az 72 QVM4 056 Az 82
BV30 032 Az 75 QVMS5 077 Az 86
BV38 015 Az 70 QVM6 058 Az 84
BV39 158 Az 90 QVM7 140 Az 80
BV40 173 Az 85 QVMS8 070 Az 90
BV42 166 Az 85 QVM9S 065 Az 78
BV46 120 Az 90 QVM10 070 Az 90
BV48 161 Az 72 QVM11 065 Az 78
BVSO 135 Az 90 QVM12 070 Az 82

QVM13 060 Az 82

QVM14 064 Az 84

QVM15 089 Az 87

QVM16 070 Az 90

Quartz Veins QVA 061 Az 90

BV11D 140 QVB 063 Az 87

BV14 173 Qve 057 Az 86

BV16A 013 QVD 064 Az 90

BV16B 104 QVE 060 Az 87

BV16C 065 QVF 059 Az 90

BV17 120 QVG 055 Az 86

k]

m =
WzZZ=

EEEZETEIZINEMMMON

E =W
nunhunuhhn VW ZnZ

MZZEMWN
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Quartz Veins (cont.) Calcite Veins

QVH 055 Az 87 § BVS 086 Az 90
QV1 062 Az 85 S BVS 120 Az 75 W
QvVJ 061 Az 90 BV12 045 Az to
QVK 060 Az 90 . 070 Az 90
QVL 057 Az 86 S BV24 015 Az 90
QVM 058 Az 90 BV28 057 Az 82 N
QVN 068 Az 90 BV30 032 Az 75 W
QVOo 072 Az 90 BV33A 114 Az 90 r
QVP 070 Az 90

QVQ 063 Az 87 N

QVR 060 Az 90

QVSs 058 Az 90
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Appendix B
Fluid Inclusion Data

Th - Homogenization temperature (©°C).

Tm - Temperature of complete melting (°C).

Te Eutectic temperature (©C), temperature of first

observed melt.

HB - Homogenization behaviour = homogenized to a liquid
(L), vapour (V), displayed critical (C)
homogenization behaviour or inclusion decrepitated
(D) before homogenization.

Sample | Th | HB | ™Tm | Te
Barite
BV1~H 360 L + 0.7 + 0.6
153 L - -
427 c -10 -19
224 L - 6.2 =23
- D - -23
241 L + 0.6 + 0.4
- D - 0.3 =19
304 L - -
BV7-A 340 L 0.0 - 1.5
248 L -10.6 =22
244 L + 0.2 0.0
359 L 0.0 0.0
164 L -23.7 -39.7
209 L - -
184 L - -
- D 0.0 0.0
225 L - -
220 L -13.0 -22.2
325 L + 0.2 -
200 L + 0.2 -
BV7-B 83.5 L -25.5 -48
66.0 L =25 -48
137 L 0.0 0.0
BV7-C 161 L -13.3 -22.6
315 L -19 -22.6
368 L - 7.0 =20
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Fluid Inclusion Data (continued)

Sample | Th | HB | Tm | Te
BV11-C 93 L =22 -
- D -18 =23
76 L -21.5 -
77 L -23.0 -25.0
) - D -22.0 -23.8
. 91 L -24.6 -24.6
92 L =-24.6 -24.6
95 L - -
BV11-N 87 L - -
88 L -23.5 -
82 L -20 -41.8
- D -24.3 -44.0
BV30-B 97 L =19 =21
BV42-A 288 L - 6.3 -23.0
238 L -20.2 =30
>390 L -24.9 -40.0
Calcite
BV11-EXS 85 L -23 -42
85 L =23 -42
94 L -23 -42
88 L -23 -42
84 L - -
75 L ~15 -19
BV12-A 85 L - -
73 L - -
85 L - -
79 L - -
79 L - -
65 L - -
66 L - -
75 L - -
60 L -42 -60
77 L -43.9 -60
80 L -42.5 -60




Fluid Inclusion Data (ccntinued)

e
w

Sample

BV12-A
(cont)
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Fluid Inclusion Data {continued)

Sample | Th |

oot
o
=3
g
3
o

BV30-A 95
(cont) 100
99
94
93
82
69
92
97
98
96

(ol ol ol ol ol ol ol ol ol ol o
'
|

AR1-B2 197
(Silver 212

Cliff) 224
197
218
228
230
250
258
220

alalalolalalalalale
|
[}

Quartz

(Silver Cliff - Ore Veins)

AR6-B 295

[
|
i

AR6-C 243
295
341
288
251
301
287
284
292
239

AR7-A 307
271
280

-4.0 -
-4.0 -
_4.0 -

[l ol o sl alolalalalallalale
|
1




Fluid Inclusion Data_ (continued)

Sample | Th

€I
@

AR7-A 284
(cont) 285
340
277
291
275
265
300
255
440
276
284
325
270
272
271
275
270
329

316
318
324
324
358
358
324
300
300
311
348
344
332
356
302
390
334
338
34¢<
345
342

alallelialialislialaliolialislialislislislalialislsliolo il ol ol ool ol ek “Ral ol >N all ol ol o ol el SE O o




Fluid Inclusion Data (continued)

Sample Th

e
w

AR25-A
(cont)

rerp<<t<<<<<<ttrerreroerrtrrrorrr o0 o o




Fluid Inclusion Data {continued)

XL
[e<]

Sample | Th

AR25~D1 334
(cont) 365
347

AR25-D2 460
485
495
495
480
441

c<<<<< PEE

(Silver Cliff - Barren Veins)

AR1-Bl 285
290
2%0
290
330
276
300
255
255
270
278

235
253
235
235
239
245
239
247
260
276
285
300

alaloalalalolalalololal ol ol ool ool ol ol ol ol ol o

258
251
263

(ol ul o




Fluid Inclusion Data (continued)

Sample

Th

<]
w

AR2-A
(cont)

AR20-A

(Non Silver Cliff Vein-

BV1-K

BV3-C

266
270
187
225
180
245
244
249
216

218
250
236
224
225
249
255
213
255
269

220
185
217
190
222
170
175
186
195

178
162
199
185

[ ol ol ol ol o o o

(ol ol ol ol ol ol ol ol 2l o

[nl ol ol ol ol ol ol ol o

[l ol ol o)
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Fluid Inclusion Data (continued)

Sample | Th [ HB |

-3
=]
-
®

BV3-D 158
156
157
159
152
140
152
148
152
160
166
155
140
164
167

+ +

|
00000000
bWONOONW
I
(M)
.
o

+

+
o
>
+
o
[ 8]

BvV9-D 156
147
132
162
163
156

inl ol ol o ol . N ol 2l 2l N ol 2l 2l ol ol 2 2l N ol al o
+
o
S
+
(o]
[})

BV24-B 187
187
216
213
200
195
207
262
263
183
200

BV35-C 430
460
460
450
460
464

<4< <<< oo cere
]
|
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Fluid Inclusion Data (continued)

Sample | Th |

o of
w

Tm | Te

BV35-C 462
(cont.) 462
420
401
211
162
178
200
178
197
186
435
373
163
120
169
162
175
152
171
168
130
162
115
137
168
151
141
141
119
305
116
136
175
228
170
161
147
172

+1.0 -

+0.5 -

-
e e s

+
HOrROOOOOOOO
.
MO OULMOULMMOWMO OO
i

a2l N alalalalalslslalalalielalalololslolialelalalalalslalsloRdalalalial ol ol ol ol SR
|
|

(oMo N o
(ool ]
I

149
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Fluid Inclusion Data (continued)

Sample | Th |

fer}
oo
=
3

BV35-C 156
(cont.) 150
157
148
153
157
160
168
153
143
153
186
217
139
162
305
180
178
159
211

[=NeoNe]
[eNeNo]

BvV38-A 190
181
201
175
215
206
294
249

BV39-A 174
173
180
196
151
168
178
163
175
171

alallalelalololalielollelelalelaloleololilolalalelalalalolelolalalalalal ool ol ol o
|

-1.5




Fluid Inclusion Data (continued)

Sample | Th | HB | Tm

(Collier Point Veins)

QV11l-A 168
205

QV11i-B 181
183
175
187
194
165
161
165
164

145
150
180
167
179
180
194
157
170
183
185
183
187
160
161

297
294
313
316
277
246
265
163
150
185

alalalalalalal ol ala N ol 3l M aliadalalalolalalalolololN clelali ol sl ol ol ol o BN ol o




Fluid Inclusion Data (continued)

Sample | Th

e

QV11l-S 175
l6l
159
189
180
250
160
270

(nl ol ol ol ol 2l ol o

Sphalerite
(Silver Cliff - Ore Veins)

AR25-A 273
3oo
280
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Appendix C

Rare Earth Element Data for Granites and Sedimentary Rocks

| Ce | Nd [ sm | Eu

CP122 44.6 23.2 5.81 1.15
cP123 39.3 61.4 11.9 2.35
CP124 72 39.7 . 1.85
CP126 66.7 34 . 1.39
DA782 96.2 38 7.12 0.59
DA7812 108 40.8 7.60 0.42
FOX~-CG 75.3 26.3 4.74 0.61
FOX-FG 58.1 19.9 3.60 0.19
WM78181 55.4 21.7 3.35 0.29
WM78186 53.9 17.2 3.47 0.24
| __6d | T™ | ¥Yb | Lu

CP1l122 . 0.72 2.99 0.44
cpl23 11.1 1.48 4.49 0.63
CP124 6.27 1.24 4.65 0.68
CPl26 4.56 0.99 4.05 0.58
DA782 . 0.84 4.60 0.64
DA7812 . 0.90 4.58 0.62
FOX-CG . . 4.98 0.69
FOX~FG . . 4.27 0.58
WM78181 . 1.17 2.20 0.26
WM78186 . 1.02 2.37 0.28
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