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ABSTRACT

The study of fluid inclusions and the analyses of mineral phases in
the Fe-As-S system allow temperatures and pressures to be estimated at
432° + 60°C and 2.3 * 1.0 kilobars for the crystallization of groups of
quartz-carbonate—-arsenopyrite veins which are concordant with the bedding
of the flyschoid Meguma Group (Cambro-Ordovician) of Southern Nova Scotia.
The bedding and the enclosed veins are deformed by upright folds with north-
east-trending axial-plane slaty cleavage defined by greenschist-grade re-
gional metamorphic minerals. The vein mineral assemblages were in equi-
librium with the greenschist assemblages. The formation of veins by "open-

space" filling followed by regional F. folding ending with the fixing of

1
slaty cleavage appear to have occurred during the regional metamorphism to
greenschist grade and under a relatively homogeneous strain regime. Em-

placement of Devonian plutons, small-scale kink folding, and faﬁlting

occurred later and under a different strain regime.

Microprobe analysis of arsenopyrites (32.1 * 0.9 mean atomic percent
arsenic) from seventeen groups of veins indicate.a temperature of crystal-
lization of 432° % 60°C., No trends of composition can be ascertained within
grains, across or along veins, or between groups of veins. Although the
present resolution of the arsenopyrite geothermometer only allows broad
temperature estimates, the data obtained in this work may indicate that
arsenopyrite crystallization in the veins took place under conditions of

relatively constant temperature.
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Fluid inclusions in quartz of the veins are two-phase (water as a
liguid and carbon dioxide as a vapour). No solid phaSes were observed.
They fall into two populations: one with a very constant vapour-to-liquid
ratio (pseudosecondary), which homogenize at 262 * 10°C and a second
population which mainly occur in groups and along planes with varying
vapour-to-liquid ratios (secondary) and homogenization temperatures of
210 * 6°C. 1If the arsenopyrite crystallized together with the vein quartz
at 432 * 60°C and the pseudosecondary population of inclusions represents

the crystallizing fluid, a pressure of 2.3 * 1.0 kilobars can be estimated.

Hydraulic fracturing could account for the formation of sub-horizontal
veins of the observed mineralogy and paragenesis if greenschist grade meta-
morphic fluid was sufficiently overpressured under conditions of tectonic
stress. If the above hypothesis correctly predicts vein formation, the
bulk transport of vein constituents including gold and tungsten by means of
greenschist grade regional metamorphic dewatering may be an important

feature of mineralization in similar terrains.
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CHAPTER I

INTRODUCTION

The gold-bearing quartz vein deposits of southwest Nova Scotia are a
distinctly defined metallogenetic unit. Relating the mechanism and time
of genesis, and subsequent modification of this unit to the stratigraphic,
metamorphic, tectonic and magmatic history of the Meguma platform should
be possible by investigating their relationships using techniques of
economic geology. Structural style, paragenetic relationships, sulphide
assemblages and fluid inclusion characteristics provide time, pressure,
and temperature, and chemical constraints modelling the setting and genesis

of this metallogenetic unit.

I.1 Geographical setting of the study area

The study area lies between the Atlantic ocean and the Bay of Fundy
and is separated from the rest of Nova Scotia by the east-west-trending,
tectonostratigraphic discontinuity of the Cobequid-Chedabucto fault zone.

, . 1/2° : |
The area lies between 43° and 45 north latitude and between 61° and

1/2°
66 / west longitude (Figure I.1).

This area is circled by all-weather paved provincial highways and is
crossed by many all-weather highways. Good gravel roads and numerous
woods roads make most of the area readily accessible by automobile and few

localities far removed from a road. Connection to international transport
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Figure I.1l. Province of Nova Scotia showing location and extent
of the Meguma Platform.




is through the internation airport and year-round port of Halifax in the
centre of the region. Access to the rest of the continent is by air, the

Trans—Canada Highway system and rail.

The bulk of the region is a dissected upland underlain by slates,
quartzites and granites. The northern edge is a lowland underlain by Car-
boniferous carbonate and clastic sediments. Along the northwestern border
is a 200 km long cuesta of Triassic basalt. Between the cuesta and the
upland is the Annapolis Valley, which averages about 8 kilometres in

width and is underlain by Triassic clastic rocks.

The climate of the study area is humid and maritime. Average precip-
itation is 100-140 centimetres with 180-200 centimetres of snow. Humidities
are generally above 80 per cent and precipiation is spread evenly throughout
the year. Summers are cool, July temperatures averaging 16°C to 19°C,
and winters relatively mild with January temperatures averaging -2°C to

-8°C. Temperature ranges are not extreme (Putnam, 1940).
Vegetation is dominated by second-growth coniferous forest.

The economy of the study area is dominated by the regional service
centre and port of Halifax. The Annapolis Valley and the lowlands underlain
by Carboniferous rocksvsupport agriculture based on fruit and vegetable
and dairy products. An extensive near-shore fishery is supported on the
wide continental shelf. Extensive sgilviculture is practiced, especially

for pulpwood, in the uplands. Gold mining was an important aspect of the



economy in the late nineteenth century and the earliest portion of this
century but has been insignificant since 1945. No mines are presently

active.

I.2 Regional geological setting of the study area

The gold-bearing gquartz veins which were used as sample localities in
this study are located within the metasediments of the Meguma Group, which
cover about 16,200 square kilometres of southwestern Nova Scotia. The
Meguma Group is restricted to a distinct geological province of the
Canadian Appalachians hereafter called the Meguma Platform. The Meguma
Platform is bounded on the north by the Cobequid-Chedabucto fault zone which
separates it from the tectonostratigraphically different terranes of the
Cobequid Mountains (Kelly, 1967), the Antigonish Highlands (Benson, 1974)
and Southeast Cape Breton (Weeks, 1954). Seaward, on the Scotian Shelf,
the Meguma Platform ends under a thick Mesozoic and Cenozoic sedimentary

wedge.

The oldest exposed rocks of the Meguma Platform are those of the
Meguma Group (Stevenson, 1959 ; Woodman, 1904) which is subdivided into
two formations. The Goldenville Formation (Woodman, 1904) is the older and
consists dominantly of quartz-rich greywacke and interbedded slate with
minor conglomerates, all variously metamorphosed. Slate interbeds generally
increase in thickness and number toward the top. Primary structures com-
monly observed are bedding, graded bedding, cross-bedding, scour and fill,

slumps, ripple marks, flaser structures, ball and pillow structure,



clastic dykes, concretions, flute marks and groove casts (Taylor, 1967,

1969; Schenk, 1970).

The Goldenville Formation is overlain by the Halifax Formation (Ami,
1900). The Halifax Formation is composed of thinly laminated slate with
small amounts of interbedded siltstone and argillite (Woodman, 1904;
Stevenson, 1959; Taylor, 1969; Schenk, 1970, and others). The boundary
between the Halifax and Goldenville Formations is conformable and ranges
from sharp to gradational: where gradational, a metagreywacke/slate ratio
of unity is taken as the boundary (Schenk, 1970). Primary structures are
less common than in the Goldenville Formation but ripple marks, scour and

fill structures, and worm burrows can be seen.

The primary structures and the bedding sequences suggest that depo-
sition of the bulk of the Meguma Group was by turbidity currents (Phinney,

1961; Schenk, 1970, 1971).

Current directions measured in the Meguma Group indicate a source to
the south and east of the present Platform (Schenk, 1970). The framewdrk
grains of greywackes of the Meguma Group are, with few exceptions, over
sixty-five per cent quartz and usually over eighty per cent quartz.. Feld-
sparg and lithic fragments make up the bulk of the remainder. Potassic
feldspar/plagioclase ratios are greater than one. Lithic fragments are
quartzite, slate, and gneissic granite. No direct evidence of a Volcanié
or volcanoclastic contribution is seen. The mineralogical compositions of

the Meguma rocks indicate a cratonic source (Schenk, 1970; Crook, 1974).



Schenk (1971) has suggested that the northwestern African shield satisfies

restrictions imposed by current directions and mineralogy.

A few poorly-preserved graptolites from the upper portions of the
Halifax Formation have been identified as Tremadocian (lowermost Ordovician
or uppermost Cambrian) (Crosby, 1951 as per Crosby, 1962; Cumming, 1952 as
per Smitheringale, 1960). Detrital muscovite from the Goldenville Formation
has been dated at 487 * 29 million years or Lower Ordovician (Poole, 1971).
The time relationships with other Lower Paleozoic rock units are obscﬁre
and the author can only concur with Schenk (1971): "Until better fossils
are found, I suggest that the Meguma is mainly Cambro-Ordovician, with

possible extension into the latest Precambrian."

Thickest measurements within the Meguma Group are difficult to assess:
the base of the Goldenville Formation is nowhere defined, continuous sections
are not available, beds are not distinctive, repetitive bed sequences are
commonplace, and beds cannot be traced laterally (Stevenson, 1959; Taylor,
1967; Schenk, 1970). Estimates by various workers allow some idea, however
(Faribault as per Malcolm, 1912; Taylor, 1967, 1969; Smitheringale, 1960):
estimates of thickness for the Goldenville Formation ranges between five
and seven kilometres, apparently with little regional differences. The
thickness of the Halifax Formation has been estimated from 500 metres in
the west to over four kilometres toward the centre of the Platform. The
Halifax Formation is especially difficult to measure because long sections

are scarce, cleavage usually obscures bedding, and fault and slump structures



are common. Outcrops are generally poor because the slaty Halifax Formation
is more deeply weathered and eroded than the quartzitic Goldenville For-
mation. In summary, the flyschoid Meguma Group may be five to ten kilometres
thick. Definitive analysis awaits detailed structural and stratigraphic
work, based on better stratigraphic and age control and a consistent facies

model.

The Meguma Group 1is overlain in the northwest by the White Rock For-
mation. The contact appears to be conformable toward the centre of the
Meguma Platform but at its western extremity, at Cape St. Mary, the contact
has been described as locally unconformable (Taylor, 1965). The formation
ranges from 100 metres in thickness near Wolfville, comprising two quartzite
beds with intervening finer grained metasedimentary rocks and minor vol-
canics, to 500 metres or more with an increasing amount of volcanics to the
southwest (T. Lane, pers. comm., M.Sc. in progress). The fauna suggest an
‘age no greater than Caradocian (Late Ordovician) (Boucot, 1971, pers. comm,

to T. Lane and L. Jensen as per Schenk, 1971).

The White Rock ?ormation is overlain conformably or disconformably by
the Kentville Formation which consists of black slates with minor silt-
stone and ranges from 600 metres in thickness near Fales River in the centre
of the Platform to 1000 metres in the southwest near Digby. The graptolite

fauna is Ludlovian (Late Silurian) (Cumming, 1957, in Smitheringale, 1960).

The New Canaan Formation; consisting of about 300 metres of water-
lain volcanics with minor slate, siltstone and limestone, occurs locally

within or above the Kentville Formation (Crosby, 1962). Ludlovian conodonts



have been collected from the limestones (L. Jensen, pers. comm.).

The Kentville and New Canaan Formations are overlain conformably or
disconformably by the Torbrook Formation. The Torbrook Formation is com-
posed mostly of shale, siltstone, and quartzite and has minor intercalations
of limestone and quartzitic iron-formation. It ranges in thickness from 1.5
to 3 kilometres, thickening to the southwest. The abundant fauna are
Early Devonian (to Emsian) (Smitheringale, 1960; L. Jensen, pers. comm.).
The Torbrook Formation is overlain with marked angular unconformity by

Carboniferous, Triassic, or Pleistocene sedimentary rocks.

The lower Paleozoic sedimentary rocks (Meguma Group to Torbrook For-
mation) are regionally metamorphosed, mostly to greenschist grade. They are
folded into large-scale folds which trend northeast and exhibit an associ-
ated penetrative axial-plane cleavage. The regional metamorphism and folds
affecting these rocks have been attributed to the Acadian Orogeny (Fyson,
1967; Taylor and Schiller, 1966). A more detailed discussion of the meta- -

morphism and structure is given in Chapter II.

Cutting the strata and the structure of the foregoing formation is a
granodiorite/adamellite complex (McKenzie, 1974; McKenzie and Clarke, 1975).
Biotite granodiorite predominates. The largest pluton is in the central
Meguma Platform and is exposed over more than 6400 square kilometres. Many
smaller plutons outcrop throughout the Meguma Plaﬁform. These plutons cut
the foided and regionally metamorphosed Torbrook Formation (Emsian) and

are overlain by little-deformed Lower Carboniferous sedimentary rocks



which contain plutonic clasts. K-Ar and Rb-Sr dates range from 417 + 38

to 350 * 7 million years B.P. and average, as well as cluster around, 371 *
7 million years B.P. (Fairbairn, et al., 1964; Cormier and Smith, 1973;
Reynolds, et al., 1973; McKenzie and Clarke, 1975). A number of more basic
plutons outcrop in the southwest (Taylor, 1969). Many of these plutons,

especially the smaller ones and those in the extreme east and west are little

studied.

The intrusive rocks are overlain by clastic sedimentary rocks of the
Horton Group (Lower Carboniferous) and clastic, evaporitic, and carbonate
rocks of the Windsor Group (Lower Carboniferous). These are conformably
overlain by feldspathic sandstones of the Scotch Village Formation (Crosby,
1962; Bell, 1960, 1929). These rocks are variously folded by what has been
termed the Maritime disturbance (Fyson, 1964, 1967). These rocks are in
turn overlain unconformably by sandstones and shales of the Triassic
Annapolis Formation. Triassic North Mountain Basalts conformably overlie
the Annapolis Formation and the thin sandstones and limestones of the Tri-
assic Scots Bay Formation conformably overlie the basalt (Crosby, 1962;
Klein, 1962). The Triassic formations are gently tilted into very large
synclines. A few sands and clays of Cretaceous age survive in some river

valleys (i.e., Musquodoboit Valley; Lin, 1971).

Pleistocene till and drift cover most of the Mequma Platform, commonly
to depths greater than ten metres. Drumlin fields are common (Wilson, 1938;
E. Nielsen, pers. Comm., Ph.D. in progress). This glacially transported

cover and resultant poor drainage makes outcrop scarce away from the coast
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and major rivers.

I.3. Gold-Bearing quartz vein distribution in the study area.

Over sixty localities have been described where gold occurs in quartz
veins within the Meguma Group (Malcolm, 1912, 1929). Virtually all of
these localities are in areas of the Meguma in which greenschist regional
metamorphic grades are evident. They most commonly consist of groups of
veins which are conformable to the bedding (i.e., veins are confined to
slate beds between thicker quartzite beds). These groups veins are typically
about a kilometre long, several hundred metres wide and are centered near an

anticlinal dome.

The groups of veins are usually called districts and are extensively
described by Malcolm (1212, 1929) and in the Annual Reports of the Geological
Survey of Canada by Faribault, who worked in the gold fields between the
1880's and the 1930's mapping individual districts‘and one-mile~-to-one-inch
map areas. These maps and plans are very useful for location and enumeration

of gold districts and quartz veins.

Much geological work was done on these quartz veins while they were
being exploited between the 1860's and 1930's: this work is summarized and
listed in Malcolm (1912, 1929). Mineralogic and petrologic descriptions as
well as regional geometry were dealt with and explained in terms of the dogma
of the time (Lindgren, 1933; Emmons, 1937: Malcolm, 1929). Newhouse (1936)
used opagque mineral petrography and concluded that the gold and quartz veins

were zoned with respect to, and genetically related to, the Devonian



Figure I.2. Province of Nova Scotia:

numbers indicate location of gold districts where mining and/or
prospecting activity has occurred since 1850.

Numbers refer to index of gold districts
found in Appendix II.
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granitic plutons, despite extensive field evidence to the contrary pointed
out by Faribault (1899). Newhouse's work has been cited by workers who

followed him and his conclusions used as assumptions in their work.

Prior to this study, little work had been done on these vein deposits
in terms of experimental results in the synthesis of sulphide, silicate, and
carbonate minerals at elevated temperatures and confining pressures. Fluid
inclusions had been noted but no descriptive or quantitative investigations
had been carried out. If some new data could be gathered to shed some light
on the pressure-temperature regime of mineralization, the old descriptive
work and recent advances in economic geology could be applied to the problem

of the nature of the relationship between the quartz veins and the granites.

I.4 Mining History of the study area.

Over 1,000,000 troy ounces of gold were produced from about fifty dis-
tricts between 1868 and 1952. The bulk of this production was obtained near
the turn of the century, with the last work of any scale ending during World
War II. Nearly twenty per cent of this production was from the largest dis-
trict: Goldenville in Guysborough County. Ten districts produced more
than 40,000 troy ounces, 23 districts more than 10,000 troy ounces, and 38

districts more than 1,000 troy ounces.

The development of gold mining in Nova Scotia was controlled by the
availability of foreign capital and had a boom-and-bust development char-

acter (Drummond, 1918; Malcolm, 1912, 1929). Generally an entire slate bed
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between quartzite beds was mined to obtain a workable width: some non-quartz-
bearing slate was hand-cobbed and all the rest was crushed using stamp

mills. Separation was generally a combination of gravity techniques and almal-
gamation, although cyanide was occasionally used. A single district was
typically mined by several individual mines of varying scale of operation

with the names, sizes, and efficiency of all in continuous flux. The result
today is an extensive area of ground littered with waste heaps and debris of
various sizes; riddled with open clasts, pits, and shafts of various sizes

and ages; and criss-crossed by exploration and production trenches of many

lengths and depths.

I.5 Present investigation

This study was embarked upon to see if a synthesis of geological studies
done on the Meguma Platform; the economic geology done on the gold districts
from the first work of Faribault (1886) to the work of Newhouse (1936); vein
mineral assemblage data; and fluid inclusion data could shed any new light
on the time/épace relationships between the country rocks, structures, and

gold-bearing quartz veins.

An analysis of the regional geology, especially the structural relations
through time and space, was done by synthesizing field observations and the

relevant literature.

Fifty of the sixty-two historically productive gold districts were
visited, inspected and sampled during 1973. Vein and wall rock petrology

including thin and polished section description was done over the following



year. Structures and textures as they relate to vein formation were given

special attention.

Fluid inclusions in quartz and carbonates were closely examined and
homogenization temperatures were determined from heating stage experiments.
Sulphide mineral suites and compositions, especially arsenic/sulphur ratios
in arsenopyrites, were determined by ore microscopic techniques and electron

microprobe analysis.

The object of the project was to get some idea of the time, temperature,
pressure, and chemistry of formation of the gold-bearing quartz veins. As a
result of investigating these conditions a model is proposed for the genesis

of these veins.

In this report, the writer first summarizes the structural and meta-
morphic geology of the Meguma Group rocks of the gold districts as a prelude
to describing the geometry, mineralogy, and textures of the gold-bearing

quartz veins (Chapter II).

Sulphide mineral assemblages are then considered (Chapter IIT). Back-
ground and development of a geothermometer using arsenopyrite compositions
is given and data presented in an attempt to fix a temperature of crystal-

lization of the sulphide minerals.

Fluid inclusions are described in Chapter IV and characteristics of in-
clusions in vein quartz are presented in an attempt to establish some

chemical constraints on the crystallizing fluids. Results of homogenization
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experiments, together with estimates from an arsenopyrite geothermometer are
used to estimate a pressure of crystallization of the vein mineral

assemblage.

A summary of observations of Chapters II through IV is presented in
Chapter V with a discussion of the developments of ideas about genesis of
the veins from the literature. The observations of this report are then dis-

cussed and a set of limitations placed on the setting of genesis of the veins.

Pore-pressure phenomena are discussed in Chapter VI in light of the

limitations on settings of vein genesis summarized in Chapter V.

A model for genesis of gold-bearing quartz veins of the Meguma Group is
presented in Chapter VII which appears consistent with the restrictions

presented in Chapters II through VI.
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CHAPTER II

DESCRIPTIVE GEOLOGY OF THE GOLD DISTRICTS

1. Introduction

The shape and mineralogy of the gold-bearing quartz veins have been
described by many workers, most prominently E. R. Faribault, during opera-
tion of the mines. This work is intensively summarized in Malcolm's books
(1912, 1929). Faribault's many plans of mining districts at various scales,
and geological maps at the scale of one inch to one mile are useful in des-
cribing the structure of the Meguma Group. Fyson (1966) has recently
studied deformational styles in the Meguma Group and placed these in a
framework of an homogeneous strain history. The metamorphic fabrics have

been studied and described by Taylor and Schiller (1966).

The present author has attempted to synthesize this work with the
guidance of his own field observations. The following sections are the re-
sult, and a list of conclusions of this work will give an idea of the ob-

servational limitations to any models of vein formation.

2. Structural Geology

The structural history of the Meguma Group has been investigated by
Fyson (1966), who examined outcrops throughout the Meguma and interpreted
the strain features. The author examined outcrops within and near gold-

quartz districts and found no marked disagreement with Fyson's observations.
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The following paragraphs draw freely from Fyson (1966).

The strain features of the Meguma Group rocks can be accounted for by
response to three different episodes of deformation, each with characteristic
strain orientations. Compaction features, bedding plane fissility (Sp), and
normal faults are consistent with a vertical orientation of the axis of
maximum compression. Regional folding (Fl), and slaty cleavage (Sl) are
consistent with maximum compression in a horizontal direction, trending
generally southeast-northwest, and a minimum compression in a vertical di-
rection. Kink folds (F2 and F3), sinistral faults, and dextral movement
along Sl are consistent with a maximum compression in a horizontal east-

west direction and minimum compression in a vertical direction.

Open to tight folds (Fl) with generally sharp hinges typify the pre-
granite rocks of the Meguma Platform. Axes are spaced two to eight kilo-
metres apart and are parallel to subparallel. Axial planes are near ver-
tical with slight variation but in no preferred direction. Axial trends
vary from northeast-southwest in southern Nova Scotia curving to east-north-
east and fihally to east toward Chedabucto Bay. Folds plunge gently to the
northeast and southwest forming culminations at about ten kilometre spacings.
Culminations are not aligned between axial trends as they might be if the

result of cross-folding.

Penetrative slaty cleavage (Sl) subparallel to F_. axial planes is

1

pervasive in the pre-granite rocks of the Meguma Platform. It is defined by

small oriented mica and chlorite crystals.
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Slickensides on siltier bedding planes perpendicular to Fl axes have
been interpreted as evidence for flexural slip. Similar planes with
slickensides can be seen to cut and displace bedding (SO) and slaty cleavage
(Sl) in the manner of normal faults. A radial fault set of small displace—
ments 1s comonly associated with F. crestal culminations. These generally

1
displace SO bedding and Sl cleavage.

Meguma Group, White Rock, New Canaan, Kentville, and Torbrook rocks
are similarly éffected by Fl and Sl' Regional metamorphic minerals of
greenschist grade define Sl. Regional metamorphic minerals representing
assemblages of higher than greenschist grade generally show no preferred
orientation in relation to Sl. Granites of the Mequma Platform cut Fl and Sl
and their contact metamorphic aureoles obliterate Sl. The contact meta-
morphic minerals show no preferred orientation in relation to Sl.
SO and Sl are deformed by Z-shaped kink folds (F2). Short limbs are
up to two metres in length and have been rotated in a clockwise sense seen
in profile (Fyson, 1966, Figure 4). F3—kinks occur in zones across the
foliation in contrast to Fz—kinks. Axial planes are steep and strikeé north-
west. Fractures and faults commonly follow the axial planes of FB kink zones

(83). Some F3—kinks can be found which deform andalusite and cordierite

crystals formed by contact and regional metamorphism.

Long, northwest striking, sinistral faults which cut Fl appear related
in space and sense of movement to the F3 S-kink zones. Minor magnitude

dextral faults parallel S. are'common. Some have been observed within the

1

granites. These would be a conjugate set to the sinistral faults if maximum
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compression was in a horizontal east-west direction. F2 and F3 kinks are

also consistent with maximum compression in a horizontal east-west direction.

All features are cut by small displacement, variable strike, normal
faults and vertical joints. Fyson (1966, pg. 938) describes some recumbent
kinks from Halifax Formation rocks near Wolfville. These features would

indicate maximum compression in a near vertical direction.

Though Fyson based his conclusions on a limited number of isolated
outcrops, they are spread throughout the Meguma Platform and show homogeneous

deformation pattern for the Lower Paleozoic rocks of the Platform.

From the above, a sequence of structural episodes can be visualized as
having occurred in four stages: a) burial, b) collision, c¢) post-tectonic,

and d) residual.

(a) Deposition, compaction, diagenesis, and initial deep burial took
place under conditions of increasing maximum stress in a vertical direction
and may be referred to as the burial stage. Stress in this direction con-
tinued to increase with increasing depth of burial but this increase was
overtaken in magnitude by both horizontal axes some time after the deposition

of the Torbrook Formation (Lower Devonian) .

(b) The maximum effective stress then became mainly northwest-southeast
and the stress in the burial or vertical direction became subordinant.

Greenschist grade regional metamorphism, F. regional folding, and S, pene-

1 1

trative cleavage took place in pre-granite rocks of the Meguma Platform
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during these stress conditions. These conditions have been attributed to
continental collision between North America and Africa (Bird and Dewey,
1970; Schenk, 1971) and strain results may be described as the collision

stage.

(c) F2 and F3 kink folds and sinistral and dextral faults are con-
sistent with a change in orientation of the stress field to maximum effective
stress trending east-west. Regional metamorphism of grades higher than
greenschist grade, completion of regional metamorphism, granite intrusion

and contact metamorphism occurred during this stress field orientation which

can be described as the post-tectonic stage.

(d) Horizontal stress was relieved and vertical stress again became
the maximum effective stress. Norxmal faulting, recumbent kinks, and ex-
humation to present levels took place under these conditions. This can

be viewed as a residual stage.

3. Metamorphic Petrography

The metamorphic assemblages of the pre-batholithic rocks of the Meguma
Platform have been studied and described by Taylor and Schiller (1966).

The following is a brief summary of their descriptive work.

Regional metamorphic assemblages correspond to either greenschist or
almandine-amphibolite metamorphic facies (Turner and Verhoogen, 1960;

Taylor and Schiller, 1966). Greenschist facies rocks of the Meguma grdup
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are typified by biotite + muscovite + quartz * epidote * albite * chlorite
assemblages while the almandine-amphibolite facies rocks contain quartz +
plagioclase + biotite + almandine + muscovite with lesser amounts of andalusite,
staurolite, cordierite, and sillimanite. Contact metamorphic rocks of the
Meguma group are typically hornblende-hornfels facies of quartz + muscovite +
biotite * cordierite * andalusite * plagioclase with some garnet. Green-
schist facies muscovite and chlorite have crystallized in the matrix portion
of the rock and are oriented to define the penetrative cleavage; biotite,
quartz and feldspar tend to be unoriented indicating that this facies was
synkinematic. Almandine-amphibolitic facies minerals tend to be unoriented.
Contact effects metamorphose greenschist facies minerals or superimpose

their assemblages on greenschist assemblages, indicating post~-greenschist
facies intrusions. Contact effects are typically seen 0.8 to 4.5 kilometres
from granite contacts in greenschist facies rocks. No contact effect is

seen in almandine-amphibolite rocks.

The ranges of conditions for each of the facies are: greenschist -
300°~500°C and PH o of 3 to 8 kilobars; almandine-amphibolite -~ 550°-750°C
2

and PH20 of 4 to 8 kilobars (Turner and Verhoogen, 1960). Taylor and Schiller

(1966) suggested the lower pressure ranges as the most likely.

4. Morphology of the Quartz Veins

Quartz veins in the Meguma Group are of two basic morphological types.
These have been called "interbedded veins" and "cross veins" (Faribault, 1899;

Malcolm, 1912).
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Interbedded veins most commonly occur in slate beds which are intercalated
between quartzite beds. These slate beds range greatly in thickness but are
generally less than ten times the width of any quartz veins within them and
less wide than the underlying and overlying quartzite beds. The individual

interbedded veins vary in thickness from a few millimetres to a few metres.

Within the slate bed, veins are most common at the two quartzite-
slate contacts. Veins in this position appear folded, as are the quartzite

beds, into large Fl folds.

Quartz veins within a slate bed but not so close to the quartzite con-
A tacts are commonly folded on a smaller wavelength than fegional Fl folds
but have axial planes with a similar strike to the regional Fl folds.
Amplitudes of this fold style range from just slightly more than the width
of the vein to several times the width of the vein. Folds with higher
amplitude occur in thicker slate units. Wavelengths increase as the vein

width increases.

These two scales of folding are often present in the same slate bed
(Figure II.1l.) and an individual vein can change from one to the other if

it diverges from the wall of the slate bed.

These characteristics are similar to those described in the literature,
where a more competent layer (in this case the vein) has been plastically
folded within a less competent 1ayer (here the enclosing slate). Such style

of folds can be seen at crests as well as on steep limbs of Fl anticlines
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A folded and an unfolded quartz vein in alternating slates
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Figure II

This sketch is after a

photograph of a working face at Mount Uniacke - plate XVI

and quartzites of the Meguma Group.
of Malcolm (1912).
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(Goldenville and Salmon River for example: Malcolm, 1912, Figures 9, 10

and 11). This suggests that the layer may have been essentially horizontal

when buckled and later folded into the larger wavelength of Fl folds (e.q.
Ramsay, 1967, p. 396-397). Furthermore, the axial plane slaty cleavage

is deflected around these smallér folds of the quartz veins (e.g. Malcolm,
1912, Plate VIII) indicating (Ramsay, 1967 p. 18l) that either the folded
shapes which deflect the cleavage were present before deformation or that

the folded shapes grew during deformation. Deformation textures observed in
and between mineral grains within the veins (see chapter II.5) imply that

the veins were first crystallized and subsequently deformed by folding.
(Arsenopyrite grains within the slates and in the quartzites near interbedded
quartz veins also deflect the slaty cleavage. Their long axes are commonly
perpendicular or at a large angle to the slaty cleavage, they commonly show
cataclastic textures and they are accompanied by pressure "shadows" with
quartz, thus suggesting thqt they had crystallized previous to the deformation
and development of the slaty cleavage). Veins formed after the main period
of deformation would cut slaty cleavage and if the veins had been folded
after the deformation resulting in Fl and Sl structures, they would fan the
slaty cleavage: the latter mechanisms do not appear to have been responsible

for the observed deflection.

Interbedded veins invariably occur in groups (Figure II.2). These
groups are made up of a parallel sequence of veins parallel to the folded
bedding. The top and bottom of these groups are usually eroded or not exposed.

In some districts, especially Mooseland, the vein group can be seen to die



Figure II.2.

Generalized corss section of a portion of the
Meguma Platform illustrating the location of
groups of veins vis-a-vis the structural features.
Cross cutting relationships of the batholiths
(+'s) and the thermal aureole (stipled) of the
batholiths is also illustrated. Diagram is not
to scale.
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out upward as the slate/quartzite ratio becomes very large. In most dis-
tricts, however, the slate/quartzite ratio is fairly constant throughout

the exposed group of quartz veins.

The largest exposures of groups of interbedded quartz veins occur at
anticlinal culminations. The veins commonly persist with relatively con-
stant thickness along the axis of the culminated fold for distances of up to
four kilometres (e.g. Goldenville, Oldham). They pinch out, however, down
the flanks of the anticline within a few hundred metres. Groups of inter-
bedded veins are also found a few hundred metres from the A&nticlinal axis.
Faribault (1899) has stated that this type of interbedded vein group is

found where more open folds occur.

At angles to the interbedded quartz veins small irregular veins oc-
casionally merge with the interbedded veins. These short veins have been
called angulars and are much smaller in size that the interbedded veins with
which they are associated. They sometimes link.adjacent interbedded veins

and are more common where the walls of the interbedded veins are irregular.

Another morphological feature of groups of interbedded veins has been
described as "rolls". These are irregular-shaped folds which occur in the
flanks of large anticlines. They repeat in each underlying interbedded
vein. A plane through these rolls varies from vertical as does the axial
plane of the Fl folds. Where roll sets are found on all sides of a culmina-
tion these planes radiate from the culmination axis at low angles to the
.axial plane: however, most districts are not well enough known to define

more than one such plane. Rolls are associated with zones of angulars.
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All known groups of interbedded quartz veins have recorded gold

production.

The second group of quartz veins have been called cross veins. These
are near vertical, unfolded, veins which cut Fl and Sl at various angles.
These veins occur throughout the pre-granite Meguma Platform rocks. These
veins are not related to gold production unless they occur within inter-

bedded vein groups or intersect pyrite-pyrrhotite-arsenopyrite rich beds

associated spatially with such vein groups.

Chapter VII of this report presents a model whereby the geometric
characteristics of both interbedded and cross veins are placed within the

deformational framework of the Meguma Group rocks.

5. Mineralogy and Textures of the Quartz Veins

The mineralogy of the quartz veins under consideration is remarkably
consistent. Quartz, carbonate, and arsenopyrite-pyrite-pyrrhotite typify

them.

Quartz is the dominant mineral: it often makes up all of the vein and
rarely is relegated to less than fifty percent by volume. It is variously
coloured from milky to grey in response to the density of fluid inclusions.
Clear, free-growing crystals are rare. In thin section most quartz grains

exhibit little undulose extinction but within most sections grains of varying
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Figure II.3. A generalized cross-section of a quartz-carbonate-arsenopyrite

vein in slate of the Meguma Group. Carbonate occurs at the
vein walls, quartz in the central portion of the vein, and
arsenopyrite crystals in the slate and the carbonate. Quartsz
and carbonate also occur in the cement of the country rock.



degrees of undulose extinction can be seen giving some measure of post-
crystallization strain. If minerals other than quartz are present, quartz
dominates the centre portioﬁ of the vein cross-section. Quartz quite often
veins and coats carbonate crystals and occasionally veins sulphide minerals.

Most cross-veins are composed only of quartz.

Carbonate is the next most abundant vein mineral. It occasionally
makes up over 50 percent by volume of a local area of vein but more typically
accounts for 5 to 10 percent by volume of interbedded veins. It is usually
more abundant at wider and more irregularly shaped parts of a vein. The
carbonate exhibits various colours: usually it is white or pink on a fresh
surface and a tarnished bronze colour on a weathered surface. Regardless of
colour, electron microprobe analyses show that most are calcite having low
iron or magnesium content. Thus it is believed that many reported instances
of ankerite (e.g. Malcolm, 1912) are in fact calcite. Carbonate most com-
monly occupies the portion of the vein nearest the wall rock exhibiting sharp
boundaries with the wall rock and crystal-~like terminations into the massive
quartz which occupies the centre of the vein. This can often be seen re-
péated in parallel to subparallel veins which in many places occur at car-
bonate wall rock boundaries of larger veins. Some carbonate crystal faces
are coated by, and cut by thin quartz layers so that a vein in which the
carbonate has weathered will often appear as a central quartz band surrounded

on each side by quartz boxwork.

Iron-arsenic sulphide minerals are generally present in all veins but

rarely make up more than a few per cent of a vein's volume. These minerals
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Figure II.4. Arsenopyrite grain (black) which has failed brittlely and
deflects slaty cleavage around it illustrating a common
texture near quartz-carbonate-arsenopyrite veins indicating

arsenopyrite crystallization before the deformation responsible
for slaty cleavage formation.



are arsenopyrite, pyrite and pyrrhotite. Arsenopyrite is the most abundant

and has a similar distribution in a typical vein cross-section to the car-
bonate: indeed, arsenopyrite aggregates are generally found surrounded by
carbonate or at carbonate wall rock and carbonate-quartz contacts. Arseno-
pyrite is often veined by quartz and can be found cutting carbonate wall

rock boundaries. Pyrite is less abundant than arsenopyrite. It is occasional-
ly found alone, disseminated in a vein but usually is found intimately ip
contact with arsenopyrite. Pyrrhotite is occésionally found as the dominant
sulphide mineral but more commonly is found with arsenopyrite and pyrite
aggregates as very small grains or as blebs within arsenopyrite crystals.
These three sulphides exhibit sharp boundaries with each other and are common
in wall rock as well as the veins. More detailed discussion of this sulphide

assemblage is presented in Chapter IIT.

Other sulphide minerals present in small amounts are chalcopyrite,
galena, and sphalerite. Chalcopyrite is found as small isolated grains in
cracks in quartz. Galena occupies a similar habit and is only rarely seen.
Sphaléerite has been reported from several districts and said to occupy a

position similar to galena.

Country rock inclusions commonly make up a small volume of the vein.

These are typically slate inclusions made up of chlorite and sericite.
Biotite, apatite, and sulphides are rare associated minerals. The inclusions
are angular. They commonly can be fitted back into the wall rock with

minimal rotation.
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Trace minerals which are seen in the veins are feldspars (potassium

feldspar more commonly than albite), rutile, and scheelite.

Rutile occurs in long slender black crystals and has consistently been
misidentified in the literature as tourmaline:  for example Newhouse (1963)
ét Moose River. Rutile is most abundant in localities where scheelite is
found and most commonly occurs as radiating crystal groups within the quartz-
rich portion of the vein and as planar groups af the contacts of the veins

with the wall rock.

Scheelite is an important mineral in some districts and has been mined
from Moose River. It typically occurs in pods down-plunge in gold-bearing
groups of interbedded quartz veins (Miller, 1974). Scheelite occurs in
quartz veins where it occurs with carbonate at the vein wall and in fist
shaped pods. When scheelite is present rutile tends to be more abundant,
carbonate tends to be more iron rich, and gold content is very low. 'Scheelite
crystals are usually veined by quartz. Electron microprobe analyses show

high purity CaWO4 with no detectable molybdenum content (Miller, 1974).

feldsgar. Much has been said about the albite with Nova Scotia gold-
bearing quartz veins (Emmons, 1937; Newhouse, 1936) but feldspar is a rare
vein mineral and potassium feldspar is the dominant feldspar. It usually is
seen as small bands in the smaller districts (Mill Village, Voglers Cove)
and as isolated small pods (Mount Uniacke) at the contacts of the vein with

the wall rock.
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Gold is the most important trace mineral. It occurs as visible grains
within grains of all the vein minerals and as small grains and coatings
associated with arsenopyrite crystals. It is generally associated with

carbonate and arsenopyrite-rich parts of a vein.

Carbonate and arsenopyrite-pyrite-pyrrhotite tend to be more abundant
at rolls and thickenings. Gold is most commonly associated with areas of
the vein enriched in carbonate and arsenopyrite-pyrite-pyrrhotite and is
enriched with them at vein irregularities. Gold grades have been reported
as higher in folded veins than in unfolded veins of the same mineralogy:
folded veins represent a relative thickening of the quartz in any mine
working, and might have been interpreted as enrichment, but this possibility
is difficult to assess. Gold also occurs in the slate in the vicinity of

interbedded quartz veins.

Cross veins are much more quartz-dominated than interbedded veins.
Carbonate-sulphide~gold mineralization tends to be restricted to inter-
sections of cross veins and interbedded beins as at Central Rawdon or Brook-
field or where cross veins intersect sulphide rich beds as at Cow Bay.
Angulars have identical mineralogies as the interbedded veins they merge

with.

Gold-bearing quartz veins are restricted to areas of the folded Meguma
metasediments with greenschist grade regional metamorphism. Wall rock
metamorphic mineral assemblages indicate mainly the quartz-albite-muscovite-

chlorite subfacies as described by Taylor and Schiller (1966). Epidote and
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biotite are present in lesser amounts. Near the veins, wall rocks are com-
monly no different than at great distances from the veins. They often

differ, however, in containing small augen-shaped blebs or pods of vein-
assemblage minerals. The blebs are oriented parallel to the interbedded veins
and often deflect the cleavage. The vein mineral assemblages does not Vary
greatly from the mineral assemblage of the cement of the Meguma Group rocks
within the greenschist facies regional metamorphic area. 'In short, there

does not appear to be an alteration aureole surrounding the veins or vein
groups: the regional metamorphic assemblages and the vein assemblages are

strikingly similar.

Several districts are within the contact metamorphic aureoles of nearby
granitic bodies. Forest Hill, Cochrane Hill, Country Harbour, and Beaver
Dam are within contact metamorphic zones and garnet, biotite, and cordierite
are commonly observed in the wall rock at these districts. The vein assemb-
lages are similar to other districts except for some loss of carbonate at
the vein walls: 1its place taken by almandine and micas. Contact metamoréhic
minerals can be seen to be superimposed upon the greenschist assemblage

fabric in the wall rocks (Taylor and Schiller, 1966).

6. Summary

Any explanation of the formation of the gold-bearing quartz veins must

be consistent with the geological observations summarized below.



- 36 -

For any volume of Meguma, strain features indicate a relatively homo~

geneous history: burial conditions followed by pronounced compression

in a SE-NW direction followed by a less pronounced horizontal com-

pression in an E-W direction during which Devonian batholithic bodies

were emplaced followed by only small scale and scattered residual strain.

Large regional folds and penetrative axial plane cleavage are the -

dominant strain feature and occurred in response to SE-NW compression.

Interbedded veins more commonly occur in slate beds between thicker

quartzite beds. Interbedded veins always occur in groups of parallel

veins.

All such groups have associated gold production. Cross veins

occur throughout the Meguma Group rocks but are productive only where

they intersect groups of interbedded veins.

The interbedded veins are deformed in response to the same SE-NW compres-

sion as are the country rocks.

Groups

clinal

Groups
schist
define
quartz

layer,

of interbedded quartz veins are most commonly located near anti-

axes of major regionai folds.

of interbedded quartz veins are located within the area of green-
grade regional metamorphism. Greenschist metamorphic minerals
the axial plane cleavage. This cleavage is deflected by folded
veins as would be expected if the veins behaved as competent

during buckling and cleavage formation. On the basis of the

mineral assemblages, temperatures and pressures of this regional
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metamorphism may be estimated at the lower end of greenschist grade

conditions: 300° to 500°C and 3 to 8 kilobars.

7. The regional metamorphic assemblage and the vein assemblage are similar.

There is no "hydrothermal alteration" aureole around the veins.

8. The quartz veins under study exhibit a constant mineralogy; which is
always present where gold production is reported: dominantly quartz,
secondly carbonate, minor amounts of arsenopyrite-pyrite-pyrrhotite,
and country rock fragments. Chalcopyrite, galena, sphalerite, feldspar,

rutile, scheelite, and gold are trace minerals.

9. In cross section, the minerals exhibit consistent relationships. Car-
bonate occurs in sharp cqntact with both w¥ein walls and in crystal face
terminations in contact with quartz which occupies the median part of
the vein. Sulphide minerals tend to be most abundant at the carbonate-

wall rock contact and within the carbonate.

10. Gold is associated with areas of the veins with the most carbonate and
sulphide minerals. These minerals are most abundant in vein rolls,
irregularities, and thickenings. Small angular veins of similar miner-

alogy are more common at these same localities.

11. Contact metamorphic effects are a later overprint on the regional meta-

morphic greenschist assemblage and the vein mineral assemblage.

In the next two chapters hypotheses for vein formation will be evaluated

after consideration of the details of quartz and iron-arsenic sulphides.
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CHAPTER III

ARSENOPYRITE

ITI.1 Background

The Fe-As-S system, Figure III.1l, was investigated by L. A. Clark
(1960a, b) using a dry synthesis method. This method allowed definition
of phase boundaries between 400 and 800°C at the vapour pressure of the
system (about one bar: Clark, 1960a, 1367-1368). At lower temperatures,
most reactions would not go to completion in experimentally reasonable

times.

Clark delimited the phases in the Fe-As-S system at about one bar pres-
sure as in Figure III.l and defined geologically important invariant points.
The invariant point governed by the reaction pyrite+arsenopyrite;byrrhotite+
liquid or vapour, above which pyrite and arsenopyrite cannot exist to-
gether in equilibrium, was fixed at 491 * 12°C. The invariant point, above
which arsenopyrite cannot crystallize, and which is governed by the reaction
arsenopyrite pyrrhotite+loellingite+liquid or vapour was found to be

702 £ 3°C.

By weighing the reactants and products of arsenopyrite synthesis, he
was able to establish that iron had a relatively small variation from unity
in product equations. Arsenic and sulphur were seen to have a similar be-

haviour but the ratios of the two could not be determined by this method
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Fe FeAs 15 As

Figure III.1l. Isothermal, polybaric sections in the system Fe-As-S.
Sections are drawn midway between indicated limits.
(After Barton, 1969 and Kretchmar, 1973, Figure 2-1).



- 40 -

(Clark, 1960a, p. 1633; Morimoto and Clark, 1961).

Clark observed that the (131) reflections of arsenopyrite, as measured
from x-ray diffractograms, varied systematically with the assemblage and
" different temperatures of crystallization of each experimental run. It
was then shown that arsenopyrite (131) reflections vary linearly with re-
spect to the arsenic-sulphur ratio. Chemical analysis of arsenopyrites con-
firmed these relations and allowed a calibration of a (131) versus atomic
per cent arsenic curve (Morimoto and Clark, 1961). This relationship pre-
sented a rapid and reproducable method to measure the arsenic/sulphur

rations of the synthetic arsenopyrite crystals.

Arsenic/sulphur rations of arsenopyrite crystals grown at different
temperatures were found to vary linearly with temperature for each different
Fe-As—-S assemblage. This observation formed the basis for a geothermometer
in which atomic per cent arsenic (to represent As/S ratio as determined by
arsenopyrite (131) reflections), was related to temperature Qf crystalli-

zation (Morimoto and Clark, 1961).

One of the necessary conditions for arsenopyrite composition to be an
effective geothermometer is that its composition must not have changed after
crystallization. Clark (1960b) and, more recently, Kretschmar (1973) con-
ducted many tests to evaluate this possibility. They were unable to change
the composition of arsenopyrite without recrystallizing it even at time
periods of 304 days at temperatures of 550°C. Kretschmar also tried to

change arsenopyrite compositions under five kilobars pressure but was
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unsuccessful. Thus, arsenopyrite should reflect the conditions at the time
of crystallization if, since then, the temperature conditions have been

below melting levels (702°C * 3°C) and pressures have been at levels below

five kilobars.

Pressure was also seen to affect (131) reflections of arsenopyrite
systematically. A geobarometer was formulated using a limited set of pres-—
sure syntheses at less than two kilobars. This related arsenopyrite (131)
refleéctions to pressure of crystallization (Clark, 1960b). Thus, if the
temperature or the pressure could be estimated independently, the other could

be estimated using arsenopyrite diffractograms.

Kretschmar (1973) sought to refine Clark's geobarometer and geother-
mometer., He conducted synthésés in the Fe-As-S system using fluxes, which
permitted him to extend knowledge of the system down to about 300°C.
Kretschmar more clearly defined the arsenic/sulphur ratio versus temperature
of crystallization relations for each assemblage at atmospheric pressure.
This is shown in Figure III.2 ., His meausrement technique was primarily
electron-microprobe analysis (as described below) which he compared with
(131) reflections requiring a slight revision of Clark's atomic per cent

arsenic versus (131) calibration.

Kretschmar systhesized arsenopyrite at five kilobars pressure to test
Clark's geobarometer. The results of these experiments were hard to
interpret: arsenopyrites were obtained, which were both more sulphur-rich

or more arsenic-rich than arsenopyrite synthesized at the same temperatures
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at atmospheric pressure. None of the variation in composition, however, was
significantly greater than the error surrounding the value at atmospheric
pressure. Xretschmar recalculated Clark's results using the revised

(131) versus atomic per cent arsenic calibration and found the pressure
effect observed by Clark was less. Xretschmar also noted that the (131)
measurement converges on a prominent loellingite (221) reflection as
arsenopyrite becomes more sulphur-rich. Clark's two kilobar results in
loellingite assemblages are in the range of this interferring reflection:
thus the inferred sulphur enrichment could actually be a misidentification.
Kretschmar concluded that at constant temperature the trend to sulphur en-
richment as a function of pressure increase is probable, but that the
amount can be considered not significant as compared to measurement error,
at pressures lower than five kilobars. Extensive analyses of natural
arsenopyrites (Kretschmar, 1973, Chapter 5) also failed to show any syste-
matic or significant variation in sulphur content due to pressure. Clark's
pressure effect should result in some natural arsenopyrites being more
sulphur rich thanipermissible in a low pressure synthesis, but none were -
found. Kretschmar evoked the theoretical generalization of Barton (1970,
page 190) that sulphide systems should not respond markedly to pressure
change. Kullerud (1970) assessed pressure affects in sulphide systems which
had been studied. None are significant at pressures less than five kilo-

bars vis~a-vis the measurement error of Kretschmar.

In summary, after the work of Clark (1960a, b); Morimoto and Clark

(1961); and Kretschmar (1973), an arsenopyrite geothermometer has been well
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defined at atmospheric pressure between the crystallization temperatures of
about 300 and 610°C if the coexisting mineral assemblage in the Fe-As-S
system is known. An arsenopyrite geobarometer, however, appears to be less
reliable. It is likely, though not effectively proven, that the pressure
effect on arsenopyrite composition at any given temperature causes sulphur
enrichment at higher pressures, though by only a relatively small amount at

pressures of a few kilobars.

It is, therefore possible to use minerals of the Fe-As-S system to
determine the temperature of crystallization of the arsenopyrites in the

quartz veins of the present study.

A possible role for arsenopyrite in the deposition of gold was indi-
cated by the pressure experiments. Clark (1960b) notes that during the
experiments in which an attempt was made to synthesize arsenopyrite under
various confining pressures, arsenic was observed to have diffused through'
the walls of the gold pressure vessel (0.2 mm thick) at temperatures below
about 600°C. At temperatures above about 600°C gold diffused into the
arsénopyrite so that upon quenching 5 to 15 areal per cent of the synthe-
sized arsenopyrite product was gold grains. Kretschmar (1973) found a

similar effect in his pressure syntheses of arsenopyrite.

Coleman (1957) noted that at Yellowknife, N.W.T. gold was related
spatially to arsenopyrite: as coatings, in cracks in arsenopyrite, or in
discrete grains very near arsenopyrite grains. He attributed this relation-

ship to a possible solid solution effect between gold and arsenopyrite



Figure III.2. Pseudobinary T-X section showing arseno~
pyrite compositions as atomic percent
arsenic as a function of temperature.
(After Kretschmar, 1973, Figure 3-2).
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(and perhaps also pyrite) at temperatures of formation of the arsenopyrite.
The gold, trapped by the arsenopyrite, would later diffuse out upon cooling
and/or be available for later remobilization. Schwartz (1944) has cited
many examples of the spatial relationship between gold and arsenopyrite

such as that seen at Yellowknife, especially in "mesothermal" quartz vein
deposits. Arsenopyrite seems to exhibit this relationship with gold in

the Nova Scotia deposits (Malcolm, 1912; Harrison, 1938). If arsenopyrite
does play a role in concentration of gold in mesothermal quartz vein systems,
the vein systems studied in this report could show the effects of such

concentration.

III.2 Instrumentation

Arsenopyrite compositions were determined using a Cambridge Instrument
Company Microscan V electron microprobe operated at Dalhousie University.
An accelerating voltage of 15 Kilovolts was used along with a beam current
of 0.05 milliamps. Each analysis consisted of four twenty second counts
(as compared to two to eight ten second counts of Kretschmar). These were
‘averaged using the EMPADR 7 correction program written by J. Rucklidge and
E. L. Gasparini of the University of Toronto, Department of Geology. This

program uses a complete AZF correction scheme.

A standard, asp 57, and an unknown, asp 200, were provided by Dr.
Ulrich Kretschmar (COMINCO). These were numbered and used after Kretschmar,

1973. Verification of homogeneity of asp 57 and asp 200 was done and
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results agree with those of Kretschmar (1973). All samples were analyzed

against asp 57.

Several spot analyses were made on each sample. These were preceded
and followed by analysis of asp 57. Before the final standard was run for
each sample a spot analysis was made of asp 200. Chemical analyses of asp

57 from Kretschmar (1973) after Kirkham (1969) were used.

After averaging using EMPARDR 7, any individual spot analyses whose
total weight per cent exceeded 101 per cent or was less than 98 per cent
was rejected. If an asp 200 standard unknown was outside these limits, the
sample with which it was analyzed was also rejected. Several samples were
analyzed by electron micropirobe for any heavy minerals which might sub-
stitute into arsenopyrite. Special attention was given to cobalt and nickel.

The only other metal detected in these analyses was a trace amount of copper.

IIT.3 Results

Ninety-five arsenopyrite compositions from seventeen districts were

accepted from electron microprobe analyses. These are presented in Table

IIT.1.

The same standard was used in this study as in that of Kretschmar:
asp 57. The same standard unknown was also used: asp 200. ' Table III.Z2
compares Kretschmar's first 24 analyses (Table 3-5) of asp 200 versus asp

57 with this study's first 21 such analyses.
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TABLE III.1

ATOMIC % ONE ATOMIC % ONE ATOMIC % ONE
DISTRICT n As s.d. S s.d. Fe s.d.
Upper Seal
Harbour 23 32.7 0.9 34.1 0.8 33.2 0.3
The Ovens 12 31.9 0.5 34.6 0.4 33.4 0.2
Cochrane Hill 10 32.5 0.2 34.4 0.2 33.2 0.1
Salmon River 9 32.1 1.3 35.2 1.1 33.1 0.2
Lawrencetown 9 32.1 0.7 34.6 0.7 33.2 0.2
Lake Catcha 7 31.4 0.8 35.4 0.8 33.2 0.2
Cranberry Head 5 32.3 0.7 34.4 0.8 33.3 0.1
Goldenville 4 31.2 0.6 35.6 0.4 33.1 0.2
Whiteburne 4 32.6 1.6 34.5 1.5 33.0 0.2
Caribou 3 32.4 0.4 34.5 0.4 33.1 0.1
Killag 3 31.2 0.4 35.4 0.4 33.3 0.1
Molega 3 31.7 0.2 35.3 0.1 33.0 0.1
Isaac's Harbour 2 32.0 0.1 34.5 0.1 33.5 -
15 Mile Stream 2 31.2 1.7 35.5 1.5 33.3 0.3
Gold River 1 31.1 - 35.6 - 33.3 -
OVERALL 95 32.1 0.9 34.7 0.9 33.2 0.2




TABLE IIT.2

MEAN WEIGHT % MEAN ATOMIC % ONE s.d. wt%) RANGE (wt.%)

Element uk mg uk mg uk mg uk mg
As 44,44 44,61 31.77 31.8 0.45 0.41 43.7-46.1 43,9-45.3
S 21.03 20.95 35.13 35.0 0.31 0.25 19.8-21.6 20.3-21.4
Fe 34.51 34.69 | 33.10 33.2 0.20 0.32 33.8-35.3 34.2-35.2

Mean asp 200 compositions from electron microprobe data as modified by EMPADR 7. This

study (mg) analyzed asp 200 twenty-one times. Ulrich Kretschmar (1973) (uk) analyzed
asp 200 twenty-four times.

_6v—



Figure III.3. Pseusocobinary T-X section showing arsenopyrite
compositions as atomic percent arsenic as a
function of temperature (after Kretschmar, 1973,
Figure 3-2). Shaded area indicates error envelope
surrounding relevant assemblages for this study
(see Chapter III).
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Pyrrhotite and pyrite have been identified in all samples save one
from Cochrane Hill in which no pyrite was found. Sharp non-alteration
boundaries between sulphide grains are generally present. Arsenopyrite
and pyrite are seen to be imprinted on each other in most samples indicating
discrete crystallization of each but no preference as to which crystallized
first. Pyrrhotite grains are generally non-crystalline, small, inclusion-
like grains in both arsenopyrite and pyrite with sharp grain boundaries.
Thus it appears that most of the arsenopyrite sulphide suites crystallized
in the arsenopyrite-pyrite-pyrrhotite assemblage with some perhaps in the
arsenopyrite-pyrrhotite-liquid assemblage. Other suites not analyzed by
electron microprobe show a similar assemblage although pyrrhotite is some-
times in such small grains that hand specimen assignment must be done with

caution.

IITI.4 Discussion

All samples analyzed fall within the arsenopyrite-pyrite~pyrrhotite
or arsenopyrite-pyrrhotite-liquid assemblages of the Fe-As-S system. This
assemblage may be represented at the shadeéd zone (phase boundary line %

error) in Figure III.3 after Kretschmar (1973, Figure 3-2 and Table 3-8).

Kretschmar estimates the error of his assemblage lines to be between
+ 0.4 and £ 0.5 atomic per cent arsenic. This would correspond to an

average temperature variation of * 25°C,

Temperature error was determined graphically by intersections of mean
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atomic per cent arsenic error envelope (the error envelope containing one
standard deviation on either side of the mean) with assemblage composition

x temperature curve envelope.

Table III.3 gives the temperature corresponding to microprobe analyses

of atomic per cent arsenic by gold district.

Repeated analyses of asp 200 throughout the study should give a reason-
able estimation of maximum maching error (Table III.2), All analyses were
within the extremes found by Kretschmar and means and standard deviations
were quite closely comparable. This should allow comparision of results

found herein to those of Kretschmar.

Arsenopyrite crystals were generally analyzed in at least three spots:
near the centre of the crystal, near the edge of the crystal, and once in
between these spots. In a three dimensional sense this would be one near

the crystal face and two at varying distances from crystal faces.

Crystal Number of Mean One Standard
Zone Spot Analyses Atomic % As Deviation
central 9 31.54 0.81
intermediate a1 32.29 0.86
face 36 32.18 0.97
overall 95 32.11 0.91

No significant difference in arsenic content can be seen between the

zones of the crystals that were analyzed. Individual crystals show no
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TABLE III.3

DISTRICT n ATOMIC % ONE CRYSTALLIZATION T
As s.d.

Upper Seal Harbour 23 32.7 0.9 450 = 70°C
The Ovens 12 31.9 0.5 419 * 64°C
Cochrane Hill 10 32.5 0.2 457 + 30°C
Salmon River 9 32.1 1.3 431 + 100°C
Lawrencetown 9 32.1 0.7 431 = 77°C
Lake Catcha 7 31.4 0.8 389 + 63°C
Cranberry Head 5 32.3 0.7 444 + 77°C
Goldenville 4 31.2 0.5 379 + 47°C
Whiteburne 4 32.6 1.6 464 * 100°C
Caribou 3 32.4 0.4 450 + 40°C
Killag 3 31.2 0.4 379 + 42°C
Molega 3 31.7 0.2 406 * 46°C
Isaac's Harbour 2 32.0 0.1 431 + 25°C
15 Mile Stream 2 31.2 1.7 379 * 100°C
Gold River 1 31.1 - 374 £ -°C
OVERALL 95 32.1 0.9 432 * 60°C
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consistant trends in composition across their cross-sections. This indi-
cates either constant conditions during arsenopyrite crystallization or
coincidental inverse action of P-T and chemical factors. Most probably
arsenopyrite crystallization occurred in all the gold districts within a
similar set of physical-chemical conditions although local (within system)

conditions varied over time.

To check the effect of Fe-3As-S minerals as buffers to arsenopyrite
composition, analyses of arsenopyrites taken near the surface of contact

between pyrite and pyrrhotite grains were separated:

Arsenopyrite in Number of Mean One Standard
Contact With Analyses Atomic % As Deviation
pyrite 20 32.54 0.78
pyrrhotite 10 32.26 0.57
pyrite + pyrrhotite 4 32.52 0.44
overall 95 32.11 0.91

Analyses near pyrite grains averaged slightly higher in arsenic con-
tent and analyses adjacent to other Fe-As-S mineral grains exhibited
marginally less scatter. Not enough variation from other analyses is
present, however, to serve as evidence for any significant chemical variation

during crystallization.

Eleven analyses were of arsenopyrites in the country rock: 32.60 mean

atomic per cent, one standard deviation 1.05. This mean is slightly
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higher (1/2 of one standard deviation) than analyses of vein arsenopyrite

but not significantly so.

Variation of arsenic content between districts is generally not sig-
nificantly different from variation in arsenic content within a single
district. Differences in arsenic content of several times the machine error
can be found within the same crystal as well as between crystals in the
same specimen, specimens in the same district, and specimens from different

districts (Appendix I).

The mean and standard deviation of all 95 acceptable analyses give a
reasonable summary of arsenic content of arsenopyrite for the districts
analyzed. No grouping of districts or trends within districts or within
individual crystals separate themselves from these values. Thus, at this
stage of testing the technique, it seems to broadly estimate the temperature
at which arsenopyrite crystals in the gold-quartz districts under consid-

eration crystallized: 432 * 60°C.
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CHAPTER IV

FLUID INCLUSIONS

1. Background

Fluid inclusions have been described and thought about geologically
since the early nineteenth century (Sorby, 1858; Smith, 1953). Recent work
with fluid inclusions is reviewed by Roedder (1967, 1972). Unless other-

wise noted, the following discussion is summarized from Roedder (1967, 1972).

During the crystallization of a mineral and during fracturing after
crystallization, any fluid in contact with it at that time may become
entrapped in the crystal. If this fluid. is trapped during crystallization,
the result is a primary fluid inclusion. If fluid is trapped later, during
recrystallization or fracturing, a secondary fluid inclusions results. A
secondary fluid inclusion which forms when the fluid is essentially the same
(pressure, temperature, and composition) as the fluid which was trapped

during crystal growth is a pseudosecondary fluid inclusion.

Thus, fluid inclusions represent samples of fluids at some time in the
geological history of the crystal. Just what that time is, is important in
any interpretation of the crystallizing fluid made with the aid of fluid

inclusions.

It is important to have criteria to differentiate the three types of
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fluid inclusions. The only reliable criteria for recognition of primary
fluid inclusions is to relate them to recognizable crystal faces. The in-
clusions are probably not primary however, if these crystal faces coincide
with later fractures. Randomly placed inclusions far from others and un-
related to fractures are, more than likely, primary fluid inclusions.
Pseudosecondary inclusions will more likely be associated with fracture
planes than primary ones but their other properties will be the same. If
fluid conditions were constant for long periods of time most fluid inclusions
would be pseudosecondary. Secondary inciusions most commonly occur along
planes marking fractures or dislocation surfaces. They can be identified
by their divergent characteristics from nearby primary inclusions and may

provide information about the later fluid history of the mineral.

This story is complicated if necking or leakage occurs. Necking is the

process by which large inclusions reform into a set of smaller ones. If
different phases are present in the original inclusions, the smaller ones
may form with different fractions of the original fluid. Necking is generally
easy to identify and its effects when analyzing fluid inclusions can be
minimized by considering relatively isolated inclusions. Leakage is the
addition or subtraction of material between entrapment and observation.

Much has been written on this subject and is summarized by Roedder (1967,
1972) and Sawkins (1964). Leakage has been induced in the laboratory in
large inclusions near polished sections at elevated temperatures. The pres-
sure gradients from inclusion wall to atmospheric conditions in these inves-
tigations was, however, much in excess of any gradients likely in nature

or in normal laboratory conditions. Smaller inclusions, even under severe
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conditions, would be much less likely to have experienced 1eakage.‘ The
consistent results of fluid inclusions studies in zoned mineral deposits and
zoned crystals within these deposits is the strongest evidence against
significant leakage (Roedder, 1960; Schmidt, 1962; Hall and Freidman, 1962;
Sawkins, 1964; etc.). If leakage were a major factor any original hetero-
geneities would tend to equilibrate to a low T-P condition. These studies
have shown distinct, geologically reasonable fluid inclusion characteristics
supported by independent observations such as stable isotope characteristics
(Rye and O'Neil, 1968; Rye and Sawkins, 1974; Heyl, Landis and Zartman,

1974; Landis and Rye, 1974) and sulphide petrology.

The homogeneity of the original fluid and the physical and chemical
conditions at the time of entrapment influence the fluid inclusion as it is
seen in the laboratory. The fluid entrapped can be homogeneous, made up
of two or more immiscible components, or have a gas phase. Water, with rare
exceptions, is the dominant constituent of fluid inclusions. At subcrit-
ical conditions boiling can produce separate sets of liquid and gas inclu-
sions. Carbon dioxide can produce two types of heterogeneous fluids: one
‘resulting in liquid CO_ where amount of CO2 exceeds the amount soluble in

2

the water solution; and the other resulting in CO_, gas inclusions when

2

crystallization is due to pressure release causing C02 effervescence.

A homogeneous fluid, entrapped at an elevated temperature and pressure
will commonly evolve into a multiphase inclusion upon exhumation to near-

surface conditions. As temperatures decrease, solubilities decrease
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causing precipitation of salts, resulting in daughter minerals, and sep-

aration of gases such as C02.

The characteristic "bubble" is generally the result of surface tension
holding the liquid portion into a smaller volume than the thermally ex-
panded liquid entrapped at higher temperatures and pressures. This leaveé
a few sublimated water vapour molecules in the near vacuum of the bubble.
If CO2 were present in the fluid, CO2 would be in the bubble also. As CO2

solubility decreases it will separate into a gas phase. If CO2 content

were great liquid CO_ could separate. Since CO_ is markedly less dense than

2 2

water at room temperatures and pressures, and water is virtually incom-
pressible, the C02 will be a very compressed gas. This difference in gas
phase characteristics allows easy empirical discrimination between CO2 and

H20 vapour by observing an inclusion as the crystal is being crushed. A
water vapour bubble will collapse while a CO2 bubble will expand several or-

ders of magnitude in size.

The temperature of entrapment can be estimated by heating the fluid in-
clusion until it homogenizes. This temperature is a minimum entrapment
temperature for it must be corrected for pressure differences between the
experiment and actual entrapment and for the salinity of the entrapped fluid.
Salinity can be estimated by freezing the inclusion and comparing the tem-
perature observed with the freezing temperature of pure water. These two
values, homogenization temperature and salinity, can then be compared to

experimental results of temperature-pressure behaviour of water of various
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salinities (Burnham, et al., 1969; Kennedy, 1950a, 1954, 1957; Sourijan

and Kennedy, 1962; Holser and Kennedy, 1959; Takenouchi and Kennedy, 1964,
1965; Maier and Frank, 1966; especially Klevstov and Lemmlein, 1959; all
summarized in Figure IV.6. after Roedder, 1972). Unless an independent
estimate of pressure or temperature can be made the homogenization tem-
perature and the salinity only define a minimum entrapment temperature.
However, pressure can often be ascertained on the basis of stratigraphic or
petrological parameters, permitting introduction of the necessary pressure
correction. Fluid inclusions therefore can be effective and reliable geo-
thermometric tools. Conversely if the homogenization temperature and an
independent temperature are known, fluid inclusion data can be used to
estimate entrapment pressure. In this study an independent estimate of
temperature is available from arsenopyrite analysis; thus, if fluid inclu-
sions could be found in minerals which crystallized under the same conditions
as the arsenopyrites, homogenization experiments might furnish an estimate

of confining pressure during crystallization.

2. Procedures and instrumentation

Samples of vein quartz and carbonate from forty gold districts in Nova
Scotia were collected and studied. Suitable specimens for fluid inclusion
investigation were selected by examining small shards of carbonate and
quartz under the transmitted-light microscope using oils of the same re-
fraction index as the mineral. The oils present light dispersion which

precludes resolution of objects inside the specimen.
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Shards with fluid inclusions of sufficient size to allow distinction
of phases were crushed while observing under the transmitted light micro-
scope. A fairly low power (£ 192x) was necessary because specimens tended
to move while being crushed making it difficult to observe individual in-
clusions throughout decrepitation. The crushing stage consisted of two rec-.
tangular brass plates. A hinge connected the plates at one narrow edge and
a large screw at the other. A quartz disc was placed in a hole in the mid-
dle of each to allow light to pass through. A shard was placed on one

quartz disc in a drop of water or oil of the proper refractive index. The

two plates were then placed on top of one another and the screw set. The
stage was placed under a transmitted light microscope and an inclusion was
located. This inclusion was observed and the screw slowly tightened until
the inclusion decrepitated. If the inclusion bubble contains only water
vapour, the bubble will collapse.‘ If the fluid inclusion contains CO2 liquid

or vapour, it will generate a bubble much larger than the original fluid in-

clusion which will then slowly dissipate.

Selected samples were then sectioned to approximately 0.5 mm (500y)
thickness, ground with 600 mesh grit on one side, and polished on the other.

These chips were then thoroughly cleaned.

Polished chips were described and fluid inclusion characteristics

noted and sketched.

Portions of the polished chip were then used in heating stage experi-

ments and others used in cooling stage experiments. Inclusions were small
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and their numbers great, so that relocation of individual inclusions after

an experiment was usually impossible.

Heating stage and cooling stage experiments were conducted initially
in the laboratory of F. J. Sawkins of the Department of Geology and Geo-

physics, University of Minnesota in Minneapolis, in December of 1973.

Further experiments were conducted at Dalhousie University on heating
and cooling stages built by the author and modelled after apparatus at the

University of Minnesota.

The heating stage consists of an aluminium cylinder 5.6 cm tall and
5.1 cm in inside diameter. This cylinder sits on a quartz disc. Upon a
ledge on £he inside of the cylinder rests another quartz disc upon which the
sample is placed. An aluminum séacer is placed upon this and another quartz
disc placed on top of this spacer, creating a wafer-shaped specimen chamber
1.0 cm high and 4.2 cm in diameter. Another aluminum spacer is placed
over this and another quartz plate at the top of it and flush with the top
of the aluminum cylinder. A resistance wire was coiled around the cylinder
to provide a heat source and the whole oven enclosed in a box of asbestos
board and the spaced packed with alumina insulation. The resistance coil
is attached to a variable transformer to provide a heating control. Tem-
perature is meausred by a chromelalumel thermocouple placed in the specimen
chamber. The exact position of the thermocouple can be adjusted for each
sample. The thermocouple is standardized in an ice-water bath and its out-

put measured on a millivolt meter. The thermocouple was standardized at
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Figure IV.1l. Heating stage.
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Figure IV.2. Heating stage.
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Figure IV.3. Freezing stage.
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Figure IV.4. Cooling coils for gaseous nitrogen coolent of cooling stage.



- 68 -

frequent intervals with TEMPILSTIKS which melt at a given temperature.
At least six different melting temperatures were used and calibrations were

always linear. Calibrations could always be repeated ito within 1°C.

Homogenization temperatures were difficult to determine accurately.
As the bubble is heated it grows smaller until at a critical, small diameter
the surface tension is enough to collapse it and it disappears suddenly.
Before disappearance the bubble usually begins rapid motion inside the in-
clusion and the stopping of this motion is the last that can be seen of the
bubble and is taken as the homogenization temperature (TH). This point can
often only be approximated within 6°C. Repetitions of temperature deter-
minations on the same fluid inclusion usually produce homogenization tem-
peratures within this error of approximation. The precision of the stage
is therefore more than adequate vis-a-vis the accuracy of temperatures deter-
mined. Final approaches to TH are done slowly to minimize any temperature

gradients within the stage (Roedder, 1962; Sawkins, 1966).

The freezing stage follows a similar plan in dimension and temperature
measurement but the temperature control is supplied by a stream of dry
gaseous nitrogen cooled by passing the stream, enclosed in a copper tube,
through vacuum jars of ligquid nitrogen. The temperature can be controlled

easily to within 0.2°C by varying the velocity of the nitrogen flow.

3. Results

Fluid inclusions found in specimens of vein quartz from various gold-
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quartz districts of the Meguma platform of Nova Scotia showed little vari-
ation in type, or ratios of types, between specimens. Most samples showed
thousands of fluid inclusions per 1-2 square centimeter chip. Exceptions
exhibited severe undulose extinction. A few fluid inclusions could be found
even in these strained crystals, but difficulties in seeing into these

crystals could have allowed many inclusions to escape observation.

Most of the fluid inclusions are extremely small, being less than 5U
in diameter. These inclusions tend to be grouped together on planes and
approach shapes of negative crystals. It is impossible to differentiate
original growth planes from later glide or fracture planes in these quartz
grains so inclusions occurring along planes are classed as 'secondary. The
larger inclusions along these planes differ greatly in shape and size.
These inclusions have vapour bubbles which vary in size but generally fall
between about 20 and 5 per cent of the volume of the inclusion. Inclusions
with large vapour bubbles are also present but in much smaller numbers.
Many other inclusions are not related to any plane: these are most likely
to be unaffected by necking and should be largely pseudosecondary. The
~range of inclusion size is not as great as those along planes and inclu-
sions of 5 to 40U are common. The vapour bubble has a narrower range of
size in felation to fluid inclusion averaging about 10 to 20 per cent of

the inclusion volume.
Solid phases were not observed in any fluid inclusions.

Crushing stage experiments resulted in vapour bubble expansion by

several orders of magnitude when fluid inclusions were decrepitated in
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refractive index oil (D5893A at 25°C; R.I. = 1.54). It was very difficult
to observe an individual inclusion decrepitate because of the magnification
necessary and the violent movements of the specimens; but all inclusions
observed showed vapour bubble expansion. A double rimmed bubble could
sometimes be seen before decrepitation indicating that the liquid CO2 phase

was present at room temperature.

Wetting characteristics and fluidity to vapour phase movements are

consistent with the liguid phase of H20.

Freezing of the liquid phase was not observed. This could be due to
the small size of the inclusions, prohibiting the nucleation of ice crystals
(Roedder, 1963; Roedder, 1971), or the ice being invisible because of
crystallization into only one transparent crystal (Roedder, 1962; Roedder,
1971; Roedder, personal communication 1974; Sawkins, personal communication,
1973). Salinities of these fluid inclusions is not great, however, for no
solid phases exist. Cooling did increase the separation of ligquid from

gaseous CO2 confirming observations of crushing experiments.

Heating stage experiments were limited by the optics required. Long
focus objectives are necessary for focusing into the furnace limiting ef-
fective magnification to 320x. Inclusions of 20-40U were used for most

measurements.

Representative inclusions were sought which were isolated by at least
several times their diameter from other fluid inclusions to avoid inclu-

sions which had necked down during their history. Inclusions located in
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planes tend to be flatter, larger, and closer together than isolated in-
clusions. Inclusions of both types were homogenized to see how they con-

trasted.

Figure IV.5. shows measurements of homogenization temperature recorded
in this study. All inclusions measured were in quartz grains which were
in intimate contact with carbonate and arsenopyrite grains. Fluid inclu-
sions in carbonate grains occur along glide planes and are clearly secondary.

Isolated fluid inclusions in 'carbonate grains are rare.

The isolated inclusions fall clearly within two groups: one larger
group, mean TH = 262°C * 9.9°C (one standard deviation, n = 15); and one
smaller group, mean TH 210°C * 6. °C (one standard deviation, n = 3). The
grouped inclusions exhibit wide scatter (mean TH 225°C = 37.6°C, n = 8) but

tend to have values dispersed about the smaller group of isolated inclusions.

These results are consistent with the assumption that isolated inclu-
sions have not necked or leaked and define a large group of pseudosecondary
inclusions and a smaller group of secondary inclusions. Measurements of in-
clusions in close proximity along planes which presumably define fractures
or glide planes represent secondary inclusions which have necked and leaked

to varying degrees.

If the pseudosecondary inclusions represent homogeneous fluids en-
trapped as the quartz crystal grew that entrapment could not have taken

place below about 262°C + 10°C. Any confining pressure at the time of
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entrapment would raise this temperature.

By comparing P-T effects upon these fluid inclusions with experimental
data on P-T effects of HZO—COZ—NaCl solutions as summarized in Figure IV.6.
(after Roedder, 1965; after Kennedy, 1950a, Maier and Frank, 1966; and
Lemmlein, 1956), an estimation of pressure can be obtained if an independent
estimate of temperature is available. Figure IV.6 also plots temperature of
entrapment against density (volume of liquid phase/volume of vapour phase)
at room temperature and pressure. The density of a two phase fluid inclu-
sion, in which the liquid is Hzo, is a function of the entrapment tempera-
ture alone if the fluid was entrapped below the critical conditions; or a
function of both entrapment temperature and confining pressure if the fluid
was entrapped above the critical conditions. If it is assumed that the
fluid inclusions were entrapped at or near the time of crystallization of
nearby arsenopyrite, a pressure may be estimated by using the independent
arsenopyrite temperature from the previous chapter: 432 * 60°C. This
pressure estimate ranges from 1300 bars to 3200 bars at 0.0% salinity. As
previously discussed, salinity is low: considerably less than five weight
% NaCl equivalent (Roedder, 1972; Sawkins, pers. comm.). This salinity
would raise the pressure limits slightly but not by more than a few hun-
dred bars and most likely much less (Klevstov and Lemmlein, 1959). Therefore,
if the previous assumptions estimate the history of the isolated fluid in-
clusions, a reasonable estimate of the confining pressure at entrapment,
quartz crystallization, and arsenopyrite crystallization might be 2.3 *

1.0 kilobars.



Figure IV.6.

Pressure estimation for pseudosecondary
fluid inclusions filling at 262 * 10°C
if initial filling was at the temperature

estimated for arsenopyrite crystallization
of 432 * 60°cC.
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Figure IV.7 suggests interesting entrapment conditions for the sec-
ondary fluid inclusions. The lack of grades of regional metamorphism in
the gold districts significantly higher than greenschist grade suggests that
the temperature of the country rock probably at no time exceeded by more
than 50-100°C the temperature of arsenopyrite crystallization. The lack of
any wall rock alteration around the veins indicates that the crystallization
temperature of the vein assemblages was not strikingly different from the
surrounding country rock during the time of crystallization. Thus the
arsenopyrite crystallization temperature of 432° * 60°C closely approximates
the maximum temperature of the vein and country rock assemblages. If the
secondary fluid inclusions represent residual fluids remobilized along glide
planes of quartz grains during deformation, their characteristics may give
a clue to the P-T conditions during that deformation. If the deformation
is related to post-crystallization folding of the quartz veins (see Chapters
ITI and VII), the temperatures should not be appreciably lower since axial
plane slaty cleavage is defined by greenschist grade metamorphic minerals.
Under constant temperature conditions the secondary fluid inclusions estimate
a pressure of about 3.3 % 0.8 kilobars or about one kilobar higher than the
primary enfrapment pressure estimated by the pseudosecondary fluid inclu-
sions and arsenopyrites. If real, this pressure difference could represent
1. less pressure in the original vein, perhaps aiding crystallization; or
2. an increase in tectonic stress from the time of initial entrapment to

the time of folding.



Figure IV.7. Pressure estimation for secondary fluid
inclusions filling at 210°C (T ) .if at
temperature of arsenopyrite crystallization
of 432 * 60°C. (Pseudosecondary filling
temperature 262 * 10°C represented in smaller
vertical lines.)
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4. Summary

The observations and measurements of fluid inclusions considered in

this study are discussed and listed below.

1. Vvisible fluid inclusioné were separated into two categories. Fluid
inclusions with wide size range which occur in planar groups of nearby
inclusions are most likely secondary and necking probably affected a
a large number of them. Fluid inclusions not related to planar groups
and isolated from other fluid inclusions have smaller ranges of size
and the proportion of that size occupied by the gase phase; these do
not show necking features but could be pseudosecondary or secondary.

Criteria for identifying primary fluid inclusions were lacking.

2. The fluid inclusion compositions are HZO in a liguid phase and COZ

" comprising the bulk of the vapour phase. Salinities are low.

3. Isolated fluid inclusions from quartz grains intimately related spatially
to carbonate and arsenopyrite grains exhibit homogenization temperatures
which fall into two distinct groups. One large group averages 262°C
(one standard deviation: 9.9°C) and most probably represent minimum
entrapment temperatures of pseudosecondary fluid inclusions. Another
group have lower temperatures of homogenization averaging 210°C (one
standard deviation: 6.0°C): these are most likely secondary inclus-
ions. Homogenization temperatures of flﬁid inclusions along planes
and in groups show a wider scatter of values but tend to have values

dispersed about the smaller, lower temperature group of isolated
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inclusions.

An estimate of the confining pressure of entrapment can be made using
homogenization temperatures of pseudosecondary fluid inclusions,
estimates of arsenopyrite crystallization temperatures, and experimental
data from other workers in the system H_O-NaCl-CO_. This pressure is

2 2
2.3+ 1.0 kilobars.
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CHAPTER V

DISCUSSION OF VEIN GENESIS

V.1l. 1Introduction

The previous chapters have discussed observations on the gold-bearing
quartz veins of the Meguma Group. Measurements of mineralogical parameters
to estimate pressure and temperature conditions have also been made. This
chapter will attempt to assemble those observations and measurements into
a framework of constraints to models of vein genesis, setting the stage

for discussing a consistent model of vein formation and its implications.

A brief summary of conclusions from the previous chapters which bear
upon vein genesis follows: for more detailed discussion of these points

consult the appropriate dhapter.

1. For any volume of Meguma, strain features indicate relatively homo-

geneous history: burial conditions followed by pronounced compression

in a SE-NW direction followed by a less pronounced horizontal compression

in a E-W direction during which Devonian batholithic bodies were emplaced

followed by a return to burial conditions.

2. Large regional folds and penetrative axial plane cleavage are the dom-

inant strain feature and occurred in response to SE-NW compression.

3. Interbedded veins occur in slate beds between thicker quartzite beds.
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Interbedded veins always occur in groups of parallel veins. All such
groups have associated gold production. Cross veins occur throughout
the Meguma Group rocks but are productive only where they intersect

interbedded vein groups.

The interbedded veins are deformed in response to the same SE-NW com-

pression as are the country rocks.

Interbedded quartz vein 'groups are preferentially located near anti-

clinal axes of major regional folds.

Interbedded quartz vein groups are located within the area of greenschist
grade regional metamorphism. These metamorphic minerals define the

axial plane cléavage. This cleavage is deflected by folded quartz veins
as would be expected if the veins were a competent folded layer during
cleavage formation. On the basis of the mineral assemblages, tempera-
tures and pressures of this regional metamorphism may be estimated at

the lower end of greenschist grade conditions: 300° to 500°C and 3 to

8 kilobars.

The regional metamorphic assemblage and the vein assemblage are similar.

There is no "hydrothermal ‘alteration" aureole around the veins.

The quartz veins under study exhibit a constant mineralogy which is
always present where gold production is .reported: dominantly guartz,
secondly carbonate, minor amounts of arsenopyrite-pyrite-pyrrhotite, and
country rock fragments. Chalcopyrite, galena, sphalerite, feldspar,

rutile, scheelite, and gold are trace minerals.
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In cross section, the minerals exhibit consistent relationships.
Carbonate occurs in sharp contact with both vein walls and in crystal
face terminations (open-space filling) in contact with quartz which
occupies the median part of the vein. Sulphide minerals tend to be
most abundant at the carbonate-~-wall rock contact and within the

carbonate.

Gold is associated with areas of the veins with the most carbonate and
sulphide minerals. These minerals are most abundant at vein rolls,
irregularities, and thickenings. Small angular veins of similar

mineralogy are more common at these same localities.

Contact metamorphic effects are a later overprint on the regional meta-

morphic greenschist assemblage and the vein mineral assemblage.

The arsenopyrite geothermometer estimates a temperature of vein crystal-
lization of 432°C % 60°C. Confining pressure of vein crystallization

should not greatly affect this estimate.

The fluid inclusion compositions are H,O in a liquid phase and CO2 com-

2
prising the bulk of the vapour phase. Salinities are low: probably

less than 5% NaCl by weight equivalent.

Using arsenopyrite geothermometry and fluid inclusion geobarometry a
confining pressure estimate of 2.3 * 1.0 kilobars for vein crystal-

lization is obtained.



These observations allow limitations of relative time, physical con-
ditions, chemical conditions, and stress conditions to be constructed for
vein formation in relation to folding, cleavage formation, and regional

metamorphism.

V.2. Discussion of observations and measurements relating to vein genesis

The temperature of vein crystallization is estimated by the arseno-
pyrite geothermometer discussed in Chapter‘III at 432°C * 60°C. The
arsenopyrite grains are intimately associated with the other major minerals
of the veins. They have sharp contacts with pyrite, pyrrhotite and carbon-
ate and are veined by quartz. Arsenopyrite grains in the country rock show
no different associations or compositions from arsenopyrite grains in the
veins. There are no significant differences between arsenopyrite associa-
tions or compositions among the districts: variations between districts
being no greater than variations within hand specimen-scale samples. None
of these observations is inconsistent with using the arsenopyrite compositions

as an estimator of crystallization temperature of the veins.

Fluid inclusions near arsenopyrite-carbonate aggregates have charac-
teristics identical to those in more central portions of a vein. Pseudo-
secondary fluid inclusions have consistent homogenization temperatures in
all samples and districts where measurement was attempted. Since homo-
genization temperature is dependent up temperature and pressure of entrap-
ment, these conditions appear to have been similar throughout any one

interbedded quartz vein and among all interbedded quartz veins examined.
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Pressures of entrapment estimated from homogenization temperatures and

arsenopyrite compositions range between 1.5 and 3.5 kb.

Due to uncertainities resulting from the measurement techniques, only
a rather broad estimation of pressure-temperature range of vein crystal-
lization was possible but even this puts many restrictions on conditions
of vein formation. Both temperatures and pressures are beyond primary or
diagenetic conditions and are within the lower low grade regional meta-
morphic grade of Winkler (1974). No regional or local gradients are

recognized.

Components of the veins do not display evidence of disequilibrium con-
ditions with each other or with the regional metamorphic assemblages
around them. Sulphide assemblages within the wall rocks are the same as
within the veins and several arsenopyrite compositions measured in these
wall rock assemblages were not significantly different in arsenic content

and range of composition from arsenopyrite compositions in vein assemblages.

‘ Interbedded veins have been folded by Fl folds and deformed veins
deflect an axial plane cleavage defined by greenschist regional metamorphic
minerals. Thus vein crystallization had to occur after the onset of green-
schist regional metamorphic conditions (as indicated by P-T estimates) but
before Fl folding and Sl cleavage which were completed before greenschist
conditions were completed as unoriented biotites and feldspar grains indi-

cate. Vein crystallization could have been as late as incipient folding

but their orientation at formation must have been essentially planar and
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and horizontal. The stress conditions must have been essentially the same
as those that resulted in Fl and Sl strain features: NW-SE horizontal

maximum effective stress and vertical minimum effective stress.

The vein components are of constant ratios and textures throughout
the interbedded vein districts. The textures indicate initial precipi-
tation of carbonate from the vein walls, accompanied by sulphides and,
followed by filling of the remainder of the vein by massive quartz. The
temperature conditions during the formation of the veins cannot have ex-
hibited prolonged periods of decrease, or the minerals defining cleavage
would have stabilized in orientation before folding and not have continued
to define axial planes. Thus precipitation by pressure decrease seems the
most likely mechanism since chemical homogeneity exists between vein
minerals and cement minerals throughout the region affected by greenschist

regional metamorphism.

Sharp (1965) studied precipitation in HZO solutions saturated with
carbonate and silica. At temperatures greater than 300°C, quartz should
precipitate in preference to carbonate by at least a ratio of 1000:1 because
calcite solubilities are highest at lowest temperatures while quartz solu-
bilities are highest at highest temperatures. Salinity differences will

affect the temperature of onset of these conditions but not the amounts.

CO2 in the system, however, greatly affects carbonate solubility (Sharp

and Kennedy, 1965). At any constant CO_ pressure calcite solubility in-

2

creases exponentially with increasing temperature. A fluid rich in CO2

will tend to precipitate carbonates if subjected to a substantial pressure
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drop but any accompanying drop in temperature would redissolve the car-

bonate very rapidly (Sharp and Kennedy, 1965).

Thus it would appear that the only way to get the observed sequence of
deposition under the P-T conditions estimated for vein formation would be
a sudden substantial pressure drop followed by rapidly precipitated car-
bonate followed by rapidly precipitated quartz (Anderson and Burnham, 1965).
The quartz must protect the carbonate from being rapidly redissolved by
the solution and the carbonate must be deposited rapidly enough to keep
from being overwhelmed in amount by the quartz. That CO, is present in the

2

solutions 1is evident from the C02 content of the quartz fluid inclusions and

the presence of carbonate itself in the wall rocks and the veins.

In summary, any mechanism of vein formation must satisfy the conclusions

of this discussion.

(1) P-T conditions within 432°C * 60°C and 2.3 * 1.0 kilobars.

(2) Interbedded vein mineral assemblages appear to have crystallized in
equilibrium with the surrounding country rock within greenschist region-
al metamorphic conditions.

(3) At formation, interbedded veins appear to have been essentially planar
and horizontal in orientation.

(4) Vein formation took place under the same stress conditions that resulted
in later Fl folds and Sl cleavage: NE-SW horizontal maximum effective
stress and vertical minimum effective stress.

(5) The precipitation mechanism was most likely a sudden substantial drop

in pressure and caused rapid precipitation of the vein minerals.
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V.3. Evolution of hypothesis of gold district quartz vein genesis in the

literature

At the initiation of this study, the prevailing view concerning the
origin of the gold-bearing quartz veins appeared to be that the veins were
genetically related to the post-tectonic granitic bodies: 1i.e. Rose (1970):
"The deposits show a spatial relationship to the intrusive Devonian granites

and appear to have been deposited from solutions generated by them."

The evolution of this particular genetic interpretation deserves care-

ful consideration.

Since the first work on the gold districts in Nova Scotia the genesis
of the veins has been controversial. W. Malcolm in his review of 1912

summarized the main point of contention:

"Three different opinions have been held as to the

origin of the solutions by which the fissures were

filled:

(1) that the minerals were deposited from descend-
ing solutions;

(2) that they were dissolved out of the country rock;

(3) that they were deposited from ascending fluids.
Little evidence has been adduced in favour of

the first, and the two most generally held are the

second and third." (page 107).
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J. W. Dawson, after inspection of the gold districts, concluded that
" ... while certain field relations indicate that the veins were formed

prior to the granite intrusion, the question of the source of the solu-

tions is still open." (Dawson, 1878).

E. R. Faribault, who spent almost fifty years describing the gold
districts, was more adamant about the relationship between the veins and
the granites: " .... granite dykes and veins have been observed to always
cut the interstratified quartz veins wherever they come in contact with
them. The granite has thus no relation to the auriferous character of
the veins, ana need not again be referred to." (Faribault, 1899, page 1).
This together with the observation that gold often occurred in the country
rock led Faribault to contend that the minerals of the gquartz veins were

from the adjacent country rock. Faribault also envisioned a mechanism to

form the quartz veins:

"It was during the progress of the slow folding of the
measures, that the rich quartz veins and large saddle-

lodes of quartz were formed ..." (page 4).

"In a certain thickness of sheets of paper or cloth,
bent into an anticlinal fold, a slipping of the
several layers on each other will take place, the
sides of the fold will be tightly compressed, while,
on top, openings will be formed. In the same manner

in the folding of this great thickness of strata,
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the beds separated along the planes of stratification,
and moved along these planes, the upper bed sliding

upward on the lower inclined bed." (page 6).

No new mechanisms of vein emplacement have been mentioned in the litera-
ture, but his views on the origin of solutions and timing of events were

rarely mentioned, much less agreed to.

Malcolm, who summarized Paribault's work disagreed with him in favour

of ascending solutions:

"

the observed facts seem to be best explained on
the theory that the veins were formed by the deposition
of quartz, sulphides, and gold in cross fractures and
interbedded openings occurring chiefly in the black

or pyritous slate beds of the Goldenville formation,
that the conditions necessary for the formation of the
veins was a great deal of fracturing across the bed-
ding planes, permitting the passage of ascending
thermal solutions, and that these fractures were prod-
uced where the two horizontal orogenic forces mani-
fested themselves in the formation of domes or plunging

anticlines". (Malcolm, 1912, page 110).

Malcolm did not state, however, where the "ascending thermal solutions"

had come from.
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Waldemar Lindgren, in his fourth edition of Mineral Deposits, (4th

edition, 1933), overlooking the field evidence presented by Faribault,
hardens the stance of Malcolm: "The gold-bearing veins were probably formed
soon after the granitic intrusion", (page 563). W. H. Emmons (1937) in

his survey, Gold Deposits of the World seconds the motion: "The veins

probably were formed in Devonian times in connection with the intrusion of
the granite." (page 85). W. H. Newhouse (1936) turned "probably" into
dogma with a study of polished sections of gold ores where he concluded
that the quantity of gold varied with distance from the granite: "The
solutions that formed the gold veins are believed to have come from the
granite at depth, and the deposits are zoned to the large intrusive masses
of granite, which acted as local heat centers." (page 830). Subsequent
work and observations (e.g. Douglas, 1944) are based on the conclusions of

Newhouse.

The present study confirms and generalizes the field relations as seen
by Faribault. Granite emplacement occurred under very different conditions
than vein formation. NW-SE maximum strain and regional metamorphism were

completed when the granites were emplaced under E-W maximum compression.

The usual evidence for "ascending thermal solutions" of Malcolm,
Lindgren, Emmons, and Newhouse; wall rock alteratign in the sense of
Lindgren; is lacking. Pressure and temperature estimates for wall rock
regional metamorphism and vein crystallization are not different, which
confirms field evidence for vein formation during and in equilibrium with

greenschist regional metamorphism.
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Newhouse divided the gold districts into three zones. The furthest
zone contained one distrcit: West Gore. West Gore is an antimony pro-
ducer with byproduction of gold. Mineralization consists of stibnite,
native antimony, arsenopyrite, pyrite, and gold with quartz, calcite, and
crushed slate making up the gangue. Mineralization is associated with
near-vertical cross-cutting faults in Halifax slates very near the contact
with carboniferous clastics (Stevenson, 1959). In mineralogy, location,
geometry, and structural control West Gore is distinctly different from
the rest of the gold districts of the Meguma and placing it in a zonal
classification with them is misleading. The middle zone of Newhouse con-
tains most of the gold districts. Within this zone he contends that pro-
duction is related to distance from the granite: however, using the maps
he uses, a linear correlation coefficient of -0.187 (r2 = 0.051, n = 15) is
obtained between miles from granite and production (NSDM Ann. Rept., 1967)
which is not a significant trend. The inner group of Newhouse contains

those districts within the contact metamorphic aureole of the granite: as

discussed previously this post-dates vein formation.

In short, Faribault's observations are confirmed and his conclusions
concerning timing and fluid origin are seen as much closer approximations

to the truth than those of subsequent workers.

Faribault's mechanism of vein formation, however, does not satisfy the
restraints placed upon it by the relative timing of events. If vein for-
mation preceded folding, a mechanism dependent on folding cannot be invoked,
and if vein formation accompanied incipient folding of a plastic deforma-

tion style, flexural slip would not be consistent with rock plasticity.
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CHAPTER VI

PORE PRESSURE PHENOMENA

The formation of the interbedded veins considered in this study seems
to take place in a differential stress field in a relatively short time.
For a mineralizing solution to be available to eﬁter a protovein in a short
time it must be near at hand. The formation pore fluid of the surrounding
rocks satisfies this criterion. This chapter will investigate the behaviour
of formation pore fluids at elevated temperatures and pressures and under

differential stress.

The Meguma Group rocks of the gold districts exhibit plastic defor-
mation in the form of Fl folds. They also exhibit brittle deformation
preserved as interbedded quartz veins with open-space filling textures.
The discussion of the previous chapter offers evidence for this brittle

deformation occurring before the plastic deformation but under roughly

similar P-T, chemical, and stress conditions.

If a differential stress is applied to a body of rock, its strain
response can be indicated graphically by Figure VI.l. (after Ramsay, 1967,

Figure 6-3).

Up to some level of stress (Ol), the rock will deform elastically.
Beyond a certain yield stress, Ol on the diagram, the rock will begin de-

forming plastically; that is, if the stress is released the rock will

maintain its deformed state. The yield point is affected by temperature,
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stress

strain

Figure VI.l. Generalized stress-strain relationships in elastic-plastic
material. O_ = yield point dividing elastic behaviour at
lower stress from plastic behaviour at higher stress.
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Figure VI.2. Differential stress represented on a Mohr diagram for
stress. O_ = minimum compressive stress, Ol = maximum
compressive stress.
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pressure and strain rate; increasing with increasing confining pressure,
decreasing with increasing temperature, and increasing with increasing strain

rate.

Below the yield stress the rock may deform by sudden fracture: brittle

failure.

The conditions of brittle failure may be seen clearly by using a Mohr

diagram for stress. Normal stress is plotted on the abscissa and shear

stress as the ordinate. Any differential stress may be shown as a circle
centre (0, + 0) / 2 and diameter Ol - 03. If 03 is held constant and Ol

is gradually increased failure will occur at some critical differential

stress.

If 03 is changed several times and Ol increased each time until fail-
ure, a curve connecting the tangents of the critical differential stress

circles can be constructed. This is called a Mohr failure envelope and an

example is shown in Figure VI.3.

These experiments are commonly carried out using triaxial testing
apparatus in which the confining pressure is controlled with a confining
jacket and a pressurizing fluid: thus 63 always equals 02. The deviatoric
stress is imparted by a piston and can be varied continuously. Such
empirical experiments tend to define parabolic failure envelopes (Ode,

1960; Ramsay, 1967). This behaviour is that predicted by Griffith (1921,

1925, cited in Secor, 1965; Brace, 1960) on the basis of the behaviour of
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Figure VI.3. Mohr diagram for stress with failure envelope. T = shear
stress, O= normal stress, T = tensile strength.
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microscopic and submicroscopic cracks. In the compressive region the
Griffith model predicts failure at levels which are too low: in this re-
gion failure is best predicted by a straight line closer to Coulomb
criterion (McClintock and Walsh, 1962;>Secor, 1965; Phillips, 1972).

These two curves can be joined so that the Coulomb criterion corresponds to
average experimental slopes found in experiments (Hubbert and Rubey, 1959,
p. 124). Such a combined Mohr envelope is shown in Figure VI.3. (after

Secor, 1965, Figure 1).

The point where the failure envelope intersects the T axis marks the
cohesive strength of the rock. It is twice as much as the tensile strength
which is represented by the intersection of the failure envelope with the

0 axis at -T.

The failure point is represented on Figure VI.4 by point P. The
angle 26 between tangent point P, the stress circle centre (Ol; - 03) / 2,
and the origin estimates twice the angle the resulting fractures will make

with the maximum compressive stress (Ol) axis.

Hubbert and Rubey (1959; Rubey and Hubbert, 1959) developed the
theoretical considerations of the effect of pore fluid pressure on rock
behavior under differential stress conditions in order to understand the
mechanisms of overthrust faulting. (P. C. Gretener, 1969, offers a
summary of Hubbert and Rubey's work, a practical review of subsequent work
and examples of the theory's usefulness in predicting phenomena.) Hubbert
and Rubey (1959) showed that the concept developed by Terzaghi (1936) in

explaining soil stability by effective stress can be applied to rocks.
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+T

+O

Figure VI.4. Mohr diagram for stress with failure envelope illustrating
failure criterion. (After Secor, 1965, Figure 2). Further
explanation in text of Chapter VI.
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The concept can be summarized by S = 0 + p where total stress (S) is made

up of an effective stress component (0), which can be viewed as matrix
stress or grain-to-grain pressure, and a fluid pressure component (p).

Thus any change in the fluid pressure component under constant conditions
will result in an opposite change in the effective stress component. The
importance of this equation to the prediction of brittle behaviour lies in
the apparent control of such failure only by the effective stress (0)
(Hubbert and Rubey, 1959). This prediction has been confirmed experimentally
(Handin et al., 1963; Jaeger, 1963). Normal fluid pressure is equivalent

to the weight of the water column at a given depth or the hydrostatic
pressure. Fluid pressure levels below normal are rare in nature. High
fluid pressures (overpressures, of petroleum technology) are common, however.
If the total vertical stress is taken as the weight of the overburden

(Sd = pBgd where Sd = overburden pressure or lithostatic pressure, DB =

bulk density of overburden, g = acceleration of gravity, and d = depth) or
lithostatic pressure, a useful measure of fluid pressure is the ratio of the
fluid pressure to the lithostatic pressure (A = P/Sd). Normally (Kn) the
ratio is about 0.45, but the ratio cannot exceed 1.0. If A equals or ex-
ceeds 1.0, the overburden, or 1lid, will 1lift to create more porosity thus
lowering A below 1.0. Values of A in excess of 0.9 have been found in oil

wells in Iran (Mostofi and Gansser, 1957).

Under differential stress conditions, the role of fluid pressure in

porous rock is also important.

An increase in pore pressure in the rock represented would affect all
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the stress directions equally, so that Ozl becomes OZ—Ap,val becomes
Oy—Ap, and O;'becomes Ox—Ap. On a Mohr diagram, Figure VI.8., the impli-
cation is clear: the differential stress remains constant (OZ—OY = (OZ—Ap)—
(0 -Ap)) but the ratio will increase (0z - Ap 5 0z); or, in other words,

Y oy Ap oy

the differential stress is unchanged but the effectiveness is increased as

the failure envelope is neared.

An instance of the practical application of this analysis is presented
by Gretener (1969). Hydrocarbon wells are fractured to improve permeability
of the producing horizon. The procedure is to close off the producing
section of the well and then to raise the fluid pressure of that section.

At a certain pressure (Pc) the interval fractures and fluid pressure drops
(Pi) as fluid is injected into the interval. No difference in stress

state has occurred, only an addition of fluid pressure until the differential
stress Was moved to the left on the appropriate Mohr construction to inter-

sect the failure envelope (Figure VI.5.).

A similar effect can be invoked to explain the correlation of earth-
quake activity with injection of liquid wastes at the Denver arsenal in

the mid-1960;s (Healy, et al., 1968; Gretener, 1969).

A more directly relevant application is the work of Secor (1965) in
applying the concept of effective stress to joint formation. Joints are
a widespread feature and geological evidence points to their formation as
soon as.a rock begins to deform brittlely. Lack of displacement and
commonplace plumose markings indicate that they are tensional features.

Traditional rock deformation theory, however, holds that tensional
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Figure VI.S3. Mohr diagram for stress illustrating failure in tensile
region as a result of an increase in pore fluid pressure
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TIME

Generalized fluid pressure curve for a hydraulic fracturing
operation in a petroleum well. (After Gretener, 1969,
Figure 17).
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conditions can only occur at very shallow depth and the observed relation-

ships should be impossible.

One of the total principal stresses must be vertical if the Earth's
surface is taken as a horizontal surface. This restricts the possible total
stress field orientations to the three depicted in Figure VI.7 (after

Secor, 1965, Figure 4).

The conditions for tension failure, as shown on a Mohr diagram, are
03 = -T (Figure VI.8 , after Secor, 1965, Figure 3). If the differential

stress becomes too large, the envelope can not be met in the zone of

tension; thus, Ol cannot exceed + 3 T (Figure VI.8).

P
As discussed above, S = 0 + p, A = ——, and S = p_gd. Thus,
vert B
vert
Overt = pBgd (1-A). Substituting for the maximum differential stress, the

. ; sy +3T
maximum depth of tension conditions can be seen to be d 3

max 559(1—%) where

the maximum stress is vertical and d 3T

= ——————— where the intermediate
max ang(l—X)

stress is vertical, O, being n times greater than 0_ (Secor, 1965, 640-641).

1 2

Substituting reasonable values for bulk density (DB) and tensile strength
(T), Secor found that jointing under extension could occur at great depths
with only slightly abnormal fluid pressures even in weak rocks. The flow
characteristics of Iranian oil wells under evaporite caps and very high A's
seem to confirm that open fractures can be maintained at considerable

depths by pore fluid pressures (Mostofi and Gansser, 1957).

Using a similar analysis, it can be shown that under stress conditions

where the minimum stress axis is vertical, that horizontal extension features
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Three possible configurations of effective stress in the
earth's crust and orientation of initial tensile failure.

g greatest effective stress, 0, = intermediate effective
stress, O least effective stress, p_gd (1-}) stress
normal to earth's surface as a result of the bulk density
of the fluid saturated rock (p_.), the acceleration due to
gravity (g), the depth of overgurden (d), and the ratio

of pore fluid pressure to overburden.
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Figure VI.8. Mohr diagram for stress with failure envelope and a
family of stress circles indicating failure criteria.
(After Secor, 1965, Figure 3).



- 107 -

can be expected to form under moderate differential stress and elevated

fluid pressure (see next chapter).

It has been shown above that an effective stress and a differential
stress can induce brittle fractures under different conditions and at dif-
ferent orientations under elevated pore fluid pressures. A consideration

of causes of above normal pore fluid pressure is therefore important.

The tendency in any abnormally pressured zone will be for the pore
fluid to migrate or leak toward zones of more normal pressure. Due to this
leakage, overpressuring must be a dynamic process. Furthermore, to maintain
an overpressure for a geologically significant amount of time, leakage must
be slower than active overpressuring. A process causing abnormal fluid
pressure will thus be more effective if the permeability of the rock is

low.

Three general methods of producing abnormal fluid pressures can be
envisioned. First, the lithostatic pressure can be decreased. This could
occur upon rapid removal of overburden outstripping the fluid's ability

to re—equilibrate to the decreasing hydrostatic pressure (Watts, 1948).

Secondly, the pore space available for the fluid could be decreased.
Compaction disequilibria are the most common example of this effect. As
low permeability clays are compacted in subsiding basins, porosity decrease
by compaction occurs. If the rate of compaction, as caused by sedimentation
rate or tectonic loading is rapid, overpressuring commonly occurs

(Hubbert and Rubey, 1959; Magara, 1973; Burst, 1969). Tectonic stresses
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(ol horizontal) could also cause compaction disequilibria (Hubbert and
Rubey, 1959). Mineral precipitation into the pore spaces, if sufficiently
rapid, would not only decrease pore space, but affect permeability and

thus the leakage rate (Levorsen, 1954).

Finally, abnormal fluid pressure could be caused by an increase in the
fluid volume. Artesian flow is an example of this mechanism (Hubbert and
Rubey, 1959). The expansion of the pore fluid in response to increasing
temperature is another example (Levorsen, 1954). Pore fluid can be added
from outside by magmatic water influx or infiltration of gases (Platt, 1962;
Tkhostov, 1963). Phase changes in the rock could potentially be the most
effective causes of fluid input, especially where accompanied by volume
changes (Bredehoeft and Hunshaw, 1968). Diagenetic reactions such as
gypsum to anhydrite (Heard and Rubey, 1966) or montmorillonite to illite
(Powers, 1967; Burst, 1969; Perry, 1972; Maéara, 1975) .produce large
quantities of water and result in volume changes. Hydrous-anhydrous low
grade regional metamorphic reactions also produce large volumes of.water

(Heard and Rubey, 1966).

In summary, it has been shown how extension features can be produced
at depth iﬁ weak rocks 4f the pore fluid pressure is sufficiently but not
prohibitively abnormal. The Mohr diagram for stress and the Mohr failure
envelope allow visualization of the behaviour of rocks subject to varying

stresses and fluid pressures and allow estimations of the orientations of
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the predicted fractures. Lastly, methods of inducing abnormal fluid pres-
sure were investigated and several must be considered in the history of the

Meguma Group.
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CHAPTER VII
CONCLUSIONS

In Chapter V it was shown that the interbedded quartz veins of the Meguma
Group most likely crystallized at a temperature and pressure consistent with
the regional metamorphic grade of the country rock, and that the vein minerals
exhibited no evidence of P-T disequilibrium with the metamorphic minerals of
the country rock. It was also shown that the attitude of the veins was es-
sentially planar and horizontal when they crystallized; therefore, they were

crystallized before F., folding.

1
The only way the observed vein mineral textures (carbonate before quartz)
can be precipitated, at the P-T conditions which have been indicated, appears

to be rapidly into open fractures.

The discussion of Chapter VI explained a way of analyzing the response of
a rock to different stress conditions with special attention being paid to
extension failure in a brittle manner under considerable depths, temperatures,
and pore fluid pressure. In this chapter the history of the Meguma Group will
be considered in terms of temperature, stress, pore fluid pressure and failure
in light of the limitations to formation mechanisms discussed in Chapters V

and VI.

For any gold district-sized block of Meguma Group rock, within the green-

schist grade regional metamorphic zone, the geological sequence was similar.

Deposition of muds and silts was followed by compaction and diagenesis
into shales and greywackes. Burial conditions continued but were soon

overtaken in importance by tectonic conditions and the onset of regional
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metamorphism. Horizontal groups of veins were formed and then the block
was folded into F, regional-scale folds ending with the formation of Sl
penetrative axial plane cleavage. Regional metamorphism conditions peaked
and ended soon after Sl cleavage formation. Tectonic stresses than eased
and shifted from NW-SE to E-W and brittle failure F, and F3 kinks began to
form. During these conditions granitic batholiths were emplaced into the
Meguma and accompanying contact metamorphism overprinted or destroyed
regional metamorphic fabrics. Kink formation and similarly oriented fault-
ing continued after batholith intrusion. ReturnAto burial conditions and
exhumation mark the remainder of the history of the block of Meguma.
Veining, Fq folding, Sl cleavage, and regional metamorphic features are
pervasive throughout the block of Meguma under consideration, but kinks,

batholiths, and contact metamorphic features may be more difficult to find

in any individual block.

The relevant portion of this history to vein formation is that portion
from deposition to the end of regional metamorphic conditions. This can be
seen as a period of constantly increasing temperature although at varying
rates. The stresses affecting the block of Meguma during this period of

time was initially that of maximum stress vertical and increasing with

burial. At some point before folding took place, this stress condition
changed to that of a tectonic maximum stress oriented NW-SE with vertical

stress becoming the least stress axis orientation.

The pore fluid conditions in the block of Meguma under consideration

should be dependent on character and changes of permeability, porosity, and
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fluid supply. From deposition the muds and silts which would become the
Meguma would have had poor permeability. Initial porosity of pelitic
sediments can be as great at 50%. As compaction proceeded this porosity
would become considerably reduced causing hydrodynamic conditions as the
water in the initial porosity moved toward more hydrostatic areas.
Flyschoid sediments have poor lateral continuity along with poorly per-
meable shale components making any block as well as any shale bed poorly
permeable. Rock types such as this are commonly overpressured in sub-
siding basins (Hubbert and Rubey, 1959; Gretener, 1969; Perry, 1972;

Burst, 1969; Powers, 1967): the American Gulf coast being an example.
Diagenetic reactions would tend to dewater mixed layer clays and remove
water from less mature clays toward illite which is stable at higher
temperatures (Burst, 1969; Magara, 1975). Both compaction and clayrdia—
genesis will tend to decrease porosity, decrease permeability, and increase
pore fluid; all of which tend alone to produce overpressured conditions.

As temperature increase and burial pressure continue into the realm of
metamorphism and each increases in rate as tectonic stress conditions super-
sede burial conditions, all three causes of overpressure intensify as clays
dewater to chlorites and muscovites; and porosity and permeability further
decrease with increasing confining pressure. Upon completion of regional
metamorphism, water production from within the block should cease.
Cementation will be essentially complete, stabilizing porosity and per-
meability changes. Reorientation of the fabric by establishing a pene-

trative cleavage should temporarily, at least, improve permeability
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(Alterman, 1973; Powell, 1972; Leith, 1905; Siddans, 1972; Maxwell, 1962;
Powell, 1974; Wood, 1974). Evidence of failure during this time period is
not inconsistent with the temperature, stress, and pore fluid history of
the block of Meguma under consideration. Plastic failure in the form of
Fl folding deforms and thus follows brittle extension failure preserved as

interbedded quartz veins.

To get a clearer view of the nature of this failure, let an individual

greywacke/quartzite-shale/slate-greywacke/quartzite sequence be considered.

At the temperature of vein formation greenschist grade metamorphic
reactions should be active: completing the transformation of clay minerals
to muscovite-group mica minerals, chlorites, and water; and transforming
the muscovites and chlorites to aluminum-richer chlorites, quartz and water
(Winklexr, 1974 for discussion of reactions). All reactions produce water
and completely transform the shales into less water-rich mineral constit-
uents. Reactions in the shales must make up the bulk of the water pro-
duction in to shale-silt/sand sequence. This pore fluid increase in the
shales would tend to flow towards areas of less pore fluid pressure:

.~ towards and into the coarser grained units. Pore pressure in a shale unit
would thus tend to be less near coarser grained units and greater at the
centre of the shale unit. This trend would be aggravated by decreasing

porosity at the margins of the dewatering shale unit. The centres of these

shale units are often locations of interbedded quartz veins. The repre-

sentation of such extension features on Mohr stress diagrams are dependent

upon elevated pore pressure (Secor, 1965). Figure VII.1l represents the
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conditions at failure: ¢. = maximum stress, O

1

3 = minimum stress, ol' =

maximum effective stress at failure, and 63' = minimum effective stress

at failure.

For such extension features to be horizontal, Ol must be horizontal
and 03 vertical. These conditions could have been met, in the block of

Meguma under consideration, during tectonic conditions before plastic

failure.

If the interbedded quartz veins represent pre-plastic extension failure
due to hydraulic fracturing, the history of rock failure or deformation in

the block of Meguma containing a group of such veins may now be summarized.

Elastic deformation takes place after deposition during compaction and
diagenesis while temperature and overburden pressure increase as porosity
and permeability decrease. Pore pressure will tend to be elevated throughout
but present analogs of subsiding basins indicate overpressuring would
probably be insufficient for brittle failure although diapiric effects on

various scales could be initiated.

As the temperature and burial pressure continue to increase a tectonic

pressure begins to act on the block. The combined temperature-pressure

conditions instigate fluid-producing reactions of greenschist regional

metamorphism. The production of water is at a rate faster than escape from
the rock, as permeability is low, causing increasing pore fluid pressures.

This overpressuring reaches critical values in some slate units and

hydraulic extension fractures are generated parallel to the maximum effective
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stress as predicted by the Mohr diagram for stress. The porosity is thus

increased and the pore pressure reduced below critical levels.

The continued increase in temperature soon results in plastic failure
of the rock as a whole and regional plastic folds are generated. Axial
plane slaty cleavage forms, rotating preferential permeability to the
vertical and further decreasing pore fluid pressure. Plastic failure ceases,
probably in response to combined P-T decrease, for regional metamorphism

soon ends and post-plastic brittle deformation defines another stress

orientation.

Inplications of hydraulic fracturing as a process of vein formation

Certain limits are placed upon the constituents of the fluid and the

way in which they will precipitate if hydraulic fracturing caused the

formation of the veins.

The mechanism depends on excess pore fluid pressure, and its release
by flowing into the new pores it has helped create. At the temperatures and
pressures in this case, the pore fluid must be largely a metamorphic fluid
made primarily of products and reactants in the greenschist reactions:
HZO' COZ' and quartz-feldspar-chlorite-muscovite constituents. Salinity

should be low as should heavy metal content. Heavy metals could be con-

tributed from molecules which were adhered to illite grain surfaces as the

illite dewatered to form muscovite and chlorite but the contribution would

not be great. These limitations on fluid content do not seem to be
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exceeded by the fluid inclusion compositions or mineralogy of the veins,

although more CO, in the fluid inclusions and carbonate in the veins is

2
found that might be expected. Although both are known to be components of

greenschist reactions, their absolute importance is little understood

(Winkler, 1974).

Carbonate solubility in agqueous solutions increases with increasing
pressure, but this effect is masked by an exponential decrease in solubility
with any temperature increase (Ellis, 1963; Sharp and Kennedy, 1965; Sharp,
1965) . Agqueous NaCl solutions saturated with respect to silica at tempera-
tures above 300°C should not contain significant carbonate in solution
(Sharp, 1965). The other major constituent of the fluid in question, however,
significantly affects the solubility of carbonate. "... at constant
temperature the solubility increases steadily as the partial pressure of C02
increases exponentially." (Sharp and Kennedy, 1965, p. 391). Thus, the
presence of carbonate in the vein mineral assemblage is most likely directly

dependent on the partial pressure of CO2 at the time of crystallization.

If the veins are produced by hydraulic fracture, the pore fluids
will move into the initial fracture over a pressure drop. The initial

pore fluid pressure is P P . Both components will respond similar-

+
H2O CO,

ly to the total pressure drop unless H20 becomes subcritical at the
decreased pressure. This would occur at such low pressures that the

effect could only be instantaneous: supercritical conditions resuming

with any repressuring. When the partial pressure of CO2 drops as the
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pore fluid enters a fracture, the temperature effect would make carbonate
virtually insoluble in the solution and very rapid precipitation would be
expected at the fracture walls. A small amount of silica would be expected

to precipitate also, in response to the drop in P As the fluid pressure

HZO
built back up to previous levels either as the fluid filled the fracture or
the fracture closed (SV =pBgd) the carbonate would tend to redissolve unless

the precipitated silica, which would redissolve more slowly, protected it.

As gravity closed the fracture, the pore fluid which flowed into the
fracture would begin to hold the fracture walls apart (A > .465) and cease
further closure at a pore fluid pressure less than that of the pore fluid
pressure responsible for the fracture (A >> ,465). Thus the fracture would
continue for some time to have a lower pore pressure than the surrounding
rock and pore fluids from them would tend to circulate into the fractures
provided the permeability was sufficient. This could explain why veins are
more commonly found where a significant amount of the wall rock is quartzite
rather than slate. If the fracture wefe in slate only, flow would not be
of great enough volume to supply the silica to preserve the fracture: a
small carbonate band or an unfilled parting may be all that remains to
mérk the fracture. If circulation was established with a coarser grained
and thus more permeable unit, however, enough circulation might be éx-

pected to allow precipitation of significant quantities of quartz.

Summary

A mechanism for the formation of horizontal veins under tectonic
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stress conditions and greenschist regional metamorphism has been proposed

which depends upon excess pore fluid pressure produced by metamorphic re-

actions and low permeability of pelitic rocks of the Meguma Group. Enough
slate must have been present to allow critifal build-up of pore-fluid

but not so much as to inhibit the establishment of pore fluid circulation

with more permeable quartzite units which was necessary to provide fluid

volume needed to precipitate the observed quantity of silica.

The constituents of the veins and fluid inclusions would be expected
to produce the observed paragenesis under the pressure, temperature,

metamorphic and time conditions of this rapid, brittle-failure mechanism.
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TABLE 1

Mean arsenopyrite compositions from electron microprobe data as modified by
EMPADR 7. (See Chapter III for discussion)

Comments column symbols: R = rim, C = centre, M = intermediate
position of spot within grain, + = pyrite as adjacent grain,

* = pyrrhotite as adjacent grain, ' = grain in country rock.
Sample Spot WT% ATS Comments
Number Number
As Fe S total As Fe S
163-73 1 46.50 34.11 19.24 99.85 33.89 33.35 32.77 M+
2 46.69 33.97 19.12 99.77 34.10 33.28 32.63 M+
3 46.20 34.06 19.90 100.16 33.38 33.01 33.60 M+
4 45,22 34.26 20.18 | 99.66 32.69 33.22 34.09 Cc*
5 44.07 34.56 20.73 99.37 31.73 33.38 34.88 C
ZT03 1 44.22 34.55 '20.75 99.52 31.80 33.33 34.87 M+
2 45,40 34.54 20.18 100.13 32.69 33.36 33.95 R
3 44.61 34.31 20.48 99.40 32.21 33.23 34.56 R
4 44.86 34.41 20.09 99.36 32.52 33.46 34.03 R¥*
5 43.42 34.60 20.69 98.71 31.42 33.59 34.99 M*
T03 1 43.62 34.43 20.35 98.40 31.76 33.62 34.62 M+
2 45,14 34.18 20.36 99.69 32.58 33.0§ 34.34 Rt
3 42,97 34.93 20.75 98.65 31.07 33.88 35.06 M+
4 44.02 34.50 20.52 99.04 31.84 33.48 34.68 M

5 43.70 34.58 20.49 98.78 31.67 33.62 34.70 R+
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Sample Spot WT AT%
Number Number . Comments
As Fe S total As Fe S
ZT02 2 43.53 34.57 20.67 98.76 31.50 33.55 34.95 R+
173-73 1 43,29 34.55 20.92 98.76 31.25 33.46 35.29 M*
2 43.69 34.38 20.84 98.91 31.54 33.30 35.16 M
3 45.38 34.48 20.38 100.24 32.59 33.21 34.20 M
4 46.65 33.57 19.32 99.54 34.09 32.91 33.00 R
5 44.85 34.15 20.33 99.34 32.46 33.16 34.38 R
6 44,38 33.87 19.93 98.18 32.54 33.31 34.15 M*
Pl 1 43.61 34.35 20.99 98.96 31.43 33.21 35.35
2-1 44.86 34.66 21.23 100.74 31.82 32.98 35.19
2-2 44.46 34,49 21.09 100.05 31.75 33.04 35.20
3 43,08 34.99 22.10 100.17 30.41 33.13 36.46
4 44,04 34.50 21.22 99.77 31.48 33.08 35.44
5 44.27 34.51 20.95 99.73 31.73 33.18 35.09
P2 2 46.80 34.38 19.78 100.97 33.63 33.14 33.22
5 45,44 34,70 20.71 100.86 32.37 33.16 34.47
3 45.47 34.71 20.61 100.79 32.43 33.21 34.35
MC-170-73 1 46.16 34.19 20.46 100.80 33.01 32.80 34.19 R
2 46.03 34.47 20.01 100.51 33.11 33.26 33.63 M+
3 45.16 34.37 20.32 99.85 32.55 33.23 34.22 M+
5 46.01 34.49 20.47 100.97 32.84 33.02 34.14 R
8 45.52 34.54 20.39 i00.45 32.63 33.21 34.16 R+
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Sample Spot WTS ATS
Number Number Comments
As Fe S total As Fe S
MC-170-73 11 46.92 33.89 19.24 100.05 34516 33.10 32.74 R
12 46.13 33.69 20.48 100.31 33.14 32.47 34.38 R'
CH4~-1 2 45.79 34.46 20.53 100.78 32.71 33.02 34.27 R
ZLC-1 1 43.34 34.17 20.88 98.39 31.41 33.22 35.36 R'
2 43.89 34.97 21.95 100.82 30.89 33.01 36.10 c'
3 43,05 35.04 21.58 99.68 30.64 33.46 35.90 R'
4 45.53 34.38 20.46 100.36 32.65 33.07 34.28 R'
5 44,17 34.05 20.07 98.30 32.30 33.40 34.30 R'
6 44,27 34.43 21.03 99.73 31.71 33.08 35.20 R
SR10 1 43.21 34.82 21.43 99.46 30.86 33.36 35.77 R
2 42.94 35,02 21.73 99.68 30.52 33.39 36.09 C
3 44,35 34.55 20.80 99.69 31.84 33.27 34.89 R
4 45.43 34.01 20.05 99.50 32.94 33.08 33.98 M+*
WHT6 1 46.42 33.55 19.78 99.75‘ 33.72 32.70 33.58 R'
2 42,93 34.87 22.08 99.88 30.38 33.10 36.52 c
3 45,18 34.35 20.61 100.14 32.40 33.05 34.54 R
4 46.84 34.23 19.75 100.82 33.72 33.06 33.22 M!
MC—148—73 1 43.97 34.29 20.23 98.49 32.04 33.52 34.45 M
2 44.06 34.52 20.46 99.04 31.89 33.51 34.60 R
MC-166-73 1 45,50 34.15 20.82 100.47 32.51 32.73 34.76 M
2 46.25 19.70 99.85 33.57 33.01 33.42 R

33.90
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Sample Spot WTS AT% Comments
Number Number
As Fe S total As Fe S

GLD10 1 43.62 34.93 21.88 100.43 30.80 33.09 36.11 R

3 44,54 34.79 21.57 100.91 31.45 32.95 35.59 R

4 44.81 34.65 21.14 100.59 31.85 33.04 35.11 M

5 43.59 35.05 21.60 100.14 30.90 33.33 35.78 R
15MS-11 1 44.78 34.14 20.39 99.31 32.40 33.13 34.47 M

6 42,01 35.03 21.94 98.98 29.95 33.50 36.55 M
CHD10 1 45.55 34.34 19.87 99.76 33.00 33.37 33.64 R

2 45.37 34.67 20.79 100.83 32.30 33.11 34.59 M

3 44.00 34.75 20.95 99.70 31.52 33.40 35.08 M

4 44.23 34.57 20.98 99.79 31.68 33.21 35.11 R

5 45.47 34.24 19.77 99.47 33.04 33.38 33.58 M
ZLT-1 3 44.28 35.29 21.19 100.76 31.37 33.54 35.08 R
1-C 1 44.75 34.68 20.89 100.31 31.94 33.21 34.85 M4 *

2 45.71 34.49 20.34 100.53 32.76 33.16 34.07 R+*

3 45.46 34.46 20.76 100.69 32.42 32.97 34.60 M4 *
KBDL2 1 44.47 35.09 21.33 100.89 31.45 33.29 35.25 c

3 43.65 35.36 21.78 100.79 30.74 33.41 35.85 R

5 44.48 35,07 21.23 100.77 31.52 33.33 35.15 M
GR10 2 43.60 34.79 21.31 99.70 31.13 33.32 35.55 C
ZLT-1 1 45.56 34.43 20.15 100.15 32.82 33.27 33.92 M+

2 45.67 34.54 20.31 100.52 32.75 33.22 34.03 M

3 44.75 34.57 20.48 99.80 32.20 33.37 34.44 M+
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Sample Spot WT% AT%
Number Number Comments
As Fe ] total As Fe S

ZLT-1 6 46.35 34.47 20.08 100.90 33.22 33.14 33.63 M+
8 44.13 34.91 21.27 100.32 31.37 33.29 35.34 R
9 43.92 34.60 21.19 99.71 31.40 33.19 35.41 M
10 44.95 34.22 20.56 99.74 32.36 33.05 34.59 C+
li 44.76 34.76 21.25 100.78 31.73 33.06 35.21 C

CH4-2 1 45.62 34.35 20.47 100.44 32.69 33.02 34.28 M
2 45.04 34.52 20.87 100.43 32.14 33.05 34.81 | c
3 45.48 34.39 20.33 100.20 32.69 33.16 34.15 R
4 45.11 34.46 20.62 100.19 32.33 33.13 34.54 M

SR13 1 43.03 34.56 22.03 99.62 30.54 32.91 36.54 R
2 42.58 34.59 22.03 99.20 30.31 33.03 36.65 M
4 44,95 33.94 20.30 99.19 32.59 33.01 34.40 M
5 44.83 34.03 20.25 99.11 32.53 33.13 34.34 M'
6 45.38 34.09 20.21 99.68 32.80 33.06 34.14 M'

CH4-1 1 45.03 34.88 20.73 100.64 32.10 33.36 34.54 M*
3 45.63 34.77 20.26 100.66 32.68 33.41 33.91 M
4 45.55 34.70 20.54 100.79 32.51 33.22 34.26 M

Total n=95  mean 32.11 33.21 34.68

1s.d. 0.91 0.22 0.86
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Sample Spot WTS AT% Comments
Number Number
As Fe S total As Fe S
200 1 43.91 34.61 21.16 99.68 31.41 33.21 35.37
2 44.87 34.92 20.78 100.57 31.99 33.39 34.e62
3 44.10 34,31 21.12 99.53 31.62 33.00 35.38
4 44.54 34.83 21.34 100.71 31.51 33.10 35.34
5 44.42 35.18 21.37 100.97 31.38 33.34 35.28
6 44.53 34.82 21.33 100.73 31.54 33.08 35.38
7 44.75 34.85 21.36 100.96 31.64 33.06 35.30
8 44.12 34.44 20.83 99.40 31.74 33.24 35.02
9 45,24 34.15 20.29 99.67 32.67 33.08 34.24
10 45.00 34.71 20.60 100.31 32.21 33.33 34.46
11 45.34 34.52 20.67 100.53 32.40 33.09 34.51
12 44.64 34.45 20.60 99.69 32.12 33.25 34.63
13 43.94 34.94 21.23 100.11 31.29 33.38 35.33
14 45.27 34.44 20.51 100.22 32.48 33.14 34.38
15 44.63 34.99 21.34 100.96 31.55 33.19 35.26
16 44.85 34.85 21.07 100.55 31.74 33.24 35.02
17 44.49 34.62 20.97 100.08 31.79 33.19 35.02
18 44.66 34.70 20.73 100.10 31.98 33.33 34.69
19 44.26 34.65 20.86 99.77 31.73 33.32 34.95
20 44,55 34.82 21.03 100.40 31.73 33.27 35.00
21 44.91 34.79 20.78 100.47 32.05 33.30 34.65
Total n=21 mean 31.84 33.22 34.94
1s.d. 0.37 0.12 0.38



TABLE 2

Mean arsenopyrite compositions from electron microprobe data as modified by
(See Chapter III for discussion)

EMPADR 7 by sample.

" Sample WTS ATS Location
Number n
Fe As S total Fe As S
200 21 mean 44.61 34.69 20.95 100.25 31.84 33.22 34.94
1s.d 0.41 0.25 0.32 0.37 0.12 0.38
163-73 5 mean 45.74 34,19 19.83 99.76 33.16 33.25 33.59 Upper Seal Harbour
s.d. 1.09 0.23 0.67 0.96 0.15 0.94
ZTO03 5 mean 44.50 34.48 20.44 99.42 32,13 33.39 34.48 The Ovens
s.d. 0.74 0.12 0.30 0.52 0.14 0.47
TO3 5 mean 43.89 34.52 20.49 98.90 31.78 33.54 34.68 The Ovens
s.d. 0.80 0.27 0.16 0.54 0.29 0.26
ZT02 1 43.53 34.47 20.67 98.76 31.50 33.55 34.95 The Ovens
173-73 5 mean 44.77 34.23 20;36 99. 36 - - - Upper Seal Harbour
s.d. 1.35 0.40 0.64 - - -
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Sample WTS ATS Location
numbexr
Fe As S total Fe As S
173-73 mean 44.71 34.17 20.29 99.17 32.41 33.22 34.36 Upper Seal Harbour
s.d. 1.22 0.38 0.60 1.00 0.18 0.83
MC-170-73 mean 45.99 34.23 20.20 100.42 33.06 33.01 33.92 Upper Seal Harbour
s.d. 0.55 0.33 0.45 0.53 0.29 0.57
CH4-1 45.79 34.46 20.53 100.78 32.71 33.02 34.27 Cochrane Hill
ZLC-1 mean 44.04 34.51 21.00 99.55 31.60 33.21 35.19 Lake Catcha
s.d. 0.87 0.41 0.69 0.78 0.19 0.77
SR10 mean 43.98 34.60 21.00 99.58 31.54 33.28 35.18 Salmon River
s.d. 1.14 0.44 0.74 1.09 0.14 0.95
WHT6 mean 45.34 34.25 20.56 100.15 32.56 32.98 34.46 Whiteburne
s.d. 1.76 0.54 1.09 1.58 0.19 1.48
MC-148-73 mean 44.02 34.40 20.34 98.76 31.96 33.52 34.52 Isaac's Harbour
s.d. 0.06 0.16 0.16 0.11 0.11



Sample WT% AT% Location
number
Fe As S total Fe As S
MC-166-73 mean 45,88 34,02 20.26 100.1l6 33.04 32.87 34.09 Upper Seal Harbour
s.d. 0.53 0.18 0.79 0.75 0.20 0.95
GLD10 mean 44.14 34.86 21.55 100.55 31.25 33.10 36.65 Goldenville
s.d. 0.63 O.l? 0.30 0.49 0.16 0.42
15Ms-11 mean 43.40 34.58 21.16 99.14 31.18 33.32 35,51 15 Mile Stream
s.d. 1.96 0.63 1.10 1.73 0.26 1.47
CHD10 mean 44.92 34.51 20.47 99.90 32.31 33.29 34.40 Cranberry Head
s.d. 0.74 0.22 0.60 0.71 0.13 0.75
ZLT1 44.28 35.29 21.19 100.76 31.37 33.54 35.08 Lawrencetown
1-C mean 45.31 34.54 20.66 100.51 32.37 33.11 34.51 Caribou
s.d. 0.50 0.12 0.29 0.41 0.13 0.40
KBDL2 mean 44.20 35.17 21.45 100.82 31.24 33.34 35.42 Killag
s.d. 0.48 0.16 0.29 0.43 0.06 0.38
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Sample n WT% AT Location
number
Fe As S total Fe As S
GR10 1 43.60 34.79 21.31 99.70 31.13 33.32 35.55 Gold River
ZLT1 8 mean 45,01 34.56 20.66 100.23 32,23 33.20 34.57 Lawrencetown
s.d. 0.81 0.21 0.50 0.69 0.11 0.69
CH4-2 5 mean 45,92 34.18 20.09 100.19 33.12 33.05 33.83 Cochrane Hill \
s.d. 1.38 0.57 1.10 1.48 0.11 1.40 E
SR13 5 mean 44,15 34.24 20.96 99.35 31.75 33.03 35.21 Salmon River l
s.d. 1.26 0.31 0.97 1.22 0.08 1.26
CH4-1 3 mean 45.40 34.78 20.51 100.69 32.43 33.33 34.24 Cochrane Hill
s.d. 0.32 0.09 0. 24 0.30 0.10 0.32
Total n=95 mean 32.11 33.21 34.68
1s.d. 0.91 0.22 0.86



Mean arsenopyrite compositions from electron microprobe data as
EMPADR 7 by district.

TABLE 3

(See Chapter III for discussion)

modified by

Location n WT% AT% Sample Numbers
As Fe S total As Fe S
The Ovens 12 mean 44.15 34.51 20.52 99.18 31.90 33.45 34.65 2T03, TO3, ZTO02, P1l-5
s.d. 0.74 0.18 0.25 0.50 0.22 0.38
Seal Harbour & 23 mean 45.31 34.21 20.19 99.71 32.74 33.16 34.10 163-73, 173-73, P1l-1,
Isaac's Hbr. s.d. 1.12 0.29 0.56 0.86 0.26 0.79 170-73, 148-73, 166—73
Upper SealHbr. 13 mean 45.40 34.20 20.24 99.84 32.76 33.11 34.13 173-73, 170-73
Site #1 s.d. 1.10 0.34 0.50 0.82 0.26 0.71
Upper Seal Hbr. 7 mean 45.78 34.14 19.96 99.88 33.12 33.14 33.74 163-73, 166-73
Site #2 s.d. 0.92 0.22 0.67 0.85 0.23 0.89
Isaac's Hbr. 2 mean 44.02 34.40 20.34 98.76 31.96 33.52 34.52 148-73
s.d. 0.06 0.16 0.16 0.11 0.01 0.11
Molega 3 mean 44.45 34.55 21.18 100.18 31.68 33.03 35.28 Pl-2-1, P1-2-2, P1-4
s.d. 0.41 0.10 0.08 0.18 0.05 0.14
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Sample Numbers

Location n WT'% AT%
As Fe S total As Fe S

Lake Catcha 7 mean 43.90 34.58 21.15 99.63 31.43 33.20 35.37 2ZLC-1, P1-3
s.d. 0.87 0.42 0.76 0.84 0.17 0.85

Cochrane Hill 10 mean 45.42 34.59 20.57 100.58 32.46 33.17 34.36 P2-5, P2-3, CH4-2, CH4-1
s.d. Cc.27 0.18 0.18 0.23 0.13 0.25

Salmon River 9 mean 44.08 34.40 20.98 99.46 32.10 33.14 35.20 SR10, SR13
s.d. 1.14 0.39 0.82 1.28 0.16 1.07

Whiteburne 4 mean 45.34 34.25 20.56 100.15 32.56 32.98 34.46 WHT6
s.d. 1.76 0.54 1.09 1.58 0.19 1.48

Goldenville -4 mean 44.14 34.86 21.55 100.55 31.25 33.10 35.65 GLDI1O
s.d. 0.63 0.17 0.30 0.49 0.16 0.42

15 Mile Strean 2 mean 43.40 34.58 21.16 99.14 31.18 33.32 35.51 15Ms-11
s.d. 1.96 0.63 1.10 1.73 0.26 1.47

Cranberry Head 5 mean 44.92 34.51 20.47 99.90 32.31 33.29 34.40 CHD1O
s.d. 0.74 0.22 0.60 0.71 0.13 0.75

Lawrencetown 9 mean 44.93 34.64 20.72 100.92 32.14 33.24 34.63 zLT-1
s.d. 0.80 0.31 0.50 0.70 0.15 0.67
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Sample Numbers

Location n WT% ATS
As Fe - S total As Fe S
Caribou 3 mean 45.31 34.54 20.66 100.51 32.37 33.11 34.51 1-C
s.d. 0.50 0.12 0.29 0.41 0.13 0.40
Killag 3 mean 44.20 35.17 21.45 100.82 31.24 33.34 35.42 KBDL2
s.d. 0.48 0.16 0.29 0.43 0.06 0.38
Gold River 1 43.60 34.79 21.31 99.70 31.13 33.32 35.55 GR1O i
[
N
Total n=95 mean 32.11 33.21 34.68 i
1s.d. 0.91 0.22 0.86
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APPENDIX II

Listing of gold district locations



numbers indicate location of gold districts where mining and/or
Numbers refer to index of gold districts

Figure I.2. Province of Nova Scotia:
prospecting activity has occurred since 1850.
found in Appendix IT.
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. Notes to Appendix II -

The reference number refers to index map.

- Interbedded veins are abbreviated as IV while crosscutting veins are
abbreviated CV as discussed in Chapter IT.

- Production history present three figures where available: total production
to 1967 in ounces troy, percentage of total gold production of the province
accounted for by any given district, and the rank of production of the dis-
trict compared to others.

- Remarks column has been used to note when activity was carried on in any
district.

- Information from Malcolm's (1912, 1929) two memoirs, Nova Scotia Department

of Mines annual reports, and GSC annual reports.



60LD

Refarence Name NTS Latitude Longitude County Host Rock: Geological character Prcduction Remarks
Number Map age, formation History
and/or rock type
Au-1 Ecum Secum 110/16 44°58'20"  62°11' Halifax Goldenville Fm. 1V w/one imoortant CV 1,276 oz 1880's-1907
on anticline & syncline (.11%, #32)
150 m apart
Au-2 Moosehead (Shrier's Point) 11D/16  44°57° 62°15"' Halifax Goldenville Fm. 41V's in so. Timb of 471 oz (.04 no mining since
anticline %y #47) 1915
Au-3 Salmon River (Dufferin Mines) 110/16 44°57'30"  62°24' Halifax Halifax Fm. IV's and saddles on so. 41€49 oz 1881-1920;
(Darrs Hill) most of 2 flexures at  (3.68.;#10) drilling 1941-
anticline crest 4
Au-4 Lochaber 11E/1  45°04' 62°28' 40" Halifax Goldenville Fm. IV pinching out in <50z (#33) prospecting
’ . syncline 18€2-1235,1334
Au-5 Fifteen Mile Stream 11E/2 45°08' 62°32' Halifax Goldenville Fm. IV's in 2 minor folds 19,741 oz 1883-1941
) on no. limb of anti- (1.75%;219,
. cline
Au-6 Sheet Harbour 110/15  44°56" 62°30' Halifax Halifax Fm. IV's - so. limb of drilling 1348
anticline
Au-7 Ragged Falls 11E/2  45°05'30"  62°34' Halifax Goldenville Fm. IV's - so. 1imb of prospecting
anticline prior to 13928
Au-8 Killag (Black Duck Lake) 11E/2  45°01'15% 62°37' Halifax Goldenville Fm. IV's on both limbs of 3,584 oz 18£3-19%0, 1325,
an anticline close to  (.32%:#30) 25, 28-4n, 1545
axis; auriferous slate 19351
near one vein
Au-9 Beaver Dam 11E/2  45°04°' 62°43' Halifax Goldenville Fm. IV in overturned anti- 966 oz intermittant
- met qtz, garret, cline w/large slate + (.087%7; #35) mining 1£73-
olg, hb, ep, bt, vein widths 193
. ab, musc, chl, ap
Au-10 Tangier 11D/15 44°48'31"  62°41'20" Halifax Goldenville Fm. IV's around anticline 26,022 oz  1860-190Y, 1904
cut at right dome - a well defired  (2.3073#15) 1919, 13926, 182
angles by 40' enrichment & widening
diorite dike zone diverges from dome
Au-11 Mooseland 11D/15  44°56'25" 62°40'15" Halifax Goldenville Fm. IV's on so. Timb of 471 oz 126€~1900, 192%
granite to so. anticline dome (.04%;#41) 1314 intermet.;
200 m 1931-38 pros-~
pecting
Au-12 Caribou 11E/2  45°03'30" 62°56'30" Halifax Goldenville Fm. IV's at anticline dome 91,352 1267-1947 con-
w/Halifax Fm. at divergence from IV's (8.09%;#2) tinucus, re-
periphery as Hfx. Fm. is reached serves said
echausted,
consolidated in
19038
Au-13 Benvie Brook 11E/3  45°07'20" 63°00'30" Halifax Halifax Fm. no data occurrence
Au-14 Lake Lindsay 11E/3  45°02° 63°00' 10" Halifax Halifax Fm. IV on so. 1imb of prospect

anticline
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Au-15

Au-16
Au-17

Au-18
Au-12

Au-20
Au-21

Au-22

Au-23
Au-24

Au-25

Ay-26

Au-29
Au-30
Au-31

Au-32

Moose River

110/15

Gold Lake (Scraggy Lake, Ship Hbr)11D/15

Lake Charlotte

Ervin Brook
Lake Catcha

Lawrencetown

Montague

Elmsdale
0ldham
Waverly

South Uniacke

Clam Harhour

Gold River
Clearland
Farmviile

Pleasant River Barrens

Leipsigate (Millipsigate)

Rhodes Cerrer

11D/15

T1E/13
110/11

1o/

1o/n

110/12

110/14

110/14

11D/13

110/13

11D0/10

21A/19
21A/8
21A/8
21777

23477

21A/8

44°58'45"

45°55"
44°52"

45°02'
44°44' 30"

44°41" 30"
44°37" 30"
42°42'58"
44058

44°55'20"

44047

44°52'

44°44'25"

44°34' 30"
44°29"
44028'
44227

44°19'50"

44°24"

62°57'

62°57'

62°59'

63°14°*
63°12'

63°24'

63°24'

63°31"

63°28'

63°29' 30"

63°36'

63°41'30"

62°54'30"

64°20'

64°25'40"

64°27'20"

64°48'

64°35'30"

64°24'

Halifax

Halifax
Halifax

Halifax
Halifax

Halifax
Halifax

Halifax

Halifax
Halifax
Halifax

Halifax

Halifax

Lunenburg
Lunenburg
Lunenburg
Lunenburg

Lunenburg

Lunenburg

Goldenville Fm.
Targe slate unit
w/ thin gtzites.

Goldenville Fm.

Goldenville Fm.

Goldenville Fm.
Goldenville Fm.

Goldenville Fm.

Halifax-Golden-
ville Fm contact

Goldenville Ffm.

Goldenville Fm.

Goldenville Fm.

-n
3

Goldenville

Goldenville Fm.

Goldenville Fm.

Goldenville Fm.

Halifax Fm.

Halifax Fm.

Goldenville Fm.

Goldenville Fm.

Goldenville Fm.

IV's on no. Timb & axi~
of four minor folds at

anticline crest; zones

of CV's common in thick
slate unit

IV's on anticline

qtz. veins on so. Timb
of anticline near
granite (<1 km)

no data

IV's an anticline dorme:
most on no. limb; 2CU's

IV's on 2 converging
anticlines - 500 m
apart at most

CV's in argillaceous
gqtzite. bed 30m x 6.5km
heavily minized w/po
IV's at anticlinal dome
most on so. limd

qtz. veins probably
Iv's

IV's around anticline
dome; 2 important CV's

IV's around anticline
dome most important on
no. limp

IV's on no. 1imb

IV's at anticline
crest richest ore in
IV's where crossed by
Cv's

persistant IV's at
dome

qtz. veins along an

" anticline

qtz. veins along an
anticiine

IV's in circular dome;

1Cv

IV's in eastern portion
of a dome, important
CV's rich where they
cross IV's

IV's on w. plunge of a
dome

25,924 oz
(2.30%;#16)

39 oz fror
prosgect
pits

38 oz in
1963

occurrence
17,254 oz
(1.537;=30}

257 oz

(.25 030)

ported pro-
duction
25,235 oz
(7.557%;=2)

REVI}

-

73,105 o
(6.47%5%

S

)

20,7€2 oz
(1.82 ;=12)

54 oz

7,751 oz
(.597;%26)

prospect
prospect

112 oz.
(.01%;244)
12,024 oz
(1.077,%22)

1276-1923, 1946
scheelite,

rutile &
responsitie for
W production at
edge of distric

mh-

and ¢rift
boulders

assoc. mirs
no, tellurides
scheelite

1862-1901,

191
1924, 1232-1333

ro activity
since 1850

UV s
0L DO W D WY

O -

last trenching
in 19335

1885-1915 inter
mit; 1930-1342

18e0's-1913
intermittant
12323-24, 1283-
22, 1235-1998,

1,521 oz Ag 1546-1949

most from
cne CY

prospect

29T



Au-34

Au-35

Au-36
Au-37

Au-38

Au-33

Au-40

Au-4]1

Au-46

Au-47

Centre

Ovens

Oxner Brook
Somerset (Beach Hill)

Vogler's Cove

Brookfield

Westfield
West Caledonia

Whiteburn

Fifteen Mile Brook
Mitl Vi]Iaée
Molega

Kemptville

Hilton

Carleton

Cranberry Head (Creampot)

Captain McPhee Brook
Renfrew

21A/8

21A/8

21A/8
21AN

21A/2

21A/7

21A/6
21A/6

21A/6
21772
21A/2

21K/7
21A/4
21A/4
21A/4

2p0/16

11E/4
11E/4

44.23'

44°19'20"

44016'05"
44014

44o11°

44°25"

44°25'
44°21' 30"

44018’ 45"
44°14'15"
44°09° 30"

44°20"

44°03'20"

44°01'20"

44°00'20"

43°54'

45°05'20"
45 BGO 1 03"

64022'

64°15' 30"

64°23'
64°30"

64°31'30"

64°55"

65°02'
65°10" 30"

65°04' 30"
64°54'10"
64°42"

64°54"

65°50' 45"

65°55"

65°56'10"

66°10'10"

63°40'40"
63°38"

Lunenburg

Lunenburg

Lunenburg
Lunenburg

Lunenburg

Queen's

Queen's
Queen's

Queen's
Queen's
Queen's

Queen's

Yarmouth

Yarmouth

Yarmouth

Yarmouth

Hants ~
Hants

Goldenville

Halifax Fm.

Halifax Fm.
Goldenville

Goldenville

Goldenville

Halifax Fm.
Goldenville

Goldenville

Goldenville

Goldenville

Goldenville

Goldenville

Goldenville

Goldenville

Halifax Fm.

Halifax Fm.
Goldenville

Fm.

Fm.

Fm.

Fm.

Fm.

Fm.

Fm.

gold-bearing drift
boulders

narrew IV's on anti-
cline crest

one qtz. vein

gold-bearing qtz.
bouiders

CV on anticline flank
some IV's also worked
CV's most important;
most poltn when inter-
sect IV's or sulphide-
rich slate; IV's imp.
only when cut by
angulars; anticline
dome crest

thick IV's

IV's? on no. Timb
anticline

IV's on dome w/o slate

CV & IV most imp.
was CV

IV's on se anticline
1imb

disconnected IV's on
dome

IV & irregular CV;
richest at intersec-
tions

en échelon CV Tenses
oxidized appearance

311 CV's in fault
block

1v(?) boudinage

no data
IV's on flat dome

occurrence

541 oz
(.05%5439)
mostly from
beach
places

occurrence

occurrence
43 oz

43,041 oz
(3.81%;=2)

prospect
prospect

(4 oz) pro-
bably frem
drift
11,890 oz
(1.067;%22)
280 oz
(.027;436)
910 oz
(.08.;=35)
38,876 oz
(3.09:3;=12)

gatasp-py,
cpy>sph

190 oz
(.02%;442)

119 oz
(.01%;#43)
occurrence

51,820 oz
(4.59%;47)

1861-62;
sporadic until
1895

1893-1904;
intermittant
1857-1221,
1635-1323

pre-1890, 1924

1283, 1508-1903,
1933-1524

1825-1234,
1923-1540

1971-19C2,
1910-1914

1832-1201,1917-
1912, 12825-192)
1257-12C1,1302-
1922 intarrit.
15273-1944
drilling 1361
1825-1913, 1927,
1925-1923

Ag & Au values
reported pros-
pecting till
1955
1885-1911,1914-
15 intermit.
18€2-13875,

prosp. until
1831

1862-1872,1901-
1905,1911-1913,
1927-1932,1854 -
1958 testing

€9T



Au-52

Au-53

Au-54

Ay-58
Au-59
Au-60
Au-61

Au-62
Au-63
Au-64

Au-65

Au-56

Au-67

Au-58

Au-59

Au-70

MclLean Brook
fast Rawdon

Central Rawdon

MacKay Settiement (Upper Newport)
Ardoise

Mount Uniacke

Ralston Corner

Ervin Brook placer
South Branch Stewiacke
Gay's River

Greenvale
North Ogden
Salmon River Lake

Gunn Brook

Country Harbour

Round Laka
Lower Seal Harbour

Upper Seal Harbour

Isaac's Harbour

11E/4
11E/4

11E/4

11e/4

110/13

110/13

T1E/4
11E/3
11E/3
11E/3

11E/9

11F/5

11F/5

11F/5

11F/5

11F/6
1E/4

11F/4

11F/4

45°06' 25"
45°03’

45°03'

45°01'

44°57' 30"

44°56"

45°06' 15"

45°06' 30"

45°07'20"

45°04' 40"

45°30"

45°22"

45°21' 40"

45-18'20"

45°15' 30"

45°20"
45°10'45"

45°12' 30"

45°10'

63°45"' Hants
63°46' Hants
63°50'45" Hants
63°56" Hants
63°55" Hants
63°48" Hants
63°38' Hants
63°14' Colchester
63°07' Colchester
63°18'30" Colchester
62°29"' Pictou
61°41" Guysborough
61°43' Guysborough
61°51" Guysborough
61°49' Guysborough
61°13' Guysborough
61°36'50" Guysborough
61°38" Guysborough

61°34'20" Guysborough

Halifax Fm.
Goldenville Fm.

Halifax Fm.

Halifax Fm.

Halifax Fm.

Goldenville Fm.

Halifax Fm.
Halifax Fm.
Halifax Fm.

Horton Group
conglomerate
over Halifax Fm.

E-0 slates &
qtzites.
Horton-Tlike quart-
zite in C terraine

C conglomerate

C conglomerate

Goldenville Fm.
cut by granitic
dykes

Goldenville Fm.
Goldenville Fm.

Goldenville Fm.

Goldenville Fm.

no data

IV's on north flank
of anticline

3 CV's on anticline
flank

IV's at anticline
crest

narrow IV's, one CV
on so. limb of syncline

IV's at axis and on so.
Timb of anticline dome

no data
stream occurrence
IV's and small CV's

Au highest at cong.
base and in Hfx. Fm.
paleosurface cracks

qtz. vein

quartzite bed about
30 m wide w/calcite
and pyrite

dissem. in basal C

cong.

dissem. in basal C

cong.
IV's at anticline dome;
x-cutting dykes do not
effect gold values

no data

short IV's overlapping
in a belt-considerable
Au reported from
country rock

IV's at anticline
crest

IV's on 3 small anti-
clines

occurrence

13,495 oz

(1.19%'#21) 91, 1998,19

1884-1227,1830-

31,

1942 (2 DDH's)

6,745 oz 1868-1887, 1834,

(0.60x;#27) 1922

14 oz (=59) oroductions

some aliu- 1853-1310 zros-

vial pect

7 oz (£53) 1C258-1302;
interrittant
prospecting

27.740 oz 126£3-1875,1877-

(2.46-.;514) 1853,7222-1533,
sporadic until
1941

occurrence

44 oz (#47) 18&4,1506-1307

2,130 oz 1869-1220 intem
mit.; 1231-120%
last prospectim
1343

occurrence 1875

occurrence  1943-44

- 79T

bulk sam-

ples around

1948

occurrence one non-buik
assay 1947

92,360 oz 1868-12873,1223-

(0.88;#24) 1902,1909-1311,
prosgacting
until 1857 with
Coi's

occurrence

34,235 oz 1904-1315, 1324,

(3.04%;#13) 1935-1941

57,830 oz 1832-1912,
(5.12:;#6) 1926-1927
29,552 oz  1861-1916,
(3.517;411) 1928-1941

some allu-

vial pro-

ducticn



Au-71

Au-72

Au-73

Au-76

Au-77
Au-78
Au-79
Au-83

b=y
5
Q@

Xa
c
1

Au-83

Au-84

Au-85
Au-85

Au-87
Au-88

Au-89

Wine Harbour

Cochrane Hi1l (includes Crow's
Hest Mines)

Goldenville (Sherbrooke)

Liscomb Mills
Miller Lake
Little Liscomd Lake

Cameron Dam (seventeen Mile Str.)
Pcokwock iake

Mushamush Lake

Forest Hill

Crow's Nest
Goldboro

West Gore

Middlefield

Tusket River (Dominique)

Williamsdale (Farmington)

Pubnico
Joggin Bridge-Digby

Indian Path

11F/4 = 45°04'30"
11E/17  45°15°
(11E/7)

11€/1 45°07'30"
11E/1 45°01°
11E/1  45°02' 30"
TIE/T  45°14'40"
11E/2  45°712'
110/13 44045
21A/9  44°30'
11E/5  45°718'

61°51"

62°03'

62°01"

62°06°

62°08'15"

62°27'

62°32'
63251
64°30"
61°46'

Guysborough

Guysborough

Guysborough

Guysborough
Guysborough
Guysborough

Guysborough
Halifax
Lunenburg
Guysborough

see number Au-72 - Cochrane Hill

11F/5  45°11'
T1E/4  45°05'
21A/2  44°02'

200/16 43°50'
TIE/12W 45°36"

200/12 43°43'
21A/5, 44°36'
12

21A/84 44°20"

61°39"

63°47'30"

64°52'

66°03"
63°54'

65°48'
65°46"

64025

Guysborough

Hants

Queen's

Yarmouth
Cumberland

Yarmouth
Oigby

Lunenburg

Goldenville Fm.

Goldenville Fm.
w/granite dykes

Goldenville Fm.

Goldenville Fm.
Goldenville Fm.
Goldenville Fm.

Goldenville Fm.
Goldenville Fm.
Halifax Fm.

Goldenville Fm.
w/granite dikes

Geldenville Fm.

Halifax Fm.

Halifax Fm.

Goldenville Fm.
S & D sediments

Halifax Fm.
Goldenville Fm.

Halifax Fm.

IV's on so. 1imb of
anticlire over 1 x
2.4 km area

IV's on so. 1imb of
anticline within con-
tact met. aurcole of a
(?D) granite

IV's at anticline dome
slate also Au-bearing

IV on anticline flank

IV's on anticline
crest around a dome

IV's on anticline limb

IV's on anticline
no cata
no data

IV's on so. limb of
anticline within con-
tact met. aureole of
(D?) granite

no data

vertical cross veins
with Au-asp-py-cpy-
sph-ga-po-cbt-stib-
val-Sb-kermesite
assemb.

no data

veins - no data

asp-Au-py-obt in qgtz.
veins

no data
IV's

IV's w/scheelite

42,726 oz  1352-1882,1883-
(3.787;£9) 1823, 1e31,
some allu- 1896-1907

vial pro-

duction

1,192 oz 1858-1870;

(0.10%;#34)
scheelite

sporadic since
DOH in 1934-35

reported & 1974-75
210,153 oz 1861-1910,1812-
(18.607;=1) 1531,1934-1242
scheelite

repcrted

no deta;

prospect

539 oz 1900-1905,1937-~

(0.057%;240)
52 oz (#45)

1941,1948-1350
prospect until

1947
prospect
occurrence
occurrence
25,102 oz 1824-1900,1937-
(2.227;417) 1929,1947-1357 1
I—J
[9)}
(621
no data reported as a !
district in
Hewhouse (1932)

primarily

an Sb mine
w/Au and Ag
production

could be sarme as Fifteen
Mile 3rook (Au-43)
prospect ga-rich drift

~19503, assays
1923, 193

prospect

occurrence

occurrence

50 oz - by-
product of
tunqgsten

production



Ay-90

Au-91

Au-92

Au-92a

Au-93

Au-98

Au-99

Au-100

Au-101

Au-102

Harrigan Cove

Blockhouse

Barachois River
Mouth Rarachois River

Middle River (Gold Brook,
Hagama tcook)

Barachois Harbour
Neortheast Margaree River
Whycocc.nagh

Clyburr Brook

Tarbot

Stirli.g {Mindamar)

Chegogin

Chezzetcook

Gegoggin

110/716W

21A/84

11K/7
11K/7

1K/2

11K/1
11K/7
11F/14

11K/9

1K/7 -

200/16

44°56"

44°23"

46°22'20"

46°21'

46°14' 30"

46°09'
46°27'
46°59"

46°39' 30"

46°20'30"

4352'

62°18' Halifax

64°18' Lunenburg

60°36'20" Victoria

60°32' Victoria
60°54" Victoria
60°25"' Cape Breton
60°55'30" Inverness
60°06'30" Inverness

60°27'45" Victoria

60°34'70" Victoria

Richmond

66°10'10" Yarmouth

Halifax

Guysborough

Goldenville Fm.

Goldenville Fm.

granite
granite

George River
Series

interbedded
metaseds. (argill.)
& volcs.

(D?) granite
stream sands
stream gravels

gneiss

hornblende granite

seds. & rocks

Goldenville Fm.

Goldenville Fm.

Goldenville Fm.

IV's at anticline
dome

CV - ore shoot 11
strata - minor IV's
in anticline dome

vein w/qtz, cbt, py,
cpy,hu

vein w/qtz, cot, cpy,
py, bn, cc, Au

IV's w/asp-py-Au &
minor cpy, po, etc -

assays show Ag and a
trace of Ni

vein w/Au & Ag values
Tertiary-Recent placer

placer

interbanded qtz-py and
gneiss - ass0cC.
Tamprophyre dike

2 veins w/Cpy, Py,
malach.

intarbedded massive
sulphide deposit

"very large gtz.
masses" (IV's)

IV's on so. limb of

anticline

IV's at anticline
dome

prospect -
Tow assays

prospsct -

1,440 oz -
some allu-
viail pro-
duction

prespect
no data
no data

prospect

orospect W/
Ay values
16,718 oz
as bypro-
duct of
major Zn-Pb
Cu produc-
tion

no data -
prospect
(-10 oz}

prospect

1872, 1223-1907
DOH 1936

1896,1222-1902,
1936-1532

1910,1233-1940

1907-1211,1314-
1916, 1835

has been drilled
for base w=tals

over C raocks

over Gecrge
River rocks

1910-1915

see other
files

- 991

1820

1914



