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Abstract

. The Nlppers Pfarbour Ophiolite is a southwesterly extension of the lower
Ordovman Betts Cove Ophiolite. Extensive sheeted dyke and gabbro members
as *well as minor ultramafic components characterlze the Nippers Harbour
Opblohte The ophiolite is unconformably overlain by the Silurian Cape St. John °

Group, which consists of subaerial conglomerates, cross-bedded sandstones, basic

pyroclastics and andeoitic to rhyolitic ash-flow tuffs. The ophiolite also is

intruded hy f‘he Late Silurian to Early Devonian Cape Brule quartz-feldspar -
Pokphy\ry. The mafic members of the Nippers Harbour Ophiolite show similarities
to Betts Cove boninite-type lavas in that they contain unusually Jow TiO, and

>
high SiOQ, MgO, Cr and Ni conteats.

L}

hfineralization is located commonly in shenr or fault zones, in " ‘mafic
ophiolitic rocks. The Hill showing has characteristics resembling those of massive’
sulphide stockwork zones, .with pyrite—chalcopyrite-quartz-c_hlorite breccia and
_ sheared rock,‘surrounded by ‘fragn(e;;s of hydrothermally altered quartz-chlorite-
_ albite rock. Relatively unaltered diabase dykes intrude these assemblages. The
altered rocks have been enriched in FeO,, Cu and Zn, and depleted in Na 0,
CaQ, Sr and LREE. Mineralization is belu(_ved to have beén formed by tbe
mixing of upwel]mg, hot, Fe-; Cu-, n{;nnched seawater-derived hydrothermal

fluids with co]d seawater at the diabasé-pillow basalt interface.




i i

Anomalop;s gold contents hav‘e been documented at Burtons Pond, Gull”
Pond and Shcwing Number 2. ‘Thé gold is si)atially related to sulphi&gsl mainly
chalcopyrite and arsenopyrite, whvich.‘ have precipitated with qu.'nrtz-calcitc,
quartz-albite and q{mrtz in veiris( in gltered host rocks. Three alteration
assemblages are recognized: (1) ‘quartz-chlorite+/-albite, (2) quartz-chlorite-
sericite and (3) quartz-sericite-calcite. Only the Eurtdns Pond §howing‘displ:iy§
%l three assémblages, whilst the others are associated with z;ssemblage (2). The
alteration is expressed chemically by the addition of FeO,, S, K,0, CO,, Au, Ag,
As, Ba, Co, Cu, Se and Zn, and variable d%pletions of éaO, Sr and NaQO. Fluid
inciusion and sulpﬁur isotope data (ranging from 45 to 8.7 per mil) suggest that
the fluids were seéwater-derivgd and‘ had the fo‘llowing Characteristics:
temperature ~ 250°C, pH 5, total reduced sulpﬁgr < 4.0'3M, a0, < 10°*? and
aS2 < 10'13'5.‘,Gold‘probably was carried predominantly as a thio-complex, but it

also may have been a chloride- or thio-arsenide complex. Mineralization is

" believed to have formed by movement of seawater-derived fluids along shallow

thrust planes, depositing sulphides and gold with associated chlorite and sericite,

1]

in splays.

. Other sulphide showings include Pb-Zn and Cu-bearing quartz veins at

Welshs Bight and Rogﬁés Harbour reépectively. Field evidence and sulphur and

lead isotope data (-0.4 to 2.9 per mil, and 206Pb/m‘l;’b = 17.659, 207Pb/204Pb =

\

15.464, 208Pb/20"Pb = 37.562 respectively) suggest that these showings are

i

related to the intrusion of the Cape Brule Porphyry.
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Verte Peninsula. Ta'f)l;z 1-1 is a subset of her comprehensive summary of
contributions,‘ with additional specific‘ references to Nippers Harbour work.
Recently, the peninsula has experienced an explosion of exploration activity with
several important gold discove;ies in correlative ophiolites 30 km to the west (Fig

1-2).

1.3. Regional Geology
3

~

Williams (1976) divided the .island of Newfoundland into four
iect,()nostratigraphic zones. Thesel zones, [rom ‘west to east, are known as the
Humber, Dunnage, Gander and Avalon zones, and extend throughout most of the

. -
Appalachian‘ Orogen (Williams, 1978). The rocks of the '"wcsternmost Humber
zone record the formation and destruction of the ancient continental margin of
eastern North America. The Punnage zope, which contains the Nippers Harbour
Oph’iﬂlite, represents the remains of aﬁ Early Paleozoic lapetus ocean, and
contains ophiolite suites and volcanic complexes. The easterly Gander and

Avalon zones represent the eastern margin of lapetus and an easternmost possible

continent-based terrane, respectively.

Hibbard (1083) has informally named that part of the Baie Verte Peninsula
to the cast of the Baie Verte-Brompton Line as the Baie Verte Belt. It contains

three ophiolitic units, the Advocate, Point Rousse and Betts Cove (which includes

- both the Betts Cove and Nigpers Harbour Ophiolites) Complexes, which can be
!‘ .

distinguished on the basis of geographical distribution and structural history. The

Pacquet Harbour Group, characterized by both ophiolitic and island are volcanics,
{
defines a fourth ophiolitic-type unit. The ophiolites are overlain conformably and
\
\ :
unconformably by later volcanic cover sequences and are cut by later intrusions.







Subject

’Ye:\r ‘ ‘Autbor(s)
1971 Schroeter
1972 - * Riccio ‘
1973 Upadhyay
1973 Upadhyay &

- Strong
1974 N Upadhyay
1075 Neale
et alh
1975 Riccio s
1976 DeGra;e
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1977b  Coish
i9773 ‘ Coish
1978 Upadhyay
1979 Coish and
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M.Sc. thesis on Nippers Harbour
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L

Year Author(s) Subject

1981 Squires B. Se. thesis on Tilt Cove deposit

1982 Upadhyay Described komatiitic lavas from the
Betts Cove ophiolite '

1982 Coish Discussed REE geochemistry of mafic
et al. ophiolitic rocks
1982 Hurley B.Sc. thesis on gold mineralization

in Cape St. John Group volcanies
it Tilt Cove

1985 ‘ Hur}ey Paper on gold-sphalerite association
and Crocket mineralization at Tilt Cove
1985 ‘ Saunders M.Sc. thesis on mineralization in the

Betts Cove Ophiolite

1988 Strong and Paper on origin of lavas and .
Saunders sulphide mineralization at Tilt Cove

There ate also confidential drill logs on file at the
.Newfoundland Department of Mines and Energy for the
Burtons Pond srea drilled by Rio Algom Exploration in
1984 and 1985,

The Nippers Harbour Ophiolite is considered to be a southward extension of
the Betts Cove Ophiolite in the Betts Cove Complex, one of the four ophiolites in
the Baie Verte Belt (DeGrace et al., 1978; Hibbard, 1683; Saunders, 1985). The
Betts Cove Ophiolite occupies an arcuate belt stretching from Tilt Cove in the
north to Betts Cove in the south (Figs 1-1 and 1-2). It has been dated isotopically
as Early Ordovician (488.6+43.1/-1.8 Ma for the gabbro member of the ophiolite in
the Tilt-Cove area; Dunning (1984)), and is overlain conformably by the

fossiliferous Arenigian Snooks Arm Group, a cover sequence of mafic volcanic,

volcaniclastic and epiclastic rocks.
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The Nippers Harbour Ophiolite is overlain unconformﬁbly by the Cape St.

John Group, consisting of subaerial conglomerates, cross-bedded sandstones, mafic
pyroclastics and andesitic to rhyolitic tuffs and ignimbrites. The main outcroﬁ
area occupies the Cape St. 'John Peninsula north of Tilt Cove (Fig. 1-1). In the
immediate Nippers Harbouar area, small outliers lie immediately north of Rogues
Harbour. These rocks were assigned. previously to the inforrf)al Rogues Harbour
Group by Schroeter (1971), but later were incluaed in the Cape St. John Group
by DeGrace et al. (1976).

. £
'vm (‘fape St. John Group is correlative with other Silurian ‘volcanic -

sequences on the Baie Verje peninsula, such as the Springdale Group. The Group
is considered to be Silurian in age based on a Rb/Sr whole rock isochron
(353+/-15 Ma and 441+/-50 Ma (Pringle, 1978) and 385+/-15 Ma and

520+/--10Mit (Bell and Bl(‘n}insop, 1978)) and indirect stratigraphic evidence.

Several major intrusions cut the rocks of the B:;ie Verte Belt (Fig. 1-1). Of |
these, the Cape Brule.porphyry int}u'des the Nippers Harbour Ophiolite. DeGrace
ot al. (1976) subdivided the porphyry into two field units, one fine-grained
porphyry with a felsic matrix and one coarse-grained with a matrix rich in mafic
minerals. The -porphyry contains many fragments of both ophiolitic and Cape St.
John. rocks, which range in size from about lﬂcm to hundreds of metres across.
Hibbard (1983) noted that portio?fs of the porphyries appear to be ektrusive,
possibly massive welded ash-i'low tuff, and suggested that the porphyries may

comprise composite bodies with both intrusive and extrusive portions.
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Three isotopic dates have been obtained from the Cape Brule porphyry.
The\oldest date (475+/:10 Ma, a U/Pb zircon age) has been interpr;ted as the
original age of the pluton (Mattinson, 1975) while the other two Rb/Sr whole rock

ages of 4044 /-25 Ma and 3344 /-14 Ma have been interpreted as disturbc;i.ngos

* (Bell and Blenkinsop, 1978; Pringle, 1978). Since the Cape Brule. Porphyry shn.fos

a gradational contact and similar age with the volcanic rocks of the Cape St. John

Group, they appear to be lithologically and geochemically’ correlative.

The Burlington Granodiorite also cuts ‘the Nippers Harbour Ophiolite (Fig.
1-1). It is medium- to coarse- grained and heterogeneous, consisting mainly of
massive hornblende and biotite granite, granodiorite and quartz diorite (DeGrace
et al, 1976). Various dating techniques yielded ages which cluster around 'thﬁe
dates 160 Ma, 410 Ma and 3.45 Ma (Hibbard, 1983). The dates are interpreted,
f;f,n oldest to youngest, as the emplacement age of the pluton, the results of slow
coJ(>ling of the granodiorite, and an Acadian thermal event respectively, A dyke
w’hich is believed to be related to the Burlingtén Granodiorite, and which cuts the
Nippers Harbour Ophiolite, has been dated by U/Pb-zircon methods at 463+ /-6
Ma (Mattinson, 1975; D.F. Strong pers. comm. to G. Dunning, 1980; Epstein,

1983).

1.4. Local Geology . K
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1.4.1. Nippers Harbour Ophiolite

The Nippers Harbour Ophiolite consists of a crudely layered ultramafic unit
and extensive gabbroic and sheeted dyke units. Contacts betwéen the ultramalfic
and other units :'ma; generally fault-bounded while contacts between the latter
units tend to be gradational. The following brief descriptions of these lithologies
are tak'cn from the work of Baird (1951), Neale (1957), Schroeter (1971), Riccio
(1972), l_Thadhyay (1973), lDeGrace et al. (1976), Coish (1877b) and Saunders

(1085).

1.4.2. Ultramafic Member

All of the well-preserved ultramafic rocks of the Betts Cove Complex appear
to be cumulates, and in;]ude dunite, pyroxenite and wehrlite, with subordinate
harzburgite and minor"lherzolite (Upadhyay, 1973). Rhythmic layering has been
noted by Riccio (1972), who described repeated cycles of layered dunite-
harzhurgite +/- orthopyroxenite, cycles of dunite—orthopyrox-enite—websterite +/-
harzburgite and an upper portion of sequences of dunite-wehrlite-olivine
clin(wp)'roxcnife. Upadhyay (1873) noted size-graded layers, reverse gradations,
cross laminations, slump, primary pinch and swell structures in the laycred
ultramafic sequences south of Kitty Pond in the Betts Cove area. In the Nippers
Harbour area, layering is dovﬂopod best in the ultramalfics north of Burtons Pond

~

and in the Rognes Harbour area to the southwest (DeGrace et al., 1976).

v

Ultramafic rocks in the Betts Cove Complex are extensively serpentinized.
Talc scnists and tale-carbonate are Jevoloped at Tilt Cove. Neale ({1957),

Schroeter (1971), Riceio (1972) and Upadhyay (1973) described steatitization and




.~

Il
carbonatization in the ultramafic rocks, especially those northeast of Detts Big
Pond and at Green Head. Schroeter (1971) noted quartz-fuchsite-carbonate

i
alteration of the ultramafic rocks in Northwest Arm. .

1.4.3. Gabbro Member

lfpadhyéy {(1973) divided the gabbro member into two zones with a
gradational contact. The lower zone comprises pyroxenite and gabbro which
grade vertically into an upper zone of leucogabbro and diorite. In the basal zone:
(}’Apndhyay (1973) described the pyroxenite and gabbro as boi'ng “either
interlayered, or, as diffuse pods of one iﬁto the other. Lens-shaped ultramaﬁc.
pnds ranging from less than a meter to tens of metres are common in the

transitional zone between the upper and lower zones, and share a sharp contact

with thoir hosts.

. . & .
The upper leucogabbro zone congists of quartz gabbro, uralitized gabbro and
minor diorite. Schroeter (1971) noted a pegmatitic phase of the gahbn; on the

northwest shoreline of the Rogues Harbour peninsula where it occurs as an

irregular pod within ‘metagabbro.

1.4.4. Sheeted Dyke Member ’ =

The gabbro and ultramafic members are cut by diabase dyk»os and pass
vertically upward into the sheeted dyke unit (DeGrace ot al, 1976). The latter
unit consists of mainly diabase dykes, but also contains picritic, perknitic and
'si]icic dykes, dyke breccia and screens of granodiorite, gabbro and ultramalfics.
The dykes dip steeply (vertically or subvertically), and sharp changﬂs in

1

orientation have been noted (Upadhyay, 1973; DeGrace et al., 1976).

\




C'oish (1977b) deseribed the diabasic rocks as follows:

*Diabase dykes are the most common and the latest set of intrusions in the
sheeted dyke member. They cth all other types of dykes and often branch and
vein older dykes and galbbro in random directions... They-range from 15 cm to
().‘:’; m u widtn... The (_iiab:use dykes comprise neal%':' equal proportiong of

cpx/actinolite and albite®

Most diabase dykes show chilled margins, although the contacts locally are
obscured by fracturing and shearing (Saunders, 1985). Dyke breccias are
(l(}\'(‘l()p’('d along and across dyke margins as both veins and irregular patches

(Upadhyay, 1973).

in the Betts Cove area, the dykes average 20 to 30 ¢m in width and weather
red, red-brown, grey and green. Actinolite is the major fresh mafic mineral of the
green-veathering dykes, while augite predominates in the red-weathering dykes

(Sauyders, 1985).

1.4.5. Cape St. John Group oy

The Coape St. Jol;n Group was originally named by Baird (1951), wixo
doﬁned it as *...that sequence of lava flows, with interbedded sedimentary and
pyroclastic rocks, that c;;'aerlies the Spooks Arm Group®. DeGrace et al. (1976)

concluded that the Cape St. John Group comprises a sybvertical calc-alkaline

volcanic pile about 3500 m thick (based on the interpretption that the Group is-

deformed into a syncliue)‘. The Group overlies the Nippers Harbour Ophiolite

‘unconformably at Rogues Harbour, and in the area north of Northwest Arm.

. e
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At Rogues Harbour, gabbro is overlain unconformably in ascending order by
red and green coarse-grained sandstone with interbedded siltstone and mudstone,
and conglomerate (interpreted as subaerial fluviatile deposits). They are overlain
by rhyolite flows, ignimbrites, and vcsicui\ﬁ} to amygdaloidal basaltic flows.
Schroeter (lQTl)’iassigned the name 'Rogues Harbour Group' to this package of
rocks but on the basis of lithological and petrochemical similarity, DeGrace et al.

(1876} correlated and included these rocks with the Cape St. John Group.

~ Au intrusive breccia unit north of Nippers Harbour, described by DeCirace

et al. (1976), contains subangular to rounded fragments of ophiolitic mafic rocks

and acid voleanic rocks of the Cape St. John group, set in a fine-grained matrix of -

rock fragments and crystals of quartz and feldspar. The basal conglomerates

appear {o be the reworked equivalent of this breccia.
1.5. Mineral Occurrences

1.6.1. Msjor Depbsits

A
The Betts Cove Complex hosts major sulphide deposits at both Betts Cove
v .
and Tilt Cove, as well as a number of other smaller occurrences. The Betts Cove

deposit was mined from 1875 to 1883. 130,682 tons of copper ore were produced

during this period, as well as 2,450 tons of iron pyrite (Martin, 1983).

Upadhyay and Strong (1973) and Saunders (1985) concluded that the Betts
Cove deposit is similar to other modern and ancient ophiolite-type massive
sulphide deposits (e.g. Cyprus, East Pacific Rise and Galapagos Ridge deposits).

The Betts Cove deposit consists of a massive pyrite-chalcopyrite-sphalerite body

—

7

¥
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underlain by a stookwork of pyrite-chalcopyrite, and is located at the sheeted
ityke-pillow lava interface. A distinctive footwall alteration with a core of quartz-
chlorite and a halo of chlorite-albite-quartz bas been superimposed on the
l)%’ckgr()und greenschist assemblage of actinolite-epidote-chlorite-albite-quartz
(Saunders, 1985). Later faulting and shearing resulted in modification of the

deposit by the remobilization of the sulphides and their redeposition Tu chloritic

fault zones (Upadhyay and Strong, 1973).

The Tilt Cove mine originally opened in 1864 and operated until 1917,

during which time 1,491,136 tons of copper gre, 78,015 tons of regulus {matte) and

5,416 tons of copper ingots were produced The mine was re-opened in 1951 by

First Maritime Mining Corporation L.td. Production was carried out from 1957 to

1067, over which time 183,597,125 pounds of copper and 42,425 ounces of gold

were extracted from approximately 7,400,000 tons of ore (DeGrace et al., 1976).

)
5
e
-

“The deposits at Tilt Cove comprise massive and stockwork sulphide bodigs.

'l:l)e Inain constituents of the ores are pyrite, chélcopyrite and magnetite with
minor sphalerite, pyrrhotite and loczil concentrations of silver and gold (Donaghue
et al., 1950). Pyrite is the major sulphide, and is foun(; in massive , stockwork,
and disseminated form. It is associated with chalcopyrite, which itself is locally
altered to covellite. MNlagnetite forms patchy masses throughout the ore. Minor

nickel mineralization (niccolite, maucherite, chloanthite, gersdorlfite, arsenopyrite,

millerite and violarite) occurs mainly near the contact of the pillow lava and a

subsurface fault sliver of talc-carbonate rock (Snelgrove, 1931; f’apezik, 1964).
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Rth Upadhyay and Strong (1873) and Strong (1980) suggested that the Tilt
Cove orebodie; are stratigraphically controlled and formed at an oceanic

spreading center. Strong (1980) showed that the sulphide deposits are confined to

the base of the pillow lava member, and that the massive ore overlies the

stockwork ore. The nickel deposits may have originated from the ultramafic
: y

member, and been deposited through remobilization .along faults and shears

(Papezik, 1964; Squires, 1981). All of the orebodies have undergone some degree

2
of tectonism and local remobilization (Squires, 1981).

Hurley (1982), and Hurley and Crocket (1985) have documented an
nccurrence“of pyrite—sphalénte—cﬂalcopyrit&native gold mear the _l:ase of the Cape
St. John Group near Tilt Cove. Gold contents range from 569 ppb to 23,520 ppb,
with an anomalc;us value of 143,430 ppb, and grains are associated spatially “;ith
sphalerite and chalcopyrite that occur in spilitized magnesian tholeiites. Hurley
and Crocket (1985) considered these tholeiites to be Cape St. John basalts but
Strong and Saunders (1988} confirmed chemically that the basalts are actually

ophiolitic.  Hurley and Crocket (1985) suggested that the ‘sulphidcs are

remobilized sea-floor hydrothermal exhalations deposited originally at a spreading

center. A
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1.6.2. Other Mett;lllc Mineral Occurences

The Betts Cove Complex hosts a multitude of smaller metallic mineral

occurrences. Many of these have characteristics that are similar to the Betts Cove

deposits, that is, they lie within the sheeted dyke units and have simple sulphide

<
mineralogics (pyrite-chaleopyrite-pyrrhotite).  Other types of showings include
veins of chajcopyrite-pyrite +/- galena and pPyrite-chalcopyrite. The showings in
the Nippers Harbour area form the basis of this thesis and are discussed in more

.

detail in later chapters.

Baird (1948) noted-that many of the prospects it the Nippers Harbour/Betts
Cove arep occur along a major fault, designated the Stocking Harbour fault, or
along sh;*ar zones which are offshoats of it (Fig. 2-1, 2-10). He also found that the
Betts Cove deposit occurs at the intcrsecti;)n of two sets of shear zones, one which
trends parallel to the main Stocking Harbour fault and another which trends east-
west.  The implicati()ng cf laulting on sulphide deposition will be discussed in

-

Chapters two and three.

1.8. Ophiolitic Stockwork-type and Gold Deposition ’

Massive sulphide deposits in 6phiolites generally are thought‘to be formed at
ocean-floor spreading.centers, which may represent mid-oc.ean ridges, island arcs,
or spreading back-arc basine (Miyashiro, 1973; L)édon, 1984). The deposits
typically cansist of a massive sulphide lens underlain by a stockwork or Stringer
zone (Fig. 13) ‘(Hutchison and Searle, 1971; Lydon, 1984). This zone is-

interpreted as the near-surface conduit for the metal-bearing hydrothermal

solutions which discharge at varying rates and precipitate sulphides above and
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around the discharge vent (Solomon_ and Walshe, 1979; Counstantinou, 1980;
Lydon, 1984). The stockwork zon ’é;)mprises L‘netwozl of fractures and veinlets, p
" in basalt and possibly extending into sheeted dykes, filled with sulph_idos-
(chaleopyrite, pyrite, pyrrhotite +/- sphalerite +/- galena) and silca (quartz or

chlacedony) (Constantinou, 1980). Altered peripheral host rocks are impregnated

frequently with disseminated pyrite.

Stockworks typically are zoned, refleéting the intensity and type of
" metaorphism. In certain Abitibi Belt deposits (Millenbach and Corbet), an inner
core, chdmcterized by chloritic hydr(;thermal alteration, results from additions of
‘FeOt and MgO, and depletion of CaO, Na,.,O, K20 and SiO?. (Riverin and
Hodgson, 1080; Knuckey et al., 1982; Knuckey and Watkins, 1982). The core is
surrounded by a sericite-chlorite zone, where the K‘ZO removed in the chloritic
core is enriched. Contacts between the zones are gradational, possibl)'( reflecting a

~

single metasomatic gradient (Lydon, 1984).

At the Mathiathi deposit in Cyprus, Lydon and Galley (19886) described a
similarly zoned subvertical alteration pipe which consists of an inner silicified,
“chloritized and p);ritized zone, representing depletions in CaO, Na,0, K,0 an.d
cnrichments in SiO2, FeOt and S. Surrounding it is an intermediate zon;: which is-
more enriched in MgO, and a peripheral zone characterized by K,O enrichment in

the form of K-spar and illite.

Studies of the alteration zone beneath the present-dax Galapagos Ridge

, ' A Y
sulphide mounds by Jonasson and Franklin (1987) have demonstrated similarites
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to ancient stockwork deposits. The upflow zone encloses a stockyork of veinlety
filled by silica, clays (Mg-chlorite) and sulphides (chalcopyrite a'nd 'pyritc).
Analyses of altered rocks show them to be strongly depleted in CaO, Na,0, K,0,

MnO and SiO,, and enriched in S, FeOt, Cu and Zn.

Stockwork zones and massive sulphide deposits arg believed to be generated .
by the passage of hot hydrotLermal {luids through the ocean crust to the seafloor
(Sillitoe, 1972; Spooner anc Fyfe, 1973; Upadyhyay and Strong, 1973; Andrews
and Fyle, 1976, Fryer and Hutchinson, 1976; Spooner, 1977, Parmentier and
Spooner, 1978; Solomon and Walshe, 1979 anfl Lydon, 1984). The hydrothermal
solutions are forn‘led by initially cold, oxygenated, alkaline, Na-Mg-50,-Cl
seawater which is drawn down into the crust and heated, possiblgby sub-surface

4
magma chambers. The fluids evolve into a reduced, slightly acid, dominantly Na-
Ca-Cl brine which is capable of leaching and transporting metals as chloride
complexes (Andrews and Fyfe, 1976). A convection cell is set up, through which
circulating fluids scavenge metals from the rock. Both the hydrothermal fluid and
host rock are altered chemically. The hot solutions rise through fractures to

exhale on the sea floor, producing the massive sulphide lens and underlying

stock work zone.

- Gold is an important constituent of some Archaean and Paleozoic
volcanogenic- massive sulphide deposits. Hig‘b golci concentrations are correl‘at'cd
with zinc-rich horizons at the Corbet mine (Knuckey and Watkins, 1982), and
with the copper-rich core at the Millenbach mine (Riverin and Hodgson, 19%0).

The Ordovician Tilt Cove mine yielded 42,000 ounces of gold during its second

phase of mining in the 1960's {DeGrace et al., 1976).
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Gold contents of modern massive sulphide deposits are highly variable, but
generally low (Scott, 1987). Recently, however, elevated gold values have been
found in sulphide samples from the Axial Seamount (45°57'N, 130°02'W) and
southern Explorer Ridge (49°45.6'N, 130‘;16.2'W) by Hannington et al. (1986).
The former yiclds gold' contents up to 6700 ppb, averaging 4900 ppb, while the
latter site gives slightly lower values up to 1500 ppb Au, averaging 660 ppb Au.
‘The authors suggested that gold, preconcentrated in high-temperature (>300°C),
Cu-Fe-rich sulphides, is remobilized by late, low-temperature (< 250°C) fluids and

precipitated in SiO,-Ba-Zn-rich sulphosalts near the surface.

1.6.1. Sglphlde Deposits in Subsurface Ophiolitiec Units

Sulphide deposits have been observed in sheeted dyke, gabbroic and
ultramafic units of ophiolites. Isotopic evidence has shown that hydrothermal
circulation can extend to the gabbro level, several kilometres below the sea floor
(Spooner et g_l, 1977). A slight change in a physico-chemical parameter of metal-
bearing hydrothermal fluids (pH, pressure, etc.) may cause sulphide deposition

(Bonatti, 1975).

In the Agrokipia *B* deposit and Drill Hole 504B from Cyprus, zones of
- metal enrichment have been observed at the dyke-basalt transition zone. Gillis
(1987) suggested that these isolated bodies are ;elated to mixing of hot,rising,
metal-enriched fluids with cold, circulating seawater. Such sulphide zones have
also been documented in many ophiolites (Hutchinson and Searle, 1971; Upadhyay

and Strong, 1973).
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Panayiotou (1986) has documented sulphide and sulphide-arsenide
mineralization in ultrabasic and gabbroic rocks in areas of the Troodos ophiolite,
Cyprus. Fe-Cu-Ni-Co sulphide and arsenide lenses, veins and disseminations
occur in highly -heared and serpentinized ultrabasic rocks in the lea.ssol Foreat

and \1ount Olympus, and in highly sheared and chloritized gabbros. This

mineralization is beIieVed to be related to the serpentinization of the ultramafic

host rocks by seawater-derived hydrothermal solutions.

s

Gold values of 1 to 10 ppm have been reported from carbonatjzed
ultramafic rocks (litwaenites) from ophiolite complexes. Buisson and LeBlane
(1985, 1986) and LeBlanc (1586) have related these gold values to pyrite-rich Cb-
As mineralization, and late quartz veins with pyrite-arsenopyrite in these rocks.
Acid gold-bearing solutions, derived from hydrothermal circulation through
ultramafic rocks during serpentinization, ﬁre assumed {o precipitate sulphides and

gold when they react with carbonatized listwaenites (Fig. 1-4).

1.7. Summary

The Ordovician Nippers Harbour Opbiolite hosts many sulphide-gold
showings. It'is located on the east side of the Baie Verte Peninsula, and is
copsidered to be an extension of the neighbouring Betts Cove Ophiolite. The
Nippers Harb;)ur Ophiolite is overlain unconformably by the Silurian Cape St.
John Grou'p, a sequence. of subaerial conglomerates, sandstones, basic pyroclastics
and andesitig to rhyolitic welded tuffs. The Nippers Harbour Ophiolite also is

)

intruded ,by the Silurian Cape Brule Porphyry, a medium to coarse grained

quartz-feldspar pluton.
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Mineralized showings in the Nippers Harbour area have characteristics
tvpical of other ophiolite-hosted mineralization. Examples of the latter are:
basalt-hosted massive sulphide lenses and their associated un;ierlying stockwork
zones (often with significant gold concentrations), fault zones in diabase and
gabbro hosting less significant concentrations of sulphide, and gold-sulphide bodies
i carbonatized ultramafjc rocks (listwaenites). In the Nippers Harbour area, the
Silurian Cape Brule Porphyry, which cuts the ophiolite, also may have had an

influence on mineralization. This thesis atterapts to classify the Nippers Harbour

showings genetically according to the above and possibly other geological settings,

by discussing and evaluating field, petrographic and geochemial evidence.




Chapter 2 -

General Geology

2.1. Introduction

This Vchapter contains the field and petrographic observations completed for
this study, supplemented by descriptions from Schroeter (1971) and DeGrace et al.
'('1976). Ultramafic, gabbro and sheeted dyke units are represented in the field
area, as well as the Cape Brule porphyry and volcanic and volt.:aniclastic rocks of
the Cape St. John Group. Mineralization and related alteration are detailed in

chapter three.

2.2. Ultramafic Unit

Ultramafic rocks crop out in belts east of Burtons Pond and north of
Northwest Arm (Fig 2-1). In the Burtons Pond area, ultramafic rocks weather
rusty brown or dark green on unweathered serpentinized surfaces and are mainly
altered dunites, consisting of more than 80 percent serpentine with clusters of
large, 2 to 3 cr;x clinopyro-xene crystals. These rocks ;'ontain no more than 1
percent chromite and often have a streaky, mottled appearance due to alignment

-

of serpentine fibres.

Pyroxenite dykes and bands ranging in width from 1 to 10's of em cut the







\ﬂfmitos and are discontinuous along their length (Fig. 2-2a). In thin section they

contain greater than 90 percent clinopyroxene which has been altered to coarse

and fibrous actinolite. A few plagioclase grains were noted in some samples.

A fairly extensive section of layered ultramafic rbcks is exposed in a cliff

" just north of Burtons Pond (Fig. 2-2b). These layers are variable in thickness,
ranging from 8 cm up to 1 m, strike roughly north-south and have moderate dips.-
They consist of alternating layers of pyroxenite and dunite with both sharp and
gradational contacts. = One céntact display—s pyroxene crystals oriented
perpendicular to the contact. The layers may be an original magmatic feature as
no structural elements such as foliations or lineations were noted, or they may

represent dunitic bodies intruded by pyroxenite dykes as noted above.

. r-
Last of Gull Pond, large xenoliths of ultramafic material are found in Cape
Brule quartz-feldspar porphyry, and are aligned in a southeast-northwest
direction, parallel to many other shears and faults in the ophiolite (Fig. 2-1). A .

strong lineation, defined in the ultramafics by alignment of magnetite crystals and

rodding of pyroxenes, trends parallel to the trend of the xenoliths.

Ultramafic rocks north of Northwest Arm are similar to those at Burtons
Pond although there is a higher percentage of pyroxenite present at the former.
Locally along the coastline and at Green Head, talc-carbonate- filled shears are

dfwolopod in ultramafic rocks and gabbros.
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2.3. Gabbro Unit .

Gabbros crop out throughout the map area, and are found in abundance at
Burtons Pond and in the area south of the Nippers I{arboﬁr highway. The
gabbros generally are medium-grained, cénsisting of approximately equal parts of
I mm plagioclase and maﬁ; mineral with minor quartz. Laths of yellowish
plagioclaso,_ge'nerally 0.5 to 1-mm long, comprise 40 to 60 percent of the‘rock,
and !in thin section, are altered partially to completely to a fine grained mass of
sricite, epidote, albite and calcite.  These cryétals subophitically enclose
actinolite, which 1s largely an alteration produci of clinopyroxene. Very few relict
grains of pyroxene remain, and where they do, they constitute no more than 5
percent of the rock. Actinolite grains carry accessory sphene and are altered in

t

patches to a fibrous amphibole (uralite).

Variable-textured gabbros are present, particularly at Burtons Pond and
Green Head.  Here, pegmatitic bands and patches with erystals of gizes up to 1
em, but generally 4 to 6 mm, stream through homogeneous gabbro {Fig 2-3a,b).
At Green Head, homogeneous, fine-grained gabbro blocks floating in a
granudioritic matrix themselves contain xenoliths of pegmatitic gabbro. A crude
banding has been observed in the area south of Rogues Harbour in which layeriné

is defined by fluctuations in the amount of amphibole and plagioclase.

Ultramafic xenoliths are common in gabbro from the Rogues Harbour area.

Their edges are'frayed and enhanced by [ine chlorite rims, indicating reaction

between the xenoliths and gabbro melt.
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The dyke-gabbro coatact is gradational. .Massix"g gabbro bodies commonly‘"
are intruded by aphyric, siliceous 5 to 25 em wide dykes which display narrow
chilled margins. The dykcs become 1;10re numerous towards the margins of gabbro
pods \kpii_l_they become sheeted. Although there is abundant evidence of dykes
intruding' gabbros, the re\;erse relationship was not observed except at one locality

where rounded diabase xentliths in gabbro display plagioclase rims. Riccio

(1975), and Saunders (1985) also cited evidence that the gabbro pods intruded the

Os};ootod dyke and pillow lava units and were subsequently cut by dykes.

2.4. Diabase Dyke Unit

Diabase dykes constitute the major part of the Nippers Harbour ophiolite.
d'hey generally dip steeply but have variable strikes, which are discussed in
Section 2.7, They are sheeted in most areas (Fig. 2-4-a,b), fon;ting swarms of
multiplo)ﬁnd composite dykes, except where they grade into massive gabbro. In
the latter (;:'LG(’, they contain many screens and pods gf gabbro, especially at

Burtons Pond and south of Nippers Harbour.

[

The sheeted dykes vary in width from a few centimetres up to 1 to 2
metres. They are chilled normally on one side with 1 to 5 cin margins (Fig. 2-5a),

although dyke contacts often are obscured by shearing and related brecciation. 1

~mm bands of quartz frequently are developed near and parallel to dyke edges and

may be related to cooling (Fig.2-5b). Late joints commonly cause minor offset of

dykes. Sy

\

The dykes are altered wholly.or partly to. a greenschist facies assemblage
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(albite + chlorite + quartz + actinolite + epidote + magnetite + sphene) and are
termed fdiabase’ in the Betts Cove Complex (Coish, 1977b). Several types of dyke
which tend to intrude each other so that no genetic sequence could be identified,
are present. The first type of dyke is an aphyric to very finely crystalliné, pale
green weathering siliceous diabase with microlites of plagioclase on fresh surfaces.

These commonly intrude massive gabbros, and may be the earliest dykc:s.

The most common dykes are the red and grey-green weathering types. As
suggested by Saunders (1985) for dykes at Betts Cove, th® red colour is due to the
weathering of ap.gite while the green colour can be ascribed to actinolite. In thin
section, these dia{b;ses are holocrystalline and medium- to fine-grained except

where they are highly propylitized. Three textures are dominant and can be

gradational even on the scale of a thin section:

(a) An intergranular/subophitic texture in which blocky pyroxene crystals,
ofter altered partially to totally to uralitic actinolite, are located interstitial to,
and are enclosed by plagioclase laths (Fig. 2-6). The latter normally are altered to

fifie grained sericite, calcite and epidote.
) o~

(b) Euhedral, 0.3 to 0.5 mm laths of pyroxene set in a matrix of quartz,
albite and penninitic chlorite. Pyroxene crystals are clouded by a reddish brown
alteration product with a felted appearance and also are more rarely altered to

caleite. Quartz is anhedral, forming a drusy mosaic of sutured crystals. It

consitutes normally about 5 percent of the diabase, but can reach up to 15

percent, when a knobby weathering texture is developed.







'35

Within th)e‘ diabase are zones in wﬁich the dykes are wholly or partly
replaced by epidote, quartz and sphene bands. The banding is subparallel ‘0 the
dyke marginos, and may break up into péd’s or cylindrical pipes. When well
developed, as— at Burtons Pond (Fig. 2-7b) and near the Hill showing, the rocks .
acquire a striped appearance. Severals authors have described such zones in the
Troodos ophiolite, Cyprus. Smewing (1975) suggested that epidosites represent
the residues after leaching of metals from the .dykes, while Varga and Mo<.)reS
{1985) described epidosites associated with major faults in the sheeted dyke
conrplex which they believed were hydrothermal feeders to the massive sulphide
deposits in Cr')\'prus.‘ Richardson et al. (1987) noted that the epidosite zones are
located at tine base of the Sheeted dyke unit. Based on this and other
observations, they suggested that major epidosite zones were areas of intensive,
high temperature water-rock interaction resulting in the hydrothermal fluids that
ultimately formed massive sulphides.

Diabase dykes have been note:i to intrude pyroxenites, particularly on the
cast side of Burtons Pond. The contacts again normally are sheared and
occasionally have pyroxene crystals growing across the interface, possibly
representing é zone of minor melting and recrystallization. The pyroxenites

therefore may represent high level, "diapiric’ ultramafic bodies, fault blocks, or

other tectonically or magmatically emplaced bodies.
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2.5. Cape St. John Group
The general geology of the Cape St. John Group is described in Section
1.4.5. This unit was not mapped in detail for this study but a few noteworthy

observations are made below.

13

Rhyolite and rhyolitic tuff (unit 6, Fig. 2-1) crop out sporadically
throughout the map area, especially east of Gull Pond, north of Northwest Arm,
and at Rogues Harbour. In the [irst area, rhyolite pods are aligned in roughly the

same orientation as diabase and ultramafic xeroliths in a large shear zone in Cape

Brule Por'phyry. Y

The rhyolite weathers purple and crops out in spectacular purple hills which
are easily indentifiable. It consists of phenocrysts of plagioclase, qu&rtz and rare
K-Teldspar in a matrix of plagioclase microlites, opaque minerals and alteration
products of glass (chlorite, epidote and calcite). Plagioclase phenocrysts often are
squarish, 2 to 3 mm in diameter, and aré altered to epidote, sericite and calcite.
Phenocrysts of quartz are smaller (1 mm) and rounded, while pink K-feldspar

crystals attain d‘menﬁions of up to 4 to 5 mm.

Rl{yolitic tuff crops out north of Northwes; Arm. Flow-banding here is
defined by pink, recessive-weathering bands (Fig. 2-8a) and alignment of

plagioclase laths. The banding dips moderately to the nerthwest.

§ow
Basic flows and pyroclasties (unit 5) crop out north of, and sporadically .in,

Northwest Arm. Outcrop in the former area‘is poor but the rocks seem to be
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mainly basic flows. These weather maroon to purple and have dark green, fine

grained and equigranular fresh surfaces.

Conglomerates and crossbedded sandstones (unit 4) occur just south of the

basie flows. The eccnglomerates contain boulders up to a metre wide with pebblgs

and cobbles whose long axes lie in the bedding plane. The framework consists of

rhyolite, quartz-feldspar porphyry and tuff, and brown ultramafic fragments.

Intrusive breccia (unit 7)" described by DeGrace et al. (1976} crops out
irregularly throughout the map area. It consists of blocks of rhyolite, quartz-
feldspar porphyry, and chloritized diabase and gabbro, up to several metres in
dimension, éct in a matrix of crystals of quartz and feldspar (Fig. 2-8b). A
_spectacular breccia | is dev?loped at Green Head, where blocks of pegmatitic
“gabbro are cemented bv a granodioritic matrix. This host rock may be a phase

o
related to the Burlington Granodiorite rather than the Cape Brule Porphyry.

2.6. Cape Brule Porphyry

The Cape Brule quartz-feldspar porphyry (QFP) crops out throughout the
entire map area. It clearly intrudes the Nipp'e_rs Harbour ophiolite and commonly
contains xenoliths of ophiolitic material. In some areas, especially on the highway

near Gull Pond (Fig. 2-1), fragments of chloritized ‘mafic material are roughly

bedded, suggesting that they may be extrusive, tuffaceous features first suggestedl

by Hibbard (1983).

 The QFP is largely homogeneous over the entire area. It weathers a buff

white to pink colour and crops out reéistantjy as hills and mounds. It consists of

©
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prodll(lt, and displays/ occasional perthitic texture and intergrowths with
14

pﬁgiucla.se. Plagioclase crystals have variable compositions. They also are

altered, but to a mixture of sericite and epidote, and have generally subhedral to

euthedral outlines.

A coarser phase of the porphyry crops out along the coast parallel to the

-

Stocking Harbour Fault (Fig. 2-1). It weathers a deep salmon .pink colour and
“contains a greaier percentage of orthoglase phenocrysts. The groundmass is
defined by finely intergrown, <1 mm, orthoclase and altered plagioclase crystals
as well as comminuted chloritized mafic pieces. This may be a separate phase of
the intrusion related tol the Stocking Harbour Fault, but contacts with the fine-

-

grained porphyry were not observed.

2.7, Structure

Stgucturally the Nippers Harbour area is dominated by faults and shear
zones.  Attitudes of diabase dykes define three structural blocks within the
ophiolite, which are il]ustrz;ted in Fig 2-10. The smallest block {A) lies to the east
of Burtons Pond and is actually the southernmost extension of the Betts Cove
ophiolite. Block (B), containing the Gl;” Pond showing, hosts dykes' which form a
northeast-facing are, while dykes of the southern block (C) defire a broad
southeasterly-facing box fold. These latter two str'llctural units are separated by a

fault which originates in Nippers Harbour. Schroeter (1971} suggested that the

rocks north of Nippers Harbour (Block B, Fig 2-10) have been rotated and/or

tilted as a result of faulting and/or the intrusion of the Cape Brule porphyry.

i)
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The most prominent fault in the area is the Stocking H;rbour Fault (Fig
2—1’0). It was traced by Baird (1951) over a total length of over 32 km, as far
north as Betts Cove. Neale (1957) dlsagreed with Balrd and demonstrated that
the fault intersects and coincides with faults bounding the Betts Cove ophiolite at
Jigging" Head.  Nevertheless, the Stocking Harbour Fault is marked by a
prominent topographic depression and at Welshs Bight, |s (-xposed as a lO m wide
vertical shear zone. Two of the main mmerahzed showmgs the Rogues Harbour
and the Welshs Bight, occur directly on the fault. The Burtons Pond showing
occurs in a fault zone which is an offset of the Stocking Harbour fault. The

significance of thns is discussed in chapters three and six.

/

The sense of displacement and timing of ni]ovement on the fault are not
discernable directly. However, a right-lateral aisplacement of over 30 m, first
noted by Schroeter (1971), is recorded on a fault west of Buskom Pond (Fig. 2-1
and 2-10). Displacement appears to have involved uplift to the south with respect
to rocks of the north, as the older Burlington Granodiorite is juxtaposed against

younger Cape St. John Group rocks just to the north of Middle Arm in Green
Bay. 7
On the Baie Verte Peninsula, all pre-Carboniferous strata and structures,
including the Baie Verte Line, wrap around a major structure named the Baije
-
Verte Flexture (Hibbard, 1982). This is expressed as a dhange in structural trends

from a north-northeasterly to an easterly orientation. Hibbard (1982) suggested

that the flexure was an early feature that pre—dz:té deformation of the Baie Verte

rocks, and that younger structures followed its form. The Stocking Harbour and

- :







2.8. Summary

L'ltramaﬁ;, gabbro and sheelted diabase dyke units of the Nippers Harbour
ophiolite .are represented in the map area.  Ultramafic rocks mainly are
serpentinized dunites\\tﬂi,th'veins of pyroxenite. Gabbros generally are medi‘um-
grained to pegmatitic, and are unlayered. Dykes form the largest part of the
ophiclite and for the most 'part, are sheeted, displ‘ayin‘g narrow chilled and
somctimes" brecciated margins. Contacts between these obhiolitic'units are both

gradational and faulted.

The Cape Brule quartz-feldspar porphyry forms a substantial portion of the
map arca. For the most part, it contains quartz and feldspar phenocrysts in a
fine-grained, quartz-plagioclase dominant matrix. A distinct phase whose matrix
is dominated by K-feldspar crops out along the Stocking Harbour fault along the
coast. Scattered outcrops of Cape St. John Group conglomerate, basaltic dyke,

i

rhyolite and intrusive breceia occur throughout the area.

d
Structtirally the map area is dominated by shear zonds and faults; in

particular, the Stocking Harbour Fault. Much of the mineralization occurs along,
and may be controlled by this fault. The major faults in the area may be early

pre-obduction features which have been re-activated upon intrusion of the Cape

Brule Porphyry.




Chapter 3 L

Mineralization Features

3.1. Introduction Q

The six sulphide showings mapped and sampled for this study are located in
Figure 2-1. The Burtons Pond showing (No. 4) is the most éxtensive of the six,
and consequently the most detailed sampling was concentrated there. Showing
No.1 has been named the 'Hill' showing due to its location on a pro;inont hill
bverlooking Nippers Harbour. Mineralization at Showing No. 2, Gull Pond (No.
3) and Rogués Harbour (No. 3) is less extensive but the degree of exposure
permitted comprehensive examination and sampling. The shaft at Welshs Bight

(No. 6) was surrounded by a few scattered sulphidic samples, but as it was several

3
metres away from any related outcrop, no samples of country rock were taken.

Regional mapping of the ophiolite was carried out in order to detect any
new areas of mineralization. Although no new major showings were discoverod, 3
great many chloritic shear zones hosting sulphide- (mainly chalcopyrite and
pyrite) bearing milky quartz veins were documented. Several of these veins wers
sampled and are discussed in this chapter. In addition. sheared mafic rocks i‘n

places contain significant disseminated pyrite.
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Sulphide mineralization occurs ubiquitously in faults, fault zones, or smaller

shear zones. It is hosted by altered diabase or gabbros.

3.2. History of’ Exploration

The Nippers Harbour area has been actively explored at various times since
the late nineteenth century. Tbe‘Burtons Pond'showing was discovered in the
1860’s and mined from 1876 to 1892, during which 1500 tons’of coppervor‘e were
extracted (Martin, 1983). An inclined shaft and surface worki.ngs are present at
the showing. The Gull Pond (originally called Muirs Pond) prospect also was

actively explored at this time. Later, Advocate Ming (1967) reported grades of -

£
0.90 Cu, 0.28 oz/ton Au and 1.26 oz/ton Ag on a 2-foot channel sample here.

At Rogues Hal:bour (No. 5), two shafts and two adits are present, with
grades of up to 2.649 Cu (Douglas et al., 1940; Baird, 1951). Shafts also are'
present at -Showing‘ No. 1 ('Hill') and at Welshs Bight (No. 6) (Baird, 1951). An
assay of 2.7576 Cu, 1.05 oz/ton Au and 11.30 oz/ton Ag was reported by Riccio
(1975) for ore from Showing No. 2. Advocate Mines (1967) explored Q'ther
showings near Jigging Head and N(;ble Cove (Fig. 2-1), but no remaining trace of
mineralization was found during“the present study. At this time, the entire area
is under investigation for gold.

3.3. Geology and Mineralogy of Mineralized Showings
A

i
i
&
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3.3.1. Showing No. 1 - Hill

Mineralization at the> Hill showing consists of two major concentrations of
sulphide in parallel, nortbwest-;triking shear zones (Fig. 3-1). Unit one crops out
along the southernmost major shear, but much of the surface outcrop has been
removed by previous excavation. The unit coinsists‘of a chloritic breccia,
cemented by quartz, pyrite, chalcopyrite and minor calcite (Fig. 3-2a). Breccia
fragments generally are small (<5 cm diameter) 'and very angular, and are
comprisec of rounded quartz spherules in a matrix of dark green chlorite. They
display a dominant fabric which is likely related to ;hearing. Sulphides (mainly

pyrite) are concentrated around fragment edges, and are associated with and

rimmed by minor epidote,

Unit two is composed of intensely sheared and chloritized rock with
disseminated pyrite and chalcopyrite. (Fig. 3-2b). It crops out mainly along the
more northern major shear, but smaller plugs occur sporadically throughout the
area. Pyrite in units one and two occurs as idiomorphic cubes which are often
embayed and corroded, and co;ltain inclusions as well as overgrowths of

chalcopyrite. Rare inclusions of arsenopyrite have been observed using a scanning

clectron microprobe (SEM).-

Unit three comprises,a dark green weathering, chloritized rock which often
contains abundant ql;artzrspherules and stockwork-like patches of quartz (Fig
3-3).  These quartz veinlets frequently are epidote-lined and host minor
disseminated pyrite. Dyke contacts are preserved, and are enhanced by she.aring,

producing chloritic and pyritic shear zones.

N
















green weathering diabase dykes (unit four),which strike parallel to both mdjor and
minor shears of the area, implying that their distribution is controlled by these
structures (Fig. 3-1). Furthermore, unit three xenoliths are aligned parallel to
shearing and probably are controlled by it. Wherc; U;Jit four dykes have int}uded
unit two material, shearing in the latter has been folded (Fig. 3-2b). Thin quartz
veinlets are developed in a circular rdanner in unit four rocks arOL;nd xenoliths of

altered rock.

The myjneralogy of each unit is distinet. Units one and two have simple

-

mineralogies, consisting only of sulphides, quartz and chlorite with minor epidote

and calcite. Less altered unit three lithologies contain the above assemblages as

well as albite, while unit four rocks are characterized by actinolite and feldspar,
with minor chlorite and epidote. The implications of these assemblages are

discussed in the forthcoming geochemistrf chapter (number four).

3.3.2. Burtons Pond

The Burtons Pond showing (No. 4) is located in the most castern part of the
map area (Fig 2-1). It is situated in fact in the western edge of the Betts Cove

rather than the Nippers Harbour ophiolite.

The geology of the Burtons Pond showing is presentéd in Figure 3-.5.‘
Mineralization occurs in altered diabases and coarse-grained gabbros which are
faulted to the north against serpentinized dunites. Chalcopyrite, pyrrhotite and
pyrite were focussed along a fault zone which has a surface width of up to 5 m, ‘

extends for at least 100 m in ‘a northerly direction, and is terminated to the south




by the ocean. Sulphides occur as (1) sulphide-only veinlets filling shearing-related

fractures in altered host rock, (2) patchy intergrowths with quartz, calcite and
minor albite, in secondary but also shear-related veins, and (3} Disseminated

grains in intensely silicified and chloritized areas.

Rior Algom Inc. drilled six holes on the Burtons Pond property in 1084.
Their drill locations are depicted in Fig. 3-5 and in Fig."3-6. The core was
examined in detail, focussing attention on holes two and four which intersected

Tepresentative Burtons Pond sulphide zones. These drill holes were sampled at

regular intervals for petrographic, geochemical and precioﬁs metal work.

A schematic illustration of the main sulphidized and altered zones, as
outlined by drilling, is portrayed in Fig. 3-6. The zone appears to wane at depths

of 70 m, although hole five terminated in a fairly intensely altered and. sulphidized

.

zone.

3.3.2.1. Host Rock Alteration

Host rock alteration is not completely pervasive, but is concentrated in areas
of intense shearing and faulting. Elsewhere alteration is confined to areas around
veins associated with shearing. Three types of mineral associations can be
recognized in the alteration of the hos_t diabases and gabbros: (A) chlorite

quartz+/-albite alteration, (B) chlorite-sericite alteration and (C) carbonate

(calcite)-sericite alteration. 2

The chlorite-quartz+/-albite alteration (A) is characterized by the

diagnostic minerals chlorite and quartz and in most cases, albite, as well as minor
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grains, and minor sphene is located in the cores of these relict graius.. Extensive
s?ricitization or. primary oligoclase and albite grains and laths has obliterated
internal features such as twinning, but has preserved crystal outlines. Some

chloritization of plagioclase also has occurred, resulting in minor replacement of

sericite, as well as oligoclase,

The third alteration assemblage (C) is recognized by the diagnostic minerals
‘calcite and sericite, and is formed in two ways. The first results from the
replacement of chlorit_e in the chlorite-sericite assemblage by calcite, leaving the
sericitic alteration of feldspar intact. The second mode of formation oceurs by the
partial to complete replacement of ptimary amphibol:(actinolite) by calecite along

edges and cleavage planes (Fig. 3-10a,b), and of feldspars by sericite (Fig. 3-10a).

Sphene, quartz, epidote and fibrous amphibole (uralite) are minor phases.

The alteration types appear toibe distinct, except where the chlorite-sericite
(B) assemblage gives way to the calcite-sericite (C) assemblage by means of
replacement of chlorite by carbonate, suggesting that the calcite alteration is a
late phenomena. Of the three types, the chlorite-quartz+/-albite (A) assemblage
is the most common and the most intense, as it leaves few traces of original
minerals. Carbdnate distribution is random, and appears to be controlled by the

presence of ferromagnesian minerals, except where it is found in veins.
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3.3.2.2. Vein Mlnenl#gy
Stockworks ;are extremely common in altered Burtons Pond rocks, and
consist of veins, normally only a few millimetres or less wide, but up to 0.5 m.
Many vein types, most qf which contain sulphides, were distinguished. Veining
generally is intimately associated with shearing although barren milky quartz

veins, commonly displaced by shearing-related fractures, probably are early
-
<

features.
Sulphide-albite veins are common (Fig. 3-11a), and generally are enveloped

by fine-grained sericite and epidote. The albite appears to be confined to the

outer walls of the fractures.

Quartz-caleite-sulphide veins are the most typical. These have no marked
alteration rims, and sulphides generally are intergrown with blocky quartz and
caleite (Fig. 3-11b). Quartz-sulphide assemblages also were observed; in one
section early formed fracture-wall lining sulphides are cemented by quartz.
Feathery chlorite envelopes some of the quartz sulphide veins, while; rare chlorite -

rosettes rim isolated sulphide microveinlets.

The major sulphides are non-magnetic, pure FgS pyrrhotite ;nd
chalcopyrite, Tbe forme}- is altered to marcasite along cracks and fractures,
resulting in a 'bird’s eye’ texture (Fig. 3-12a), while the latter contains sphalerite
inclusions. Arsenopyrite probably represents a later sulphide phase, as it heals
fractures and overgrows pyrrhotite and chalcopyrite v(Fig. 3-12a), and also is found

as isolated, idiomorphic ecrystals. FEuhedral cubes of cobaltite {(Co,Fe)AsS),
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coatings of gersdorffite ((Ni,Co.,Fe)AsS) (Fig. 3-12b), as well as seg‘egate.d grains
A\

of native Bi are present in quartz gangue in veins.

\
g1

¥
Burtons Pond samples contain microscopically visible electrum (Au-Ag) as
graios ranging from ! to 3.5 ym. These were found rﬁost commonly in and on the
edges of chalcopyrite grains (Fig. 3-13a), while other flecks were located in quartz

and calcite, near pyrrhotite or chalcopyrite (Fig. 3;13b).

<
Fig. 3-14 defines a paragenetic sequence of hydrothermal events at Burtons

Pond. Early, barren quartz veins are cut by fractures cont%ing pyrrhotite and
chalcop)"rite. Host-rock alteration to chlorite-quartz-albite, chlorite-sericite and
_ calcite-sericite assemblages may have begun during the pyrrhotite and
chalcopyrite precipitation. Sphalerite exsolved from or replaced chalcopyrite.
Arsenopyrite, cobaltite and gersdorffite are placed in later positions in the
sequence, as they overgrow a-nd heal fractures in pyrrhotite and chalcopyrite, and
are euhedral. Quartz and calcite appear to be the last hydrothermal precipitates,
because they overgrow all of the other sulphides and seal the veins. The position
of gold, though based on lirq\ited observations, is considered to be mid- to late in
the sequence. It probably precipitated at least in part coevally with chalcopyrite,
as it is found on chalcopyrite grain edges, or it even may have exsolved from the
" chalcopyrite. Gold grains also were located in quartz and calcite gangue,
suggesting they may have formed with these minerals, late in the sequence. The®
paragenetic position of gold thus appears to coincide with that of the arsenic
minerals, although no Burtons Pond gold grains actually were enclosed in them.
The formation of marcasite by replacement of pyrrhotite is considered to be a

very late, post-vein formation, event.
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Patches of chlonte schist are common in the quartz vein along the Stocking
Harbour Fault, and carry 1d10morph|c pyrite cubes with microscopic blebs of

sheared and streaky chalcopyrite dlgpersed along shear planes. In most cases, the

boundaries of these chloritic patches are very diffuse, although a few pods with

sharp edges are visible. These may represent pods of altered gabbro, as fragments

of unaltered gabbro were mapped in the quartz vein on the Rogues Harbour
peninsula and on the margins of the quartz vein along the Stocking Harbour

Fault. The degree of shearing probably was more intense along the fault and

produced schists.

On the Rogues Harbour peﬁinsula, minor pyrite is focussed at the margins
of the quartz vein and in surrounding gabbro (Fig. 3-21b). The quartz vein here

is fairly competent and is hematite-stained.

3.3.6. Welshs Bight

The Welshs Bight showing (No. 6) occurs on a fault between Cape Brule
. quartz-feldspér porphyry and ophiolitic diabase (Fig. 2-1).' Samples collected near
the adit at the site contain sphalente and galena. The nature of the host rock
and its alteratnon were not directly discernable, as only dump samples were
available. The porphyry near the adit is pyritized and sericitized, especially near
- contacts with diabase, an.d a spectacular stockwork -of quartz veinlets is developed

within 10 m of the major porphyry/diabase interface.

The Welshs Bight vein comprises strained and undulose quartz fragments,

up to several mm in diameter, cemented in a groundmass of calcite, finely













Hill Burtons Gull Showing Rogues Welshg

Pond Panad No.2 Harbour Bight
Major 194 po,cp pPo,cp py.c '
' , 1 Cp PYy.cp sp.gn
Sulphide ¢p sp - asp as s
Minerals ° PPo cpase
Form of Bx Stkwk Lens Qez Stkwk  Qtz
Sulph shear ore and sulph  in qtz sulph
ore stkwk veln vein vein

Altera q-ch, q-ch-ab, gq-ch- q-ch- ch-sc

tion q-ch- ch-sc, scC. sc

Assem ab ca-sc ’
blages

Au M-L H H "H N L

ppb 21.8- 310- 9831-  329.8-. 80.2. 41.2

191.2 19970 24713 14033  535.4
(80) (3965) (15438) (4946) (227)

Cu M-H M-H M-H M H L

pPpm 463- 930- 2785- 220- 6534- 0-
20460 46000 30482 12604 52627 473
(4406) (7987 (15462) (2955) (17659)

Zn. . M M-H M L L-M H

ppm 34- 4G- 2- 10- 0- 161138
290 840 296 107 269
(101) - (225) (124) (36) (100)

Pb L L M L L H

PpPm 0- 2- 0- 0- 0- 4930-
14 68 410 97 13 12353
(1.5) () (222) (23) €3] (B642)

Table 3-1: Metal and Gther Characteristics of
Nippers Harbour mineralized samples

Symbols are as follows: Py: pyrite; Cp: chalcopyrite; Po: pyrrhotite; Sp:

sphalerite; Asp: arsénopyrite; Gn: galena; q: qu'artz; ch: chlorite, se: sericite;

ab: albite; ca: calcite; L:low, M: medium; H: high; sulph:sulphide; stkwk:
stockwork; bx: breccia. Range of values for each element are given,as aell

as mean values (in brackets) where applicable.
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most Cu, followed closely by the Gull Pond, Burtons Pond and Hill samples,
which also.contain’ chalcopyrite. High Zn contents are recorded at Welshs Bight
‘and Burtons Pond, with lesser values found at Gull Pond, Rogues Harbour and

the Hill. Sphalerite inclusions are common in other sulphides (pyrrhotite and»

chaleopyrite) at these showings.

The Welshs Bight galeﬁa-bearing quartz vein is the only one to yield very
bigh Pb valueé, although massive sulphide samples at Gull Pond contain up to
27'5 ppm Pb. Petrdgraphic and SEM examination did not confirm the presence of
galena in these samples; it may be extremely finely dispersed, or the Pb may have
been taken up by another sulphide mineral such as chalcopyrite (Deer et al;,

1966).

Gold values range from 2.1 to 24713 ppb (mean 3807 ppb) in sulphide
samples. "The 'regional’ quartz veins have the lowest values (2.1, 2.4, 3.4, 194
ppb), except for a pyritic quartz vein oﬁtcr;)pping near Pine Pond, which yielded
a value of 271.6 ppb Au. Background values in relatively unaltered diabase
samples ranged fromi 1.9 to 10.7 ppb, while an ultramafic and quartz-feldspar
porphyry sample gave contents of 2.5 and 1.3 ppb, respectively. These values are
compatible with abundances of gold in other primary igneous rocks (Tilling et al.,

1973).

The Gull Pond, Burtons Pond and Showing No. 2 samples display the
highest gold values in the Nippers Harbour area. SEM analysis of approximately .

32 gold grains reveals a variety of associations. More specifically, the grains are
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‘situated on the chalcopyrite grain edges, in cracks in chalcopynte i vein quartz,
on pyrrhotite edges, and enclosed in arsenopynte Semx-quantltauve an.!.l"sxs has

revealed that the gold is fixed in electrum (Au-Ag metal) which contains up to 50

percent Ag.

Most Archaean lode gold deposits are essentialfy gold-only deposits, as they

possess lowerothan-béckground levels of transition metals (Co, Ni, Cu, Zn, Pb).
They are, however, characterized be extreme ’concentration‘s?of certain rare
elements iucludinﬁg Ag, As, S\b, and W (Kerrich, 1979; Kerrich and Fryer, 1081,
Kerrich, 1983). Archaean base metal deposits, on the other hand, contain
| anomalous amounts of both base metalsﬂ and gold (Kerrich and Hodder; 1982,
Kerrich, 1983) (Fig." 3-24). The diagram shown in Fig. 3-24 indicates that the

4

Nippers Harbour showings have characteristics closer to base metal deposits than

to lode gold deposits.

LeBlanc (1986) and Buisson and LeBlanc (i986) have described and
modelled go]d-bea;ing arsenide mineralization in ultramafic ophiolitic rocks from
Morocco (Fig. "’14-4). This Moroccan mineralization consists of quartz-carbanate
lenses with Co-Ni-Fe arsenides, and gold associated with skutterudite, as well as
small chromite Ni-arsenide veins with accessory éold. Arsenide occurrences have
been described in serpentinized ultramafic ophiolitic massifs elsewhere.
Carbon.ate-quartz veins with Co-Ni-Fe arsenides and accessory sulphoarsenides
and sulphides are found in serpentinite lenses in Turkey (Legros). The Caucasus

ophiolite hosts the Zod deposit, comprised of gold-sulphide-arsenide lepses in

quartz-carbonate-talc  assemblages (Smirpo®, 1977). Sulphide-arsenide
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mineralization has been documented in serpentinites ol' the Limassol l'orest in the
N

Troodos opblohte Cyprus (Panayiotou, 1980), where gold grains are found in
loellingite (FeAsz) and pyrrhotite.

- oy - . _ . . .

S

Arsemdes are a common though not extremely abundant pbase in" ore
samplcs at the gold-rich showings (Burtons Pond, Gull Pond, Sbowmg No. 2). At
Burtons Pond in particular, sulphide samples contain minor cobaltite ((Co,Fe)AsS)
and gersdorffite ((Ni,Co,Fe)AsS) as well as arsenopyrite. At each of these
showings, arsenopyrite is generally-a latet phase than early-forn{ing pyrrhotite
and chalcopyrite. The gold also appears to precipitate during the waning stages
of pyrrhotite and chalcopyrite formation, as it is generally located on grain edges
of these sulphides, in quartz-carbonate gangue and even in arsenopyrite. This
suggests that there is probably a genetic link between gold and sulphide, and
perhaps even gold and arsenide, formation at these showmgs, ‘which is discussed at

¥

greater length in chapter six.

Platinum-group element (PGE) abundances are low in the Nippers Harbour
sulphides (7.4 to 23.78 ppb total PGE from ICP analyses). These do not differ
significantly from background levels in relatively unakered diabases (Appendix E)

and thus do not constitute economically interesting mineralization.

3.5. Summary

Six major showings were examined in detail for this study. They all are
found in fault zones in altered diabase and gabbio, Sulphide mineralo'gy is fairly

—___simple, comprising pyrrhotite or pyrite, ‘and chalcopyrite in abundance, with
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lessef an and varying amounts of sphalerite, arsenopynte and electrum (Au--\g)

Galena. is found. only af the Welshs B’xght showmg

€
L

 The Hill showmg is believed to bave been formed below the seafloor pnor to -
obductron of the ophiolite. ‘ Mmerahzatron there consists of p)rlte and
chalcopyrlte m shear zones in quartz-chlorite rocks, as well as mmor pyrite in
quartz-chlorite-albite rocks. These hydrothermally altered rocks have been

‘intruded by relatively fresh diabase.dykes.
The Burtons Pond, Gull Pond and Showing No. 2 areas are characterized by.
‘. ¢ A . (l ,
high base metal (Cu, Zn) and gold contents. ‘Host rocks are altered to

assemblages of chlorite-sericite-quartz (at all three showings) and chlorite-
qUartz+/-albit.e and calcite-sericite (Burtons Pond only). Gold is found on -the
& k ‘

edges of chalcopyrite grains, enclosed in pyrrhotite, quartz-calcite gangue and

arsenopyrite, all of which are found in veins cutting altered host rocks.

<

Anomalous values of Cu, Zn, Pb, Ag and Au are recorded at the various
showings. ‘The showings have metal characterlstxcs more typical of base metal
rather than lode gold Archaean dep051ts PGE contents of samples from all of tbe

shomngs are low, near background levels.
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Chapter 4

.Gc;ochemist_ry

4:1. ]htrod uction

" Almost all of the rocks in the vicinit>\ of sulphide mineralization in the

Nippers Harbour Ophiolite have been affected by metasomatism™at least to some

degree. In order to assess these chemical changes, it'is necessary first to.define
 the primary geochemical nature of Mialtered rocks. The mafic and ultramafic
ophiolitic rocks have been subjected to widespréad sub-seafloor metamorphism of

varying degrees of intensity. Their primary geochemistry also.may have been
! » ,
N

TN

inhomogeneous. Ty
7
This chapter examineg the primary chemistry of the Nippers Harbour
ophiolitic rocks and usés the information obtained to deduce the metasomatic
! —+

changes of hydrothermally affected rocks. Sulphur and lead isotope, as well as

rare earth element (REE) data, also are presented and diséussed.

Major and trace element analyses of 161 ophiolitic roek samples were
provided for this study and are tabulated in Appendix C. Thirty of these were

sclected to represent 'background’, non-'hydrot.hermally altered samples on the

basis of their-greenschist mineralogy deduced from petrographic observation. A

{
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len islands and the Mariana Trench by Hickey and Frey (1982) and Cameron
et al. (1979) They are nch in SlO and MgO (> 55% and 9% ;'espectnvely) and
poor in *\12 3 CaO, Ti, P, Zr, Y and REE. The presence of abundanL low-Ca. '
pyroxene (high Mg-orthopyroxene and clinoénstatite) is characteristic of ‘boninites,
“a]though Cameron et al. (1979)‘yequire only ome or more varieties of pyroxene in
their boninites. Boninitic la}as from the Mariana Trench ax;d the Bonin Islands

typically dishlay convex upwards RE@ patterns (Hickey and Frey, 1982). -

(3) Some of the Betts Cove rocks are classiﬁed as komatiites 'z;nd basaltic

| komatutes by Upadhyay (1982), based on quench textures, high MgO, Ni and Cr,

and low TiO, and K,O contents. He expanded hls findings by suggesting the
basalts formed a continuym from komatiit.eﬁm’ugh boninite to magnesian -

andesite. The Til§ Cove lavas‘are Basaltic, not boninitic (Strofxg and Shunders,

1988). N\

() Qs crystallization order of (olivine + chromite) -> orthopyroxene ->

clinopyroxene -> plagioclase \ga.s proposed by Church and Ricelo (1977} for the —— ~ - 8

Betts Cove lavas.

-

(5) REE concentrations in Betts Cove lavas have been shown to be_loyv,
gen.erally less thén 10 times chondrite (Coishy 1977a,b; Coxsh et al., 1982). The
lower Tl-lavas of Coish et al. (1982) display concave—upward chondrite-normalized
patterns and lqwer REE concentrations than higher-Ti lavas and some

intermediate Ti-lavas, which have convex-upWard/patterns. L
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(6) The Betts Cove Ophrohte is believed to have been formed na supra~
subductron zone environment. At this setting, an assortment of mantle t) pes may
have been partxally melted fo form the parental Oceanic magmas, (Upadhyay, '
1973; Sun and Nesbitt, 1978; Upadhyay and Neale 1949 Coish et al., 1982;
Hickey and Frey, 1982). §un and Nesbitt (1978), Coish and Church (1978};and
Hickey and Frey~(1982) suggested tb_at.. the low-Ti, boninitic-like depleted Bette
Cove lavas were derived from refractory upper mantle which had been prevrouslyr
partrally melted and depleted. Secondary melting would be caused by fluids
exhaled from neﬁly subducted ocean crust, under hydrous, but_not necessarily
H,O-saturated, low pressure conditions. | |

Various tectonic settmgs have been proposed for the Betts Cove Ophlollte -

(eg Upadhyay, 1973: margmal ocean basin; Coish, 1977a,b: mld-ocean rrdge .éun

' and Nesbitt, 1978: lncrplent island arc or interarc basm, Corsh et al., 1982:

mterarc basin or back-arc basin). Saunders (1985), and Strong and Saunders

s

(1988) most recently have suggested that the ophiofite formed in a fore-arc

settmg Bommtes occur most frequently in fore-arc reglons (Cameron et al., 1980;
Hickey and Frey, 1982). Strong and Saunders (1988) furthermore have proposed
that the Betts Cove lavas formed at the front of .theq advancing arc, and uphold
the idea that melting was due to dehydration of previously altered oceanic crust
(_cf.. Coish et al., 1982). They suggested that subductlon of metalllferous

sediments or massive sulphides may have occurred to produce the abnormally

large massive sulphide bodies at Tilt Cove.




4.2.2. Nippers Harbour Results
g ‘ _ o , é v :
Table 4-1-presetits a partial list of some common basalt types, apd average -
compositions of diabases from Betts Cove diabases and from 30 unaltered diabases

in the Nippers Harbour area. . The Nippers Harbour’ diabases have remarkably

similar chemxstry to those at Betts Cove in that they have anomalously low TlO

' —~
- ' \ﬂltents and hlgb SIO,,, MgO, Cr and Ni relative to the other basalts, The Cr
V)

3

values in particular are high, probably reflecting the presence of chromite in many
of the Nippers Harbour diabases (espécially at Burtons Pond).
V V L

| Thé total .ré“ngé f TiO, contents for unaltered and altered ophiolitic rocks
(including gabbros and ul ics) is 0.00 < TiO, < 0.37 wt%, with two higher .
o values at 0.4} wt%% and 0.57 wt 9%. These contents, as well as Zr contépts, are
“very low compared with MORB analyses’ and ‘with those frbm the Marianas
boninitic-&y'pe la\.ra.s. Ti, Y, V,Zr, Cr, Ni and FeO‘/MgO probably are immobile,
as partially shown in Figs. 41 and 4-2. These plots suggeét that the Nipper.v:;“ \
Har.bour ophiolitic rocks (particularly” diabases) are more depleted than other

w®eanic basalts,

-t
Strong and Saunders (1988) delineated two groups of low-Tj lavas at Tilt

Cove: a *high-Zr* group which overlaps -t}e low-Ti samples ai Betts Cove, and a

" ®low-Zr®* group which is intimateiy associated - with massiv? sulpbide
lminera]ization, and is more depleted than any lavas at Betts Cove. The authors

g rggarded the two lava’ types to be formed by different degrees 6f‘partial melting’
of differgnt upper mantle sources. Fig. 4-3 depicts the Nippérs Harbour samples

plotted with fields for these low- and high-Zr groups at Tilt Cove: as well as fields

>
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Wes  * MORB MTB MAT _ NIPPERS  BETTS

Tu. HARBOUR  GOVE
A~ 3

$i02 49.61 50.2 53.0 54.7 56.2
Tio2 1.43 1.00 0.85 ,.0.13 0.19
Al203 16.01 16.8 15.9 < 13.5 . 12.6
Fe203 11.49 8.7 10.6 9.52 ° 10.4
. Mno 0.18 0.1 0.2 0.17 0.16
Mg0 7.84 8.4 5.9 11.1 11.0 -
Ca0 11.23 11.7 10.5 7.09 7.32
Na20 2.76 2.5 2.5 3.4 1.72°
K20 0.22 0.49 0.56 0.25 0.18
B205 D.14 0.10 0.11 0.03 0.03
TOTAL . 100.91 99.99 100.12 99.89 100.00
Ba 14 43 50 57 54

Rb 1.2 3-10 2-10 11 4

Sr 130 1990 145 67 93

Cr 297 260 20 789* 408

N{ 97 120 25 239% 140

v 292 225 330 260% 292 .
Zt 95 100 ° 55 17.5% 16

Zn - .50 70 76 57

Cu 77 - - 131 Te 81

Y - - - 6.3 7

MORB = Mid-ocean ridge basalt; MTB =*Mariana Trough basalt; MAT =

Mariana Are tholeiite.Rock analyses for MORB, MTB, MAT are average

-

analyses taken from Hawkins (1980); Betts Cove (BC) values are based g’
* . . .

Table 4-1: Analyses of 'typical’ basalts,
Betts Cove and Nippers Harbour diabases

on an average of 21 diabase dyke analyses taken from Saunders. (1985);

Nippers Harbour (NH) values are based on averages of analyses of 30

unaltered diabase aykes. Starred values are based on averages of 91

analyées (Cr, Ni, V) and 68 anal);ses (Zr andY)}. Major elements are

quoted in wt oz o;(ide; minor elements in ppm.

-

-
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for ‘Béttique' basalts from Coish et al. (1982) and Saunders (1985). Clearly,

there are no extremely low-Zr diabases in the depic'ted'Nippe.rs Harbour sambles,

except for a few Burtons Pond samples. -

The Nippers Harbour samples most closely l;esemble the Betts Cove and Tilt
Cove low-Ti, (relatively) high-Zr lava.s although many samples have elevated
Zr/Y ratios. The Zr contents are slightly higher than Betts Cove (Table 1-1),
whxle Y values are comparable. TiO, contents of Nippers Harbour diabases are
also higher 0:1 average tban Betts Cove dxabases (Table 4-1) As pointed out
above, Cr and Ni contents-are-very much hlgher than those at Betts Cove. As
these elements (Ti, Zrz,- Y, Cr, Ni) have besp shown to be immobile (Figs. 4-1 and
_ 4-2), these differences are probably not due to secondary metasomatic priocess‘es‘-
Regional diabase samples are.: remarkai)ly eoriched in normally low abundance
elements such as Au (average ~7 ppb for 7 samples) and Pd (avera'ge 16.5 ppb
for 7 samples). In an ahalogous but opposite situation té the low-Zr Tilt Cove
lavas, the Nippers Harbour diabases and microgabl?ros may have bgeﬁ derived

from a different, but ‘slightly more incompatible element-enriched source than

that of Tilt Cove or Betts Cove.

REE abundances of unaltered Nippers.Harbqur rocl;s generally concur with
these suggestions. The abundances are very loyv, ranging from ~0.1 to ~2 times
chondrite in ultramafic rocks, 1 to ~5 times chondrite in gabbros, and 6 to 8
times chondrite in diabases (Fig. ;1—4). Gabbro-and ultraimafic samplds display
concave-upwards patterns typical of the lower-Ti lavas of Coish et al. (19,82)"

Altered diabases and gabbros from the Hill, Burtons Pond, Gull Pond and Rogues







| Harbour (see S;ction 4.7). also display similar patterns. The unaltered diabase
sample (250) from unit 4 of the Hill showing, howz-ver} displays a convex-upwards
p:;ttern typical of the intermediate and upper higher-Ti lav‘as and of bon'inites
(Fig. 4-1). This particular sample has a Ti content of O €5, which is higher

than the majority of Nippers Harbour diabases (0 to ~0.37 wt<g TiO,).

Tlﬁ]o Nippers Harbour 'relatively unaltered diabases show similar trends but
higher MgO contents than komatiites from the Munro Township (Fig. 4-5). These
higher contents probably are due to MgO addition during sub-seafloor alteration

3
or to greater fractionation of Cr-spinel and olivine, or both. The TiO, vs

ALO,/TiO, and CaO/TiO, plot‘s (Sun and Nesbitt, 1978) shown in Figure 4-8,

however, indicate th.at t.he rocks are closer to boninites. AlL0,/TiO, and
CaO/TiO,, ratios of Archacan komatiites are low (<20 and <17} and are close to
chondrite, suggvsliné that their source is undepleted. Nippers Harbour ratios are
of the order of <368 and <93, which correspond to values from Betts Cove
hasalts (up to 492, Saunders, 1985; ~60, Sun and Nesbitt, 1978). The scatter of
(_‘a()/TiOQ seen in Figure 4-6 mz;y be attributed to the mobility of CaO during
sub-seafloor alteration.  The high MgO and Si0,, low TiO,, Zr, Y and REE

contents of Nippers Harbour diabases are also reminiscent of boninites.

Several plots using relétivoly unaltered diabase samples were made to
attempt to deduce the fractionation history of the I:Ii‘ppe}s Harbour ophiolitic
rocks. The FeO,/MgO vs Ni plot shown in Fig. 4-7a reflects the fractionation and
2\(‘(‘Uml.l|.‘lti(‘ln of Ni-bearing olivine and possibly clinopyroxene. The flatter slope
at higher FeO,/MgO . values " indicates the cessation of such precipitation.

. I'4
- ¢
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Chromite is also an agunaant minor.phase in many diabasg dykgs. 'fhe Cr vs
FeO,/MgO (Fig. 4-7b) trend parallels the Ni vs FeOL/MgO‘ trend, reflecting the
presence of chromite and suggesting that this mineral precipitated coevally with
the Ni-oli\"ine. The high Ni and Cr, and low FeO,/MgO éontents of many of the
Betts Cove dykes le—d Coish and Church (1978) ’to suggest that the dykes we‘ré in
~ part accumulative, tha high values resulting from postcumulus growths. on
clinopyroxene and chromite. The similar- contents of these elements in Nippers
Harbour dykes also may result from sucih a -process. Here, howéver, no
postc-umulus ‘growth was observed due to the extensive u’ralitization of

clinopyroxene. =N

-

Other ;;I(?ts of elements versus the mafic index Cr (not sho\Wn) show some
(‘l;rvilinoar, but mainly .poorly-deflined trends, suggesting that their abundances
may be controlled by factors other than crystal-liquid fractionation. MgO and I\l
versus Cr trends support the argument for olivine and orthopyr(;xonp
procipitation. Negative Fu anomalies noted in somé gabbro samples (Fig. 4-4b)
suggest that low-pressure plagioclase [ractionation may have occurred, as this
tends to produce noticeable negative Eu apomalies in the mélts which produce

these rocks (Hanson, 1980). Some of the unaltered Nippers Harbour samples show

positive Eu anomalies. This may be due\to clinopyroxene fractionation, as

clinopyroxene is an important phase in terms of removing REE from melts and in

selectively enriching REE.
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4.3. Chemical Gains and 5.635&:5

There are several methods that can be utilized to determine metasomatism
* with respect to major oxides and trace ele:nents .for ﬁyérothermally altered rocks.
Three techniques were used interactively for the study of chemical changes in
Nippers Harbour rocks.

#7?

The first method is the simplest, and involves the comparison of normalized
major and trace element .\data for rocks believed to‘ be unaltered and altered.
Table 4-2 displays a partial list of chemical data from the Hill showing. It is
obvious that unit one, two and‘ three rocks: are enriched in FeO,, Cu and Zn
relative to 'l‘xﬁaltcrcd'lmit four samples, It is somewhat surl;rising that unit four

rocks are enriched in Zn relative to the other units, especially unit three. This

tﬁay reflect the fact that unit four dykes are relatively fresh, and have not been
. .

subjected to metal leaching by hydrothermal fluids. The first three units also are

depleted in CaO and Na,_,O at varying degrecs.

The S(‘(‘Or"ld method in\vvo'lv.os the comparison of unaltered to altered samples
by means of variation diagr'ams. Figure 4-8a and b depict trends for unaltered
rocks showing MgO and Cr increase and little SiOz variation, and can related to
olivine fractionatio‘ﬁ, as discussed above in Section 4.2.2. Minor deviations may
be related to seaflodr greenschist alteration or analytical error. When plots of Hilt
samples (Fig. 4-8¢,d) are compared to these trends, it becomes obvious that there
are d&iations which relate to minor silica gain or lozs, especially in unit one and

two samples which contain the alteration assemblage chlorite-quartz-sulphide.

Some chlorite compositions of altered rocks are plotted on Fig. 4-8. The loss of

-
\

\ \
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silica noted may re¢flect the inverse process of chlovitization, as discussed by

Strong and Saunders (1988) for the Tilt Cove lavas.

The Hill plots shown in Fig. 49¢,d (compared to the fields for unaltered
samples (Fig. 4-9a,b)) also show enrichments in FeO,, as discussed above. Unit
ome and two rocks (squares, Fig. 4-9c,d) show greater enrichments in FeO, than
do unit three rocks (triangles). The Hill chlorites plotted are iron-rich, suggesting

. «
that they, pyrite and chalcopyrite may have accomodated sgme of the iron. -

Plots of Na,O vs Si0, for unaltered sz}‘mples (Fig. 4-10a) show several
samples wit-h relatively high Na20 contents, possibly reflecting albitization, as
- noted in thin section. In compa;ison, Hill sa’rr;ples, especially units one and two,
are more depleted in NR,ZO (Fig. 4-10bj. The plot of CaO vs SiO2 for unaltered
samples showed considerable séatter, which may also be attributablé to primary

albitization, and was not used in these arguments.

1

Plots such as those in Figs. 48, -9 and -10 were made for each showing.

They are compiled in Appendix B and are used in later discussions.

“
The above two methods of determining metasomatism are qualitative. The
third method is more quantitative, facilitating comparison between the showings.
It involves calculations of element and element oxide change with respect to an

immobile elem®fnt.

Studies of hydrothermal alteration in oceanic basalts have revealed that

"\]203' ’I‘iOQ, PQOS, Zr, Nb, V and Cr are generally immobile (Cann, 1970; Pearce
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and Cann, 1973; Winchester and Floyd; 1976; Peafce, lQ%O). Concentrations of
these elements in the Nippers Harbour mafic ophiolitic rocks were used as a basis
for comparison to see which were the most immobile. Fig. 4-11 illust'rates that
relative proportions of TFOL,, AlLO; and Zr for alter;ed rocks from each showing

are essentially identical to those from related unaltered rocks.

s7r was chosen as the reference immobile component in preference to the

other two, because of the scatfer of TiO, and ALO, shown in Fig. 411 and

because /\I,,O‘3 may have been mobile in some of the Gull Pond altered host rocks.

Calculations of enrichments and depletions of components were carried out
by comparing the ratio of a major element to Zr in hydrothermélly altered rocks
to the range of this ratio in unaltered rocks. This method is outlined in Lydon
‘and Galley (1086) and was u;cd in preference to oiher'm&ss-balancing methods

(Gresens, 1967; {srant, 1986) because of the relative ease of the method and

because it can be used even if density data are unavailable.

Diabases displaying gfcenschist (spilitic) assemblages were chosen as the
unaltered rocks for this study. A sample calculation is documented in Appendix
B3, along with the atomic weights of clements for which chemical changes were
calculated. Qualitative calculations ghowing the actual amounts of oonstit,uepts
that have been enriched or depleted per unit weight of original rock were carried
out, assuming original Zr contents of 15 ppm for th‘e Burtons Pond samples and
21 ppm for the remaining samples (see-Section B.7). Volume changes could not be

H

calculated due to the absence of specific gravity data.
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The showmgs, with the exception of Gull Pond, all show enrichments in

FeO, and no changes in Si0,. Strong to weak depletions in CaO and Na,O are

noted for each showing. The Burtons Pond, Gull Pond, Showing No. 2 and

Rogues Harbour showings display enrichments in K,O and Ba, and depletions in

- Sr. Altered Hill rocks show no change in these compd or in MgO. All

showings except the Rogues Harbour show depletions in MgO. Gains of CO,,
H2O and S were calculated for the Burtons Pond showing. Data for these three

components were not available for the other showings.

The calculations indicated that ThO,, ons' Zr, Y, Cr, Ni, Se, Nd,‘and toa

great extent, A1203, are relatively immobile in even the most altered rocks.

4.4. Hill Showing

The mineralogical characteristics of each of the four lithological units of the
Hill showing are summarized in Appendix A. Units one and two comprise rocks
composed solely of sulphides, quartz and chlorite with minor epidote and calcite.
Rocks of unit three host these minerals as well as albite and unit four diabases

which intrude the other unitgecontain actinolite and feldspar, with minor chlorite

" and epidote.

Mottl (1983) compos;:d an alteration assemblage diagram (Fig. 4-13) based
on water-basalt reaction experiments at 300°C, 500 to 600 bars and seawater to
rock ratios (w/r ratios) of 1, 3, 10, 50 62 and 125 (Mottl and Holland, 1978; Mottl
et al, 1979 Seyfried and Bischoff, 1981; Seyfried and Mottl 1982) and on mmeral

assemblage and composition data from Mid-Atlantic Ridge basalts (Humphris and

Thompson, 1978).







I
The metasomatic changes in Hill' samples as calculated given the guidelines
in secfion 4.3 are partially sammarized in Table 4-3. FeOt, Cu, and Zn bhave been
added to the rocks, while CaO and Na,0 have been substantially removed. Unit
one and two rocks show the most dramatic changes, while unit three rocks show

the same changes to a lesser degree.

-~
-

.

Much of the irop is fixed in the irdn sulphides pyrite and chalcopyrite but
some is fixed in iron-rich chlorite (Appendix F). Little change in SiO2 or MgO
was noted. The presence of) qua;tz in the alteration t;ssemblage, therefore,
probably is due to the release of free silica during a chemical reaction, possibly
chlo[i'ti}lflion. The obvious explanation for the loss of CaO and N3,0 from the

o

rocks is the destruction of feldspar’{)y the hydrothermal fluid.

The three mineralogical assemblages and their associated chemical changes
bear st'rong resemblance to alteration zones beneath massive sulphide deposits. At
Betts Cove, the stockwork zone beneath the sulphide lens consists of a chlorite-
qua{tz inner core envelaped b); a chlorite-quartz-albite outer zone. This has been

shown to be .directly related to sulphide deposition by Saunders (1985). Almost ail .

of the Na20, CaO and Sr has been removed from the core zone rocks, while FeOl,

Cu and Zn bave been added to these r?‘s‘ks in significant quantities. Saunders

(1985) explx;ined the Fe enrichment by the addition of iron sulphides and iron-rich
chlorites (with iron contents up to 27 percent). She suggested that Cu was
leached from pyroxene and basalt glass and Zn fro“m feldspar by acidic, convecting
hydrothermal seawater fluids and suf)sequently redeposited in altered rocks. The
depletion of NaZO, CaO and Sr probably resulted from the destruction of feldspar

, :

in the fluid conduit.
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At Tilt Cove, mmerahzahon related alteration is characterized by stockworlk
chlorite-quartz-pyrite, but js distributed nop- uniformly over 3 larger area than the

pipe described for Betts Cove (Strong and Saunders, 1988).

In general, the cores of stockwork zones beneath massive sulphides from the

{
Canadian  Archaean, Newfoundland, Cyprus, and moderu -day settings are

n .

characterized by the Jormation of chlorite and quartz, generally accompanied by
sulphide (pyrite).  Ferich chlorites bave been documented in alteration
assemblages for Newfoundland massive sulphide stockwork zones (Lushes Blght
Group, Lady Pond, Little Deer, Little Bay, (Gale lObQ Papezik and Fleming
1967); Whalesbac;c (Bachinski, 1977); Betts Cove (Saunders, 1985); Tilt Covye
(Str’éng and Saupders, 1988)). They resu'lt from the addition or non-removal of
FeO, to the original rock during alteration of pyroxenes, ambhiboles or

plagioclase. Chlorites in Archaean and recent deposits are Mg-rich (Millenbach

)
(Riverin and Hodgson, 1980); Corbet (Knuckey et al, 1982 Knuckey and

Watkins, 1082): Galapagos sulphide mounds (Jonasson and Frankhn 1987).

Extreme metasomatje changes resulting from additions of FeO and MgO
are reflected by the talc-actinolite assemblagcs reported at Mattaganu Lake.
Metamorphism in the Flin- Flon-Snow Lake and Mamtouwadge area has resulted
in the formation of cordiérite—anthopbyllite ratber than chlorite (Pye, 1960;

Froese, 1969; Whitmore, 1969; James et al., 1978; Walford and Fraoklin, 1982),

In many cases (Mattiathi, Cyprus, Millenbach, Corbet, Kuroko) the inner

zones are surrounded by outer sericite/illite or kaolinite zones. These reflect

.

-
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addition of K20 to the rocks; K,0 which may have been removed from the core
zone and re-deposited in this zone. Such K,O-rich zones are abseat in

Newfoundland deposits. ! . ,

“The presence of free quartz in the alteration zones is aot necessarily a result
of the addition of S10,. Quly at Cyprus is a hydrothermal addition of éiO2
recorded. In most cases, the formation of quartz is due to the redistrib‘ution of

. : < other elements during.alteration. An example is the chloritization of amphiboles

or feldspars, r\eleasing free silica, as suggested above for altered Nippers Harbour

rocks. N

In most documentations of alteration zones, CaQ, Na ,0, and to a lesser
extent, I\ 0O are depleted in the alterauon zones. This reflects the destruction of
feldspar by hydrotbermal fluids. AJ,‘_,O3 is removed only under extreme

N

conditions.

A discussion of the genesis of the Hill showing is given in Chapter six.

4.5. Gold-Bearing Showings: Buttons Pond, Gull Pond, Showing

No. 2 '
‘ /\ The Burtons Pond,&GuIl Pond and Showing No. 2 sulph;de-bearing samp_les
carry signiricant gold and are characterized by similar alteration, thus their

geochemistries are discussed collectively. Because the Burtons Pond showing is

- the largest and displays the most intricate alteration, it will be used as the bagis'

for description of the alteraton at the o/ther two localities.




4.56.1. Burto? Pond

Metasomatic calculations carried out for Burtons Pond in Seq‘tion 4.3
showed additions of FeO,, Ba; K, H,0, CO,, S, dex;letions of MgO, Na,O, Sr and
variable to minor enrichments and depletions of CaO and Si02. The most
nbﬁndant alteration minerals are sulphides, chlorite, ql;artz, albite, calcite and
minor sericite. ‘Burtons‘ Pond chlorites are iron-rich (Apfkndix F).  Clearly
‘enrichments in FeO, can be attributed, as they were at the Hill showing, to
forma.tion of this mineral and of iron-bearing sul;hides (pyrrhot}te, chalcopyrite,

arsenopyrite).

The SiO, vs a0 plot of unaltered samples (not shown) displayed no

definitive magrﬁatic trend. This may be due to spilitization of diabases, removing

Ca0O from plngiéclase, replacing it with NaQO from seawater, and 'forming al;)ite.
" The scatter of data seen ih the Burtons Pond data, therefore, may also reflect this
process. 'Ilow.ever, the triangular plots shown in Firg. 4-13 may confirm the
earichments and depletions of CaO as calculated in Section 4.3. Both of these

plots depict additions and depletions of CaO above and below the trends shown

by unaltered rocks.  Samples rich in Au (abovbe 500 ppl_)kshown as open circles)

»

are particulnrl}’ affected.
'y -
Burtons Pond samples show mainly depletions in Na20, although some

samples are enriched in this compound. Several Burtons Pond sulphide-bearing -

veinlets carry fresh albite, suggesting that the sodium depleted in host rocks may

have been re-deposited in part in veins,

\
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Enrichments in K,O are minor, and generally correspond to samples of
alteration type B, where albitized plagioclase is altered to sericite. Likewise,

samples'carrying calcite generally show the most distinctive CO,, enrichments.

4.5.1.1. Relationship of Metasomatism to Gold Content

Gains or losses of components (as g/kg per original rock) were plotted
agains; distance (Figs. 4-14, -15, -16) for the two Burtons Pond drill holes s£udied
in detail, and against sample number for a series of samples (Section A-see
Appeadix E for sample locations) taken across the main fault zone. These plots
were compared with plots of gold content, in order to evaluate the relationship
between gold deposition and metasomatism. The method for the calculation of
g/kg values is outlined in Appendix B.7. Briefly, it involves the comparison of an

oxide/Zr molar ratio of s hydrothermally altered rock to that of a range of

_ unaltered rocks, for a 100 g sample. The absolﬁte value of the difference between

the altered and unaltered molar ratio per 100 g is then converted to g/kg, using

the atomic weight of the oxide or element in question.

In each of the three sets of plots, high gold contents correspond best (but
not ubiquitously) with enrichments in total iron, non-sulphide total iron, and
sulphur. This suggests that some gold deposition may be related to sulphides and
iron-chlorite formation. ) Gold grains have been detected on chalcopyrite and
pyrllbotite edges, and enclosed in pyrrhotite and arsenopyrite, supporting th.e
above correlation between sulphur enrichment and gold content. It is possible
that, even if the gold did not form coevally with Sulphides, the latter may have
acted as a nu‘cleus for gold precipitation. Samples altered to chlorite-quartz and

chlorite-quartz-albite display the most anomalous gold contents.













|
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Enrichments of CO,, though not large in magnitude (generally <35 g/kg
original rock) correlate well with gold. Gold grains have been detected in quartz-
calcite veins. This suggests that the fluids which carried gold also carried minor
quantit‘ies of CO’Z' and furthel;more, that they precipitated at similar sites, under

similar conditions. )

There is a good correlation between gold enfichment and Sr depletion which
may reflect the partial destruction of feldspar by the hydroth.e:m‘lal fluids. CaO
and Na,O depletions also correlate reasonably well with high Au content,
conflirming this ’hypotbesis. Albite forms a significant component of the quartz-
chlorite alteration assemblage in some'samples; this ma(y explain the relatively
small” and sometimes insignificant depletions of Na,0 npoted.  Scattered
enrichments of CaQ are recorded in Hole 2 and Section A, these c;)rrelatey with
CO2 enrichments in samples containing calcite, implying that'some of the CaQ
niobilized from any remaining feldspar or from actinolite was fixed as calcium

carbonate (calcite).

.

K,O and especially Ba also may be a minor component of the gold-bearing
fluid, as some of their enrichments also correspond to high gold contents. These
elements are both components of sericite, which js a member of alteration
assemblage B (chlorite-serigite) and C (calcite-sericite).  These assemblages

thereforegnay have bt:en producea by the same fluids which deposited gold.

MgO, SiO2 and H2O enrichments and depletions do not correlate well with

" gold enrichment.
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Altered host rocks carrying sulphides at Gull Pond and Showing No. 2 are
compbsed of sericite, chlorite and quartz, The Gull Ppnd .rocks also contain
minor calcite, and are cut by quartz-calcite veinlets. Brecciated Showing No. 2
) sulphides are cemented by quartz and calcite. |

/ ) . R
! ~ Table 4-4 documents the chemical changes which have modified the Gull

Pond rocks and two samples from Showing No. 2:  As most of the diabase .
alteration at the latter is now represented by small (1‘ cm to 5 cm) chlorite-

»~ sericite-quartz fragments in the quartz vein, attempts to quantify their alteration
were not doﬁnitivg_, The two' representative samples were taken from a large
diabase fraément i}x t.ile quartz vein and from diabase in immediate contact with
t!_m vein. |
. Essentially all of the sam[;les have gained K,O ‘and Ba, which are

) .
accomodated in sericite. They likewise have lost CaO, Na,O and Sr, reflecting

“the consumption of feldspar to produce sericite and possibly chlorite.

At is interesting Lo.n(;te that there are no anomalous changes in total iron at
Gull Pond. It is true that there are iron sul,phides there (pyrrhotite altering‘ to ;
pyrite, and pyrite), but the chlorites are Mg-rich rather that Fe-rich (Appendix F). |
Chlorites of Showing No. 2 altered rocks are Fe-rich. The silica losses may be .
attributable to chloritization which releases free silica as outlined in reactions I

and IL @Fig. 4-17').

’ Anomalous gold values show no exclusive correlations, but in general seem










4.7. Rare Earth Elements
Studies of rare earth elements (REE) behavior.in hydrothermal systems are
restricted {y the lack of data on the partitioning of REE between hydrothermal

solutions and rock phases (Cullers and Graf, 1984). Wall rocks can mask REE

patterns of initial solutions and can ako provide REE to the Muid during
alteration. REE data to date on hydrothermal»deposits (New<Brunsw‘ick massive
sulphides, Graf, 1977; Dome Mine, Abitibi region, Kerrich and Fryer, 1979) show
a wide variati&x depending upon the mineral analysed, geological setting of the
deposit ;nd positioning of the sample within the paragenetic sequence (Cullers
and Graf, 1984). REE patterns of hydrothermally altered rocks depend mainly on

the gangue mineralogy of the samples analysed, as most sulphide ind oxide

minerals do not host the REE elements.

o
Several authors have Shown that the LREE are mobile during low
temperature alteration, metamorphism and spilitization of oceanic crust (Frey et

al., 19%4; Hellman and Henderson, 1977; Ludden and Thompson, 1978). Eu
7

anomalies in altered rocks likely&%e to the fractionation of REE during

fluid/rock interaction or by the preferential alteration of feldspar (Graf, 1977).

The latter would result in a negative Eu anomaly for the rock REE pattern.

- Several sulphide and altered host rock samplés of the Nippers Harbour
showings were analysed for REE using the ICP-MS at Memorial University. The

results are presented in Appendix D.

.
-’

Plats of REE abundances were made for each of the lithological units at the
2

¢
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Hill showing. There is not much %?iation between each of the REE patterns, as
shown in Fig. 4-18. Unit 1 quaftz-chlorit&sulpbjde ;ocks zire more depleted in
LREE than other units; this may be attributable to the higher degree of alteration
in these rocﬁ;. The negative Eu anomaly could be a result of the leaching of

feldspar in these rocks. .

~ Unit 2 samples (175, 261) show higher LREE abundances and positive Eu

anomalies. This likely is a reflection of very minor amounts of feldspar remaining
. \
in these samples. Although these samples are quartz-chlorite-sulphide-bearing, as

are unit 1 rocks, therr alteration, as shown by the REE patterns, is less intense.

Sample 254 from unit 3 is depleted in MREE relative to other Hill samples.
The REE pattern of the unaltered unit 4 sample, 250, has 2 convex-upwards
pattern which is discussed is section 4.2.2.

The Buriods Pond samples (298-altered diabase; 311-quartz-carbonate-
sulphide vein) display markedly similar HREE but different LRE’JE concentrations
(Fig. 4-19). HREE contents are consideralbly lower than. those of relatiQely ‘
unalt;zred diabase (Fig. 4-4¢). LREE haw; been depleted in sample 298, which
consists of quartz, Fe-rich chlorite, sulphides, and gold, but have been enriched
substantially in the quartz-sulphide vein (sample 311). it appears that this could
be a localized event: LREEs which we[eA added to the fluid during alteration of an
ﬂial lithological equivalént to sample 298 could have been redeposited in gangue

wninerals of sample 311. It-js possible that the altération of plagioclase was

involved to produce sample 298, as a negative Eu anomaly is depicted for this
















s
131 .

-’I‘keVREE patter;x shown by the galena-bearing quar;z vein (191) at eNelshs
Bight is fairlykﬂa.t (Fig. 4-21a). It does not resemble the patterns shown by the
Cape Brule\Porphyry.(Fig. +2lb) (samples lj51, 188}, the Cape St. ..lohn rhyolite
(sample 124), nor any of the ophiolitic sample patterns (Fig. 4-18, 4-4). The shaft
at which sample 191 Was found is in close proximity to a fault between QFP and
ophiolitic diabase, but the host rock is not readily apparent as only minor
sulphidic samples remain around the workings. The gangue minerals in sample
191 (quartz,Acalcite, minor sericite), which g,ive rise to the lij?ﬁ pattern in Fig.
4-21a, may have been derived from complex reactions between hydrothermal fluid
and quartzjeldspar” porphyry, i)roducing this REE pattern, or from a completely

different and unrelated source.
4.8. Sulphur Isotopes

4.8.1. Introduction

Several sulphide-bearing samples were submitted to the Geological Survey of
Canada for sulphur isoto;{ganalysis. These include 9 Burtm;s Pond samples, four
cach from the Hill and Showing No. 2, three from eacyf the Rogues Harbour
and Gull Pond sulphides, and one fféxn Welshs Bight and from a quartz vein near
Long Pond. In many cases, more than oner type of sulphide mineral (pyrite,

»

pyrrhaotite, chalcopyrite, galena) was submitted for analysis.

’)

e




~ 4.8.2, Background

Y
Sulphur isotope data are dsed to infer sources and temperatures of sulphur-

bearing fluids. Sulphur in hydrothermal fluids probably originates from either an

1gneouys source, as sulphur carried in magmatic fluids or obtained by the leaching

. of.S-bearing minerals in igneous rocks, or a seawater source. Sulphur is fixed as
N,
sulphide and/or sulphate minerals depending on the conditions of deposition

(Obmoto and Rye, 1979).

There are, however, inherent problems in the use of sulphur isotopes as

source indjcators, because ore deposits generally have intricate historjes during

- »>which the isotopic composition of sulphur may be'modiﬁed after deposition by
thermal metamorplﬁsm. Thelisotopic; composition of sulphide minerals depends
on both the isotopic composition of all of the sulphug present in‘. the system alnd on
the ;nvironmenta,l conditions during deposition. Thus an ore deposit may have a
‘wide range of sulphur isotopic compositions due to different stageé of
mineralization precipitated under varying conditions. Correct interpretations can
\'be made only when the geology and history of the ore deplosit are well understood.

Sulphur isbtopes can be used to infer sources of sulphur, if the above

considerations are noted.

The variation.of sulphur isotopic compositions of mnaturally occurring
substances has been summarized by Ohmoto and Rye (1979) (Fig. 4-22).
Sulphides in igneous rocks average around 0 per mil %S, as do meteorites.
Seawater and sedimentary sulphates have large’positive values, indicating
enrichment in the heavier S isotope, 345, The sedimentaryl sulphides display a

» wide range of values from -70 per mil to +70 per mil.
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values falling between +2 and +8 per mil. Various authors (Sangster, 1968; Peter
et g_l..,' 1987) have suggested that these sulphides were formed by mixture of
magmatic sulphide (near O per mil) and ‘HQS or HS™ withpositive isotopic values
from hydrothermally or bacterially reduced seawater, or sedimentary sulphate.
Ohmoto and Rye (1974) and Ripley and Ohmobo’(1977) explained this data by

means of a model whereby reductidn of seawater, sulphate occurred by reattions

with Fe=* in basaltic rocks.

_l ) Archaean lode gold ‘deposits in Canada and Zimbabwe contain iron
sulphides with §**S values ranging from -0.7 to +7 per mil (Crocket and Lavigne,
198-1' Wanloss o£ al., 1960; Lambert et al., 1984; Wood et al., 1986; Pattison et al.,
1986). Although the isotopic Va.lues are not unique to a single source or type, the
narrow range close to zero suggests that the sulphur of the fluids was in a reduced

.

form (Robe(ts, 1987).

4.8.3. Nippers Harbour Results

The Nippers Harbour isotopic results, cdmpleted‘by the OCCGS/GSC
Stable l:.otope Facmty at the University of Ottawa, are compiled in Appendix D
and portrayed in the hbtograms in Figure 4-23. Also tabulated in Appendix D

4

are several unpublished analyses for sulphides at Betts Cove.

The Nippers Harbour samples Rhibit a range of 6>'S vakues of -0.4 to 8.9
per mil. ' The relatlvely good consxstency of pyrrhotite-chalcopyrite results
suggests, in’ the most general sense, that these minerals were formed in isotopic

equilibrium at each of the showings (Fig. 4-23b).

t
r
'
i
t
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The Rogues Harbour analyses are the most distinet, as they cluster about 0
per mil. This suggests contribution of sulpiur from an igneous source, providing
no fractionation has taken place since deposition. That source is probably the

Cape Brule Porphyry or the mafic ophiolitic rocks, or a combination of both.

The Betts Cove sulphide deposit has been interpreted to be a volcahogenic
" massive sulphide lens deposited on the seaﬂ?ql! by hydrothermal fluids which have
passed through basaltic rdck (Upadhyay anJStrong, 1973; Saunders, 1985). Its
isotopic v‘alues are consistent with this interpretation, irr that they fall within the
published range of values of other. massive sulphide deposits. The values are
slightly heavier than values for recent Guymas Basin sulphides (-3 to +4.5 per

mil) (Peter et al., 1987).

Mineralization at the Hill showing has, baced on geological field relations,
been suggested to result from debosition under sub-seafloor conditions. The
isotopic values (mean 6.8, range 5.9 to 7.4 per mil) are c]osest.to the Betts Cove
values but are slightly isotopically lighter, indicating that the sulphur may. have

been in a more reduced form.

The Burtons Pond, Showing No. 2 and Gull ‘Pond sulphides have similar

isotopic compositions, indicating that they may have been deposited under similar
conditions. Isotopic values from sulphide pairs of the first two showings were used
to calculate temperauﬁes of sulphide formation. Isotopic equilibration between

solids, and solids and liquids causes small differences in %S values of

precipitating sulphide minerals (Sakai, 1957; Thode, 1970). These differences may

~




reflect the temperature of equilibration (Tatsumi, 1865). Several assumptions
must first be made: (1) Both phases formed in equilibrium; (2) No further isotopic
exchange occurred alter the precipitation of the minerals: and (3) Onley pure

mineral separates were submitted for analysis (Ohmoto and Rye, 1979).

Experimental study of sulphur isotope fractionation by Sakai (1957), Thode
(1970) and Kajiwara and Krouse (1971) confirms the fact that 'S values of
mineral pai;s are linearly related to equilibrium temperatures in the form 106/.T2.

The equation
D=A*10°/T%

(where D is the difference between 5°'S Values of two coexisting minerals, A
i1s a constant and T is the absolute temperathre), expresses this relationship.
Table 4-8 lists experimentally calculated constants (A's) for mineral pairs used in

this study.

The three temperatures (114°+/-23°:Po-Cp pair, 114°4/-23Po-Cp pair,
209°C+/-73%Po-Py "~ pair) obtained for Showing No. 2 are geologically
reasonable(within the error limits stated), and suggest that the quartz and

sulphides may have been deposited from the same, low temperature fluid.

—

'~

4 ) .
v The results for the Burtons Pond, Showing No: 2 and Betts Cove

thermometers are summarized in Table 4-7. Those Burtons Pond and Betts Cove
values which are within the acceptable temperature range (250 - 800°C), are

comparable and bigh (339 to 593°C). Fluids currently emanating on the seafloor




Mineral y Terﬁperature

Pair \ Range (°C)
\

Pyrrhotite- ‘ . 250-600

Chalcopyrite

P_yrrhotite—

Pyrite

|

Pyrite- A 250-600

Chalcopyrite

-

Table 4-8: Sulphur Isotope Thermometers
Aflter Kajiwara and Krouse,1971

Bl |
are of the order of 350°C (Edmond ot al, 1979a,b; Vou Damm et al, 1983;

Bowers ¢t 1_!, 1687). Of the 12 témperature measurements quoted, however, 7 lie

-

outside the range of the experimental temperature range shown in Figure 4-24.

Some of the very high temperatures probably reflect disequilibrium, which is

discussed in'more detatl below.

The plot of 615 mineral vs temperature, shown in Fig. 4-24, indicates again
that some disequilibrium must have occurred. Although there is an apparent
trend toward isotopically heavier sulphur with decreasing temperature, sample

BP-058 indicates a reversal of this trend. This may reflect this isotbpic
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Sample . ‘ZOGPb/‘ZO‘in 207Pb/204pb ' ‘208Pb/204pb

191 17.659 15.464 37.562
r
Table 4-8: Lead isotope results, Welshs Bight

A

{

Isotopic Pb data can be used to derive 'model ages’ for the samples they
represent. These ages indicate the time at which the lead was segregated from its
soprce and subsequently deposited in the crust in a lead-bearing mineral {galena,

pyrite) (Faure, 1977). The derivation of a model age is based on the Holmes

vy -

(1946)-Houtermans (1946) model, which bases the Pb isotopic composition of a
sample of lead on a single-stage history, whereby uranium and thorium in the
source region decay to radiogenic lead. When the {esulting lead (primeval plus
radiogenic) is separated from its parents and deposited in a lead minefal, that
min'eral's isotopic composition i1s assumed not to change, because it contains no

»uranium or thorium (Faure, 1977). .

R.I Thorpe calculated model ages for the Nibpers Harbour sample relativ‘e
to other Newfoundland samples, using a Stacey and Kramers (1975) standard lead
growth curve to derive a model age. The model has T = 3700, a; = 1L152, b,
=‘l2.998, ¢, = 31.230 and a g value of 9.74 for their bcst-(it evolution curve to

the 15 leads used. The value for the Welshs iﬁight lead is 456.8 Ma.

Paleozoic model ages should be interpreted with caution. Although a single-

2
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stage growth model is adequate to explain Archean lead evolution, considerable .
source mixing occurs in the Paleozoic (R.I Thorpe, pers comm., 1987). Swinden

and Thorpe (1984) have pointed this out in the case of the New Brunswick

Bithurst deposits, which lie along a shallow secondary iso?ron or mixing line.

The error limits associated with model ages are large, thus, it is useful to compare
a number of model ages to draw correlations and similarities between

geographically and geologically similar leads.

Swinden and Thorpe (1984) pointed out that the metal and lead-isotopié
‘compositions of volcanogenic sulphide deposits in the Newfoundland Central
mobile belt are consistent with control by their source region lithologies, which
generally are mafic voleanic and intrusive ophiolitic rocks and island-arc malic
\eleanic and sedimetary rocks. The Welshs Bight showing also is underlain by

(
ophiolitic rocks. The model age obtained (456.8 Ma) and error limits are within

range of ages obtained for the ophiolite (483.4 +/- 3.1/-1.8 Ma; Dunning, 1984)
and of the overlying Snooks Arm Group (470 to 485 Ma, Snelgrove, 1931). The
lead-isotope analysis, however, is considerably less radiogenic than the Notre
Dame Bay values, implying that the two areas have considerably different lead

source regions. The Betts Cove analysis is more radiogenic than the Nippers

Harbour value, suggesting that its lead source may be ophiolitic.

The Welshs Bight analysis and model age are similar to results for leads
from occurrences in the Catchers Pond Group from the Notre Dame Bay area.
Lithologically, this Group is distinct from other Notre Dame Bay island-arc

sequences, in that it contains approximately 50 percent felsic material (Dean,
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1978). Its lead isotope compositions plot in a much less radiogenic position thap
the main group of Notre Dame Bay values, leading Swinden and Thorpe (1984) to
suggest that the source region for the Catchers Pond Group ores was highly
~ depleted in radiogenic lead relative.t;) the underlyin'g regions to the Central

&

Newfoundland island are.

The age of 475 +/- 10 Ma, obtained by Mattinsof™(1975) for the Cape Brule
‘Porphyry, has been interpreted as the original age of the pluton. THe closenes§ o’f
this to the calculated Welshs Bight model age (456.80 Ma) and the geological
broximity of the showing to the porphyry (on a fault between di:aba.se and QFP)
suggests a genetic link between the two. Similarly, at Brents Cove, pyrite occurs
in Cape St. John Group metafelsites which dre in close proximity to a small
pluton of Cape Brule Porphyry (DeGrace et al,, 1976). Lead is;otope compositions

and model ages are similar to those at Welshs Bight (Fig. 4-25).

Lead-isotope values obtained for leads from vein sulphides often are suspect.
For example, two analyses of galena from the Silverdale deposit (unpuBlished data
from HS. Swinden) are distinctly different (Table 4+9). Lead in small vein
systems may be derived locally and thus depends on the immediate lithologies
rather than a larger-scale feature, such as the ocean crust or a felsic magma with
an evolving lead cycle (H;S. Swinden(pers comm., 1988). The plot of 208/204p},
vs ***/2Pb shown in Fig. 426 substantiates the argument that the Welshs Bight
lead may be derived locally, as thcle vallue doeg not plot close to the lead growth

curve after Zartman and Doe (1981). If the lead was related to the regional lead-

isotope signatures, the value would have plotted closer to the growth curves.
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4.9.1. Summary

Unaltered mafic rocks o(f the Nippers Harbour ophiolite are similar to Betts

'
i

Cove boninitic-type lavas and dykes in that they have anomalously low TiO,
"contents, and high 3i0,, MgO, Cr and Ni gelative to other common oceanic

basalts. Rocks at Nippers Harbour are slightly more enriched in elements such as

Y, Zr, Cr and Ni than those at Betts Cove, suggesting that the Nippers Harbour
ophiolite is derived from a more incompatible element-enriched source than that

which generated the Betts Cove Ophiolite.

Units one and two quartz-chlorite-sulphide samples from the Hill showing
.display enrichmerits in FeO,, Cu and Zn, and depletions in Na.QO and CaO.
These can be related to the formation of iron-rich chlorite, iron sulphides (pyrite,

_ chalcopyrite), and to the destruction of feldspar by the hydrothermal fluids. Uni‘t" o
three r6cks con:iain the same .assemblage as above, as well as minor albite. As a

result, their depletions in CaO and Na,O are much less significant.

Alteration at the gold-rich Burtons Pond, Gull Pond and Showing No.2

areas is expressed chemically by the addition of FeOt, S, K2O, C02, Ba, and some

. MgO, and variable depletions of Ca0O, Sr and NaZO. These can be accounted for
by the formation of iron- and magnesium—ric;h chlorite, sericite and calcite. Gofd
enrichment correlates best with enrichments in S, Fc()\t and COQ. Considerable

amounts of FeO, and MgO, as well as lesser K,0, have been added to altered

rocks at Rogues Harbour. -

LREE have been depleted from most of the altered rocks at each showing,




- except for a quartz-sulphide-gold vein at Burtons Pond. This may be attributable
to feldspar alterat'ion. “MREE have been enriched in the Hill sulphide-chlorite:
b

albite Unit 3 rocks and in an altered gabbro from Rogues Harbour, and depleted

in an altered diabase from Gull Pond. The REE pattern shown by the Welshs

Bight quartz vein shows enrichment in LREE and depletion in HREE, and its

origin is uncertain.

Sulphur iso@ope values from. the Nippers Harbour showings fall within a
range of -0.5 to +8.9 per mil and cluster about the value +5.5 per mil. The
cluster of Rogues Harbour values about 0 per mil may rgﬂect an ignéous source of
sulphur, which i;cz likely the mafic ophiolitic rocks or the Cape Brule Porphyry,
while temperatures obtained from sulphide pairs from Showing No. 2 are low
(114°4/-23° to 209°+ /-73°C). Temperaturés calculated from Burtons Pond pairs
are suspect due t;) weatherin‘g of pyrrhotite. The Welshs Bight éalena may ‘or
may not have a diffen;nt genesis than the other Nippers Harbour sulphides, based

on its anomalous but isotopically reasonable value of +8.9 per mil.

The Welshs Bight lead-isotope analysis plots along an isochron with other
Newfoundland leads associated with ophiolitic ;ocks. It plots in a considerably
les’s radiogenic position than the other values, implying that its source may be
different or modified from the type of source generating the other leads (the mafic
lithologies of the ophiolites themselves). The Welshs Bight analysis is similar to
values from showings associated with felsic volcanics (Catcher's Pond) and the
felsic Cape Brule Porphyry (Brent's Cove), implying that the lead found in the

Welshs Bight galena may be supplied at least in part by the nearby Cape Brule
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Porphj'ry. Furthermore, the model age of the Welshs Bight lead is v}ery close to

that of the poi-phyry. Due to problems with isotopic analyses of vein deposits,

additional analyses are needed to support the above arguments.




Chapter 5

Fluid Inclusions

5.1. Introduction

Thirty-seven quartz samples were prepared for fluid inclusion studies (see
Appendix G). These were collected from most of the showings and from veins in
diabase, pyroxenite and quartz-feldspar porphyry (QFP). Of these, only 151
samples had inclusions large 'enough to be used for microthermometric
measurements. Samples K3075, K3275 and K1175 from Burtons Pond, with gold
contents of 110, 2200 and unknown ppb, contain quartz occurring with sulphides.

Quartz from samples 211, 218, 241 and 243 occurs with the Cu-Fe sulphides at

Rogues‘{arbour, and sample 147 was taken from the large quartz vein which

extends across the Rogues Harbour peninsula. Sample number 230 represents a

quartz vein from Showing No. 2. Samples 41 and 81 represent quartz veins in

)

diabase which contain traces of epidote and pyrite. Sample 68 is a pure quartz
vein in diabase. Sample 180 is found in a shear zone in pyroxenite in Northwest
Arm. Samples 94 and 168 were collected from quartz veins found in the QFP

[

unit.




5.2, Description of Inclusions

The only inclusions suitable for niicrothermic studies were those with

diameters ranging from 70 to 80 ym, but most were in the range of 5 to 15 um.
The samples contain both primary and secondary imclusions, although in some
cases, the distinction between them was not very clear. Primary inclusions are
isolated, occur in a random, thr’ee-dimensionaI distribution throughout the c;;stal,
~ and in some instances, have long axes parallel to a direction of growth (Roedder,
1978). Secondary inclusions are very common, and tend to occur as planar
growths outlining fractkures (Roedder, 1979), and as trails concentrated along
curvilinear cracks. These generally were diﬁregarded, with the exception of some
of thé Rogues Harbour samples. The sulphides at Rogues Harbour occur as
crustiform and vug structures characteristic of open space fillings (see chapter 3),

hence the secondary inclusions found along mineralized fractures may relate to’

the ore fluids that deposited the sulphides.

Two types of fluid inclusions are present in the samples. The first is a
simple two-phase, liquid plus vapour inclusion. These are by far the most
abundant, and some samples contained. inclusions' of only this type. ‘)These
inclusions normally have high liquid to.vapour ratios. None of the samples
contain simultaneously homogenized inclusions of bot.h liquid and vépour, hence
boiling could not be demonstrated. The vap_éur was probably composed
p{eddminantly of H,O rather than COZ’ as the:inclusions all homogenized at

temperatures above 31°C (the homogenization temperature for CO,).

The second type of inclusion contains three or more phases, liquid-vapour’
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plus one or more solid phases. The solid phases may be either daughter minerals

or accidental solids, unrelated to the fluid composition.

A
N h

Table 9-1 presents a list of the solid phases occurring in the Nippers
Harbour samples. The most common sohd phase“is a high‘ relief, acicular to
prismatic crystal which probably is anhydrite (No. 1) (Fig. 5-1a). Another
prismatic solid of medium reliel, low birefringence sad unknown identity (No.2) is
also present, and is at times difficult to distinguish from anhydrite.. An equ:nt,
cubic solid phage, thought to be halite (No. 5) (Fig. 5-1a) was also obsérved Two
sohds resemblmg carbonate (No.3 and No. 4) (Fig. 5-1b) were recorded in some

samples,

Table 5-2 summarizes the various characteristics of the inclusions in the

Nippers Harbour samples. .

Within individual samples -where solids were present, the inclusions had
variable phase ratios, suggesting that the solids in the Nippers Harbour inclusions
probably are accidental, or that leakage may have occurred. -If a solid is indeed a
daughter mineral, one should be able to. nucleate it by cooling (for halité) or
heating (for carbonates aﬁd sulphates). In addition, if a fluid was supersaturated,
it should have had time to precipitate a daughier mineral. Holland (1987),
howevt;r, has pointed out that calcite or sulphates are not always precipitated
from solution by simple heating, as a loss of CO or SO, also is required. This is,
d:l’ncult to accomplish, as fluid mclusnons normally are sealed by their host

mineral.
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alignment 112 . measured
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secondary?)

K3075 2% 5 growth
zone

K3275 . growth
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isolated in
polygonal
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isolated in
polygonal
fractures

p-isolated
s1-aligned
aslong sulphide-
filled
fractures

isolated in
polygonal
fractures

s-fraccure- - -3, p-223 p-12.6
related 258.0

s-17.4 s-176.7¢to s -18 2
to 17.9 220.2 te-32.2




. - 155

SAMPLE  SOLID SONTROLY RELALION

SALINITY M SLTETI
2HASES APPEARANCE °F e AN J
INCLUSTONS SULPHIDES wIV NaCL
ZUARIZ VEIN OF SHOWING NO, 2
230 2.3,4 growth zone: s p-2 0 to 14l .9to0 none
very dense 3 2.6 189 .0  measurad
population of 4.4

fnclusions

QUARTZ-EPIDOTE:PYRIIE VEINS IN DIABASE

68 - very dense P-4 11.5 ro 150 .3to .34 8to
. population of 166 197 .6 -59 1
tnclusions ’
81 1% T opeb 81 o 165.0to -36 bto
‘ 13.0 21643 -61.0
a1 1%,3 p-& 12,8 vo 121 .4to0  -29 2to
2.3 166.9 +36 .8
N 1 A “ '
94 1w {solated, cut p-é 11.7 98.2to -3} leo
by streacs of to l4.4 171 .4 +93.1
secondary
inclusions
168 1* .4 {solated, rare pb 12.2 134 6to  -27 Oto
inclusions 176.9 -36.9

180 - 1% fills tensional -2 " 10.9 to  187.l1te -22.7tp
area relsted to 14.0 210.9 -30.4
shearing

Table 5-2: Characteristics of Nippers Harbour
Fluid Inclusions

Numbers in solid phases column refer to Table 5-1. Other symbols:
p-primary, s-secondary; Relations to sulphides column: 1-high
probability, 2-uncertain, 3-low probability, 4-unrelated, data is

used for comparison purposes; *-solid phase is very common.
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5.3. Freezing Results

o ,
Freezing experiments were performed on the Nippers Harbour samples from

-Burtons I'ond, Rogues Harbour, Showing No. 2, diabase, QFP and shear zone
related quartz veins. Compositions and salinities were determined from the

cooling experimeats.

5.3.1. Eutectic Temperature

-

Melting of a frozen inclusion containing solids and vapour begins at E, a
eutectic temperature, which is characteristic for different natural chloride
solutions, as summarized in Figure 5-2 and Appeudix G. If a solution is more
complex, containing salts such as K(Cj, MgCl2 or CaCl.z, which all serve to depress
the eutectic, it may be difficult to obs:rve the initial melt fraction (Crawford,
1981).  As well, very small volumes of melt are generated at the eutectic, and in
small inclusions or inclusions of low salinity, this makes the eutectic temperature

determination extremely difficult.

Eutectic temperatures were recorded for 68 inclusions and are presented in
Figure 5-2. The Burtons Pond samples contain NaCl, KC! and some MgCl,, and

are the least complex. Of the initial melting temperatures recorded, all were

above the eutegl'\c for CaCl2, -49.8°C. Spooher and Bray (1977) documented a

similar phenomenon for inclusions in samples from stockwork zones of deposits in

Troodos, Cyprus. They recorded spontaneous freezing temperatures of -30°C,

which implies that CaCl, was not present in the fluids. However, one Burtons

Pond measurement was below the eutectie for MgCl,, implying that CaCl, may

have been present, but the eutectic was not recorded.

2
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Secondary inclusions (believed to be related to mineralization) in the Rogues
Harbour Samplés also contain no CaCl,, as the lovJest eutectic recorded was °
-43.2°C,

Primary inclusions in the Rogues Harbour samples and in qua_rtz-epidote—
pyrite veins in diabase exhibit .«;‘wide(’frange of eutectic temperature. They
contain CaCl, and NaCl, and possibly V-KVCI and MgCl,, although this cannot be
proven without the aid of other techniques. Fluids in QFP and shear zone
‘inclusions are less complex, as only one inclusion had an initial melting

temperature below the eutectic of CaCl,

5.3.2. Salinity

Final melting temperatures were recorded for 58 solid-free inclusions. These
temperatures can be used to infer salinity, providing it is known which solid, ice
or hydrohalite (NaCl.2H2O), is the one which melts. Below the eutectic
temperature, ice, hydrohalite and vapour; can coexist (Fig. 5-3). Both solid phases
have - similar final melting temperatures (ice, 0°C; hydrohali.te, 0.1°C), but
correspond to distinctly diffe.rent salinities. Furthermore, hydrohalite has a much
higher birefringence and relief than ice. Ice also has a tendency to recrystallize
into a number of grains upon heating (Roedder, 1972; Crawford, 1981). The solid
phase in the Nippers Harbour samples is ice. ‘

The salinities of the Nippers Harbour samples are illustrated in Figure 5-4.
The Burtons Pond and Showing No. 2-related samples have low salinities, with

ranges of 0 to 11.2 eq. wt.% NaCl (mean 4.55 wt.55 NaCl) and 0 to 8.6 eq. wt.55










5.4. Heating Resulta

6.4.1. Homogenlzation Temperatiure

Homogenization temperatures were recorded for 85 inclusions, and are
summarized in Figure 5-5. Most of the samples homogeénized ai between 120° and
200°C, with means as follows: Burtons Pond, 193.5°C; Roéues Harbour primary,
198.6°C,>secondary, 174.7°C; Showing No. 2, 169.5°C; diabase 1~69.8°C; QFP,

152.5°C; shear zone, 198.6°C.

Because the precise compositions and densities of the Nippers Harbour
inclusions are not koown, trapping temperature and pressure cannot be correctly
determined from homogenizatioh temperatures using isochores {see Roedder and
Bodpar, 1980; Crawford, 1981). Pressure corrections could be estimated if the
depths of the deposition were known, and applying these to the diagrams of

Potter (1977).

If the Burtons Pond and Showing No. 2 sulphides were generated below the

seafloor, then depths corresponding to modern day seafloor hydrothermal deposits\

might be applied. Rona (1984) has tabulated water depths for 83 such deposits,
stating that they are located bene‘ltb about 1600 to 5800 m of water. Since the
Burtons Pond and Showing No. 2 showings are located in diabase units, an extra
depth of 1 to 4 km should be added to the above estimates. The quartz-epidote-
pyrite veins in diabase would also correspond to this depth. Pressure corrections
of +43°C and +63°C for water depths of 5000 and 7500 m,J for a 5% NaCl

solution at a homogenization temperature of 170°C, would apply to these
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showings. However if they were generated during or after obducuon pre“ure

corrections <+30°C would apply (see dlagrams of Potter, 1947)

o

If the Rogues Harbour sulphides are related to seafloor processes, then
depths similar to the above should be used for pressure cofrections.' However, if
the sulphides are instead related to the QFP or other post-obduction processes,
then the depth of deposition may be anywhere. Similarly, the inclusions in the

QFP and possibly the shear zor'e may correspond to such a range of depth.

5.5. Discussion

Spooner (1981) has summarized the fluid inclusion characteristics of several
hydrothermal deposits, which, with the Nippers Harbour inclusio.ns, are reported

LAY
in Table 5-3.

N

The Burtons Pond samples most closely resemble those from volcanogenic
mas;ive sulphides, implying that the fluids which generated the Burtons Pond ores
also may be modified seawater. Burtons Pond salinities are-higher than' those of
the Cyprus samples, and it is possible that‘these higher ;alinitie§ result from
boiling (which would also greatly influence sulphide deposition). However, no
evidence for boiling was noted in the B“urtons Pond DO{ any other Nip‘pers_

Harbour samples. No vapour-rich inclusions were noted, and the vapour-liquid

ratio was fairly constant.

Jehl (1975) recorded salinities and homogenization temperatures for 25
specimens from the Mid-Atlantic Ridge, adjacent zones and, transverse fractures.

Salinities were of the order of 2 to 18 eq. wt% NaCl, and homogenization

7
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temperatures in the range of 124° to 335°C. He concluded that a hydrothermal
fluid, operating under low pressure and a high geothermal gradient, was

responsible. This fluid originated from seawater which penetrated down to depths

of +to 5 km in the crust.

The pressure-corrected homogenization temperatures are substantially lower
than modern hydrothermal fluids ejecting from seafloor vents (350°C), or from

fluid inclusions from ophiolitic stockworks (280° to 330°C) (Spooner, 1980, 1931).

A temperature decline during mineralization is common in hydrothermal ore
deposition (Spooner, 1981; Edmond, 1984). This presumably reflects the decay of

the heat or fluid source. It is possible that the Buttons Pond samples recorded

such a situation.

It is also possible that the temperatures reflect the true hydrothermal fluid
temperatures at the time of trapping. The Burtons Pond mineralization may

have been generated by modified seawater (as shown by the fluid composition and,

-

salinities). It has been suggested that the Burtons Pond mineralization%ay have
formed during or after obduction of the ophiolite, upon reactivation of the
Stocking Harbour Fault. If this is true, then the seawater fluids which generated

the mineralization may have been released along faults or obduction-related

thrust planes during this event.

Saunders (1985) reported that the fluid inclusions measured from Betts Cove

may be unrelated to mineralization. Whereas those samples were open space fills




166
and related to faults that post-date the orebody, the Burtons Pond quartz samples
are intergrown intimately with sulphides and are more likely related to the
mineralizing event. The Betts Cove inclusions are very similar to those at
Burtons Pond, suggesting that the fluids also may have been trapped seawater,

released upon later faulting.

The Showing No. 2 quartz vein exhibits salinities in the range of
volcanogenic massive sulphide and seawater salinities (mean 2.42 eq. wt% NaCl).
\Although the homogenization temperature mean is very low (169.5°C), it could
reﬁresent a waning hydrothe;mal system (as at BurtonsPond). The sulphides

here also could be generated by those mechanisms operating at Burtons Pond.

Primary and secondary inclusions from Rogucs Harbour samples display

markedly high salinities. The fluid inclusion measurements most closely resemble

measurements from epithermal type veins, which may or may not be related to
the margins of intrusive stocks (Table 5-4) (Nash, 1973). Similarly, the Rogues
Harbour showing ma)" be related to the QFP, as sulphide textures in the Rogues
Harbour samples mimic the crustiform and vug strutures of epithermal veins.
The Rogues Harbour homogenization temperatures are slightly lower than those

of vein deposits; this again may be attributable to a decaying heat source.

Measurements from inclusions in QFP, disbase and the shear zone are all
“similar. The QFP fluids probably "are late- or post-magmatic, as the
homogenization temperatures are not as high as granitic magmatic temperatures,

which are in the order of 450°C and higher (Weisbrod, 1981). Salinities of fluids
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in the diabase are much higher than seawater salinities, hence the inclusions

measured may have been related to late meteoric and not seawater processes.

Boiling probably is necessary to produce such high salinities.

1

Comparison ol; fluid inclusion températures and -those calculated from
sulphur isotope pairs (see Section 4.8.3) reveals minor différénces., The only
possibiy reliable sulphur isotope temperatures were those calculated from sulphide -
pairs from Showing No. 2, which gave ‘ temperatures of 114_°+/-‘23° and
209°+/-73°C.' Fluid inclusion homogenization temperatures from a Showing No.
2-related quartz vein have a mean of 169.5°C. These temperatures all are low
(«<250°C) and compara.blé. Any differences may reflect a lack of eduilibrium
between the quartz (which contained the fluid inclusions) and the sulphides (which
yielded the sulphur isotope .measurements). The fluid inclusions and sulphur
isotopes also could have measured different thermal events, in that the sulphides

generally precipitated before the vein-sealing quartz.

5.6. Summary

Fluid inclusions from Burtons Pond, Showing No. 2, Rogues Harbour, QFP,
diabase and shear zone quartz veins yield information about fluid compositions,
salinities and homogenization temperatures. The inclusions are a simble liquid-
vapour type, several of which contain a variety of solid phases (anhydrite,

carbonate, halite, unknown).

Fluids which generated the Burtons Pond and Showing No. 2 mineralization

are belicved to be modified seawater, based on their compositions (containing
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~ possibly KCl, NziCl,_NaCl-MgClQ, NaCl-MgCi'Q) and salinities (2.42 to 4.55 eq. wt.
o ,

€% NaCl (means.)). The homogenization temperatures (183.5° and 169.5°C means)
are lower than temperatures recorded from modern Hydrothermal vents
(~350°C), suggesting that the Nippers Harbour fluids were .generated in a
different setting. If these showings formed during or after obduction, the fluids
may have been .trapped, lower-temperature_ modified seawater, released during

this event or related faulting (e.g. Stocking Harbour Fault).

Inclusions from Rogues Harbour yield eutectic temperatures related to more ’
complex salt compounds (CaClQ, NaCl-CaCIz, NaCl-KCI~CaC12,
NaCl-CaClz-MgCIQ). Secondary inclu‘sions, believed to be related to
mineralization, have high salinitiesl(mean 18.7 e-q. wt. S¢ NaCl). These n;ay have
been generated by boiling; a phenomenon which also would have caused sulphide

precipitation.
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Chapter 6

Characteristics of Ore-Bearing
Hydrothermal Fluids and Genetic Models

6.1. Hill Showing

6.1.1. Introductloﬁ

The study of ocean-floor, ophiolitic maSsive sulphide deposits has been
carr~ied out for the last three decades. An entire generation of scientists have been
involved in this research (Hegleson, 19684, 1969; Bostrom and Peterson, 190686;
Degens and Ross (1089), Bender et al, 1971; Corliss 1971; Sillitoe, 1972; Spooner
and Fyfe, 1073, Upadhyay'and Strong (1973); Strong (1984); Lami)ert and Sato,
. 1974; Andrews and Fyfe, 1976; Spooner, 1977, Large, 1977;v Finlow-Bates and
Large, 1078; Plimer and Finlow-Bates, 1978; Solomon and Walshe, 1979; AHenley
and Thornley, 1979; Spooner, 1980; Parmentier and Spooner, 1978; Rona, 1978,
1980, 1987; Rona and Lowell, 1980, Rona et al, 1983; Mottl, 1983; Lydon, 1984;
Campbell et al., 1984; Strong and Saunders, 1988). Currently, much attention is
being focussed on active hydrothermal vents on the seafloor and associated

tectonics.

Massive sulphides are considered to be a result of the mixing of hot,
seawater-derived hLydrothermal solutions and ecold seawater at the seafloor

N
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interface. Cold seawater is drawn dpwn into the crust through faults and

fractures, is circulated convectively through the rock column, becomes heated and .

leaches metals from the mafic oceanic rocks The hot fluids then carry the metals

to the surface, where they precnpltate metalliferous deposits.

The hydrothermal fluids feeding the deposits have been shown to be

contemporaneous seawater through the use of Sr-isotopes (Chapman and Spooner,
1977), hydrogen and oxygen isotopes (Heaton and Sheppard, 1977) and fluid
inclusions (Spooner and Bray, -1977; Spooner, 1980) based on stockwork samples
from ophiolitic deposits. Heaton and Sheppard (1077) further 'sﬁggested that some

of their data indicated that some of the alteration may not have been caused by

modified seawater, but by a meteoric or magmatic component.

8.1.2. Application to the Hill Showing

Altered rocks of the Hill showing bear strong similarities to those of massiQe
sulphide stockwork zones, but with two important differences. The first is that
stockwork zones generally are located beneath the ore lens and form the footwall
assemblage. There‘is no obvious stratified massive sulphide in the Hill area. Unit
one breccia ore consists o‘f sﬁlphide—impregnated mafic fragments cemented by
quartz-pyrite-chalcopyrite. It is impossible to discern the quantity of sulphide

originally present as much of it has been removed by previous excavation.

Secondly, bmassive sulphide stockwork zones often, but not exclusively, form

i’ pillow basalts at or beneath the seafloor. Host lithologies of the Hill showing -

are diabases, not pillow lavas. This has, however, been documented elsewhere in

/
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the Betts Cove Ophiolite for massive sulphides at Betts Cove and Tilt Cove

(Upadhyay and Strong, 1973; Strong and Saunders, 1988).

Stockwork-mineralized alteration pipes have been documented to extend
down into the sheeted dyke complex (Constantinou, 1980; Richards et al, in
press). Recently, Richardson et al. (1987) documented epidosite zones which they
believed to be the root zones of ore-forming fluids at Troodos, Cyprus. These
zones occﬁr in the lower part of the sheeted dyke complex and are characterized
by epidote-quartz rock (epidosite) which replaces the dykes as sheets aﬁd pipes up
to 1 km wide. Chemically, the epidosites are depleted in Cu and Zn relative to
background diabases. Richardson et g.!.'(1987) showed that the quantity of metal

removed is sufficient to form massive sulphides and furthermore, that several

= large Cypriot deposits lie along strike of the epidosites.

Striped zones of epidote- and chlorite-rich rock were mapped
stratigraphically below the showing. It is possible that, should epidosites indeed
represent the sources of the ore-bearing fluids, the sulphide deposits at the Hill

showing may have resulted from precipitation of such fluids.

Upadhyay and Strong (1973) suggested that sulphide precipitation occurs at

~ the pillow-basalt/diabase interface which represents a permeability-temperature

boundary, and that precipitation is a result of the mixing of ascending metal-
enriched fluids with descending cold seawater. Gillis (1687) further proposed that-‘
the ascending solutions are driven by the intrusion of late-stage, shallow-level
dykes or ott;er such magmatic event. ‘There is evidence at the Hill showing of

intrusion of late diabase dykes into previously hydrothermally altered material.




1

Shear zones provide permeable conduits for fluids moving through the crust,
thus it is probably safe to assume that rocks situated closest to these zones will be
the most altered. This is reflected in the unit one and two chlorite-quartz-
sulphide rocks which may reflect w/r ratios gr.eau.:r than 50 (Fig. 4-13) (Mottl,
1083). It is possible that unit three chlorite-quartz-albité\xenoliths, scattered
around the major shear zomes, may have formed a cobesive unit before the’
intrusion of unit four diabases. Hydrothermal activity probably ceased before this
later event, as the unit four rocks are represented only by a spilitic (greenschist)

assemblage,

Figure 6-1 presents a schematic sequence of events that may have occurred
to form the Hill ores and alteration assemblages. Stage I depicts the initial
formation of diabase and pillm;r basalt units. Mixiong of hot hydrothermal fluids
and cold seawater occurs at this boundary during stage II, precipitéting sulphides
and forming the alteration assemblages depicted in stage III. Intrdsion of fresh
diabase dykes in stage IV causes previously altered material to form xenoliths

about the two main shear zones.

6.2. Gold-Rich Showings - Burtons Poad, Gull Pond, Showing
No. 2

It has been shown petrographically that hydrotherinal mineralization at the
gold-rich showings at Nippers Ha;bour involves the deposition of pyrrhotite
(Burtons Pond, Gull Pond) or pyrite (Showing No. 2) and chalcopyrite, with
minor sphalerite, in fractures in chlorite-quartz+/-albite (Buitons Pond) or

chlorite-sericite-quartz (all three showings) altered rocks. This was followed by
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the precipitation of arsenic minerals, calcite and quartz. Gold may have been
deposited during this laten stage. Fluid inclusion cox;lpositions and salinities
suggest.that modified seawater may have generated the gold-rich ores. This
information is used below to discuss the mode of transport and deposition of gold

at these showings.

8.2.1. Source of Gold

Both Tilling et al. (1973) and Romberger (19865) have presented data which
suggests that there is no one particular rock type which is enriched in gold and
therefore may serve as a preferred source. Romberger (1986b) péstulated that the
favourability of a rock as 'a gold ;ource may depend on how the gold occurs, the

chemistry of the rock itself, and the chemistry of the mobilizing solutions.

Despite these facts, there is a clear proximal association between gold
deposits and serpentinized ultramafic rocks in both Archaean greenstone belts
(Pyke, 1976) and in many Ne‘wfoundland occurrences (Tuach, 1987; Tuach et al.,
1983).  LeBlanc (1986) has suggested that gold is leached from ultramafic rocks

during serpeninization by As-COQ-rich solutions.

Background gold contents of mafic rocks (samples 32, 62, 69, 72, 84, 105;
average 4.8 ppb Au) of.Nippers Harbour samples are slightly higher than, but
comparable with those of serpentinite (sample 158, 2.5 ppb) or quartz-feldspar
porphyry (sample 188, 1.3 ppb). This suggests that that any of these may bave'

been the major source of gold.




6.2.2. Modes of Gold Transport

Previous studies on gold transport in hydrothermal solutions have
contrasted the solubility of gold-chloride species in acid oxidizing solutions with
various gold-sulphide species. Recently, Grigoryeva and Sukneva (1981) have
suggested the exist.ence of thio-arsenide complexes, based on relativel} high gold
solubilities in sulphide solutions containing arsemic, and on the ubiquitous

association of arsenic in gold deposits of many different origins (Romberger,

1986b).

Henley (1973) determined the solubility of édld in chloride solutions at
temperatures between 300°C and 500°C. He found that gold is transported most
commonly as AuCl2 at these temperatures, but at lower temperatures, it occurred
as AuClz' in oxidized chloride solutions. Seward (1973, 1984) measured gold
solubility as.a function of temperature, pH and sulphide concentration. He
demonstrated that gold thio-complexes (Au(HS)," and AUQS(HS):,"") are-stable to
at least 300°C, and in this temperature range (ie, < 300°C), predominate over

gold chloride complexes. The latter may be more dominant at higher
temperatures (300°C to 500°C), but no data exist for gold thio-complex solubilities |

at these temperatures.

The solubilities and relative. stabilities of gold chloride and thio-complexes
are compared in Fig. 6-2. The diagram is calculated at 250°C (a maximum
temperature for Nippers Harbour fluids based on fluid inclusion a.nd sulphur
isotope thermometers), and assumes a solution containing 3.5 wt.% NaCl a‘nd 0.01

M (320 ppm) total sulphur. It uses thermodynamic data of Wagman et al. (1969)




and stability constants of Seward (1973). The solubilities shown for goid thio-
complexes are several orders of magnitude larger than those of gold chloride
complexes. The gold thio-complex solubilities decrease v‘ery rapidly with both
decreasing and increasing pH, while gold chloride solubilities decrease with

decreasing oxygen activity and with increases in pH.

Fig. 6-3 illustrates the effects of stability fields of various iron-sulphide and
-oxide phases on the solubility fields of the gold complexes outlined in Fig. 6-2.

Fig. 6-3 shows that for the mineral assemblages in the Nippers Harbour showings

(pyrrhotite, pyrite, gold, arsenopyrite), gold probably is carried as a thio—coﬁxplex.

Systems dominated by oxidized minerals such as hematite and magnetite p‘robably
had gold carried as a chloride complex. Fluid inclusions from Burtons Pond and
Showing No. 2, however, feature moderate salinities and veutectics corresponding
to common salts (NaCl, KCl, MgClQ, CaClQ), as well as sulphate (anhydrite) solid
inclusions. This suggests that some of the Nippers Harbour gold may have been

carried as a chloride complex.

Copper, lead and zinc may be transported in hydréthermal solutions as
chloride or bisulphide (thio-) complexes. Chloride corﬁplexes of these metals are
much more soluble than bisulphide complexes in saline, weaﬂy acid ore-forming
fluids with total sulphur < 10°2 M. It has been shown by Anderson (1875) that a
solution should carry at least 10°° M of reduced sulphu¥ to produce sulphide ores.
Available data for base metal thio-complexes indicate that they are important
below 250°C within neutral to alkaline solutions with total .sulpbur > 001 M

(Roberts, 1987).
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) Deposition of gold from thic-complexes may res;lt from a decrease in
temperature a!; constant pH, oxidation of the coﬁplex, or reduction in sulphur
- activity caused by sulphide precipitation (Seward, 1984; Romberger, '1986b). Any
of these may' apply to the gold-bearing fluids at Nippers Harbour, especially given
the presence of‘ anhydrite in the late quartz-hosted fluid inclusions (oxidation).
Fig. 8-3, however, shows that the solubility curves for Au(HS), are s‘ubpa.rallel to
the pl;ase boundary for chlorite and pyrite. This sug’gests thgt gold would not be
depbsited in systems buffer‘ed by thg assemblage if reduction in sulphur activity
or oxidation are the only'deposition mechanisms (Romberger, 1086b). Chlorite
-and pyrite occur together at Showing No. 2 and more rarely at Gull Ponci.
Clearly, an alternate mechgnis;’n of gold precipitation may have to be found for
these areas. As pyrrhotite is the major iron sulphi%g at Burtons Pond, this

prohrm is less important there.

Fig. 6-4 shows the stability fields for;arsenopyrite supleri}hposed on the
phase relationships shown in Fig. 6-3. The phase rélatiogshi\ps shown in Fig. 6-4
lprovide a solution to the problem outlined above. They suggest that the
mineralizing solutions were dominated by reduced sulphur species apd that gold
was most likely transported as Au(HS),". fn this case, activﬁies_ of sulphur and

oxygen would be a. <« 10'13'5, a, < 10'42; and 2, < 10'9'5, a, < 10'42, for
g D¢ 8s, 0, < S 0,

2
Burtons Pood and Gull Pond, and Showing No. 2, respectively,

It is also possible, given the occurrence of arseﬂic minerals at the Nip;;ers.
Harbour gold-bearing showings, that gold could have been transported as one of
the thic-arsenide complexes of Grigoryeva and Sukneva (1981). Assuming a

stoichiome[t‘ry of AuAsS,% the equation:
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-

2AuAsS, 0 + oFe?t 4 2H,0 = Au + 2FeAsS + 4 HY +0, + S,

would result in the co-precipitation ot: gold and arsenopyr:%obéerved iju't.
Gull Pond’(Fig. 3-17) and Showing No. 2. Arsenopyrite and g'old may have also‘.
fon?led at similar times at Eu'rtons Pond (see Fig.‘ 3-14 and Section 3.3.22).
This equation was used by Rorﬁberger (lQSBb) to calculate gold thio—al:senide
solublhty contours, as shown in Fig. 8-5. Clearly a decrease in sulphur activity or
reductnon would cause gold preclplt‘atlon Estimates of sulphur and oxygen ‘
actmtles for Nlppers Harbour gold -bearing solutions would be 51mllar to those

-

’ g dlscussed above for thlo-sulpha-de complexes.

6.2.3. Genetic Models 4 y

The timing of the Burtons Pond and other gold- nch showings is a problem.’
They could have: formed prior to obductnon of the ophiolite, as>sub-seafloor J
depOSitS‘ during obduction forming along faults related to thrusting; or alter

1
obductxon The Burtons Pond showmg occurs on a splay of the Stocking Harbour

fault. As dlscussed earlier, this fault may have been a seafloor feature which was
reactivated after ophlohte obduction. The close spatla-‘i association of a phase ofa
the Cape Brule porphyry (whiéh ‘is younger than the ophiolite) along the coast
(Fig 2-10) confirms this observation. Minera]izatio; may have formed along the

Stocking Harbour Fault coevally with the inthsion of the porphyry, and after

obduction. ‘ : S : ' N

fea Niekel-arsenide mineralization near the West Zone at Tilt Cove occurs near

< the contact of the pillow lava and a subsurface fault sliver of talc-carbonate rock
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which inay be related -to the St(ocking Harbour Fahult It also is found in calcite
*

veins within the quartz-teldspar porpbyry near the West Zone (Papez1k 1964),
lmplymg that it formed after sohdlflcatxon of that phase of the porphyry Should
all the mckel-arsenlde (and gold) mmerallzatlon in the Betts Cove Complex be
related, this fact suggests that the Nlppers Harbour gold showings may be syn- or

-
post-obduction rather than sub-seafloor-related features. .
< . - .

The listwaenite model for gold mineralizatjon, as presenyted in Fig. 1-4

(Buisson and LeBlane, 1988), shows-that gold mineralization forms in carbonatized
ultramafic rocks. Low temperature (150 to 300°C) NaCl brines, derived both
from mantle materlal and from mteract:oh wnh seawater, are focussed along
major thrust; related to the late stages of ophiolite emplacement. Gold is
associgted with sulphide or cobalt arsenide mineralization, o'r with late ;mart.z

. . R . ¢
velns containing pyrite or arsenopyrite,

. 3 - NG
- The Nlppers Hali'rbiol?xj*gold bearmg ﬂulds have been shown to haw low” '
- C‘O,‘r2 -contents (see Section 4.5.1). Fluids which generated Archaean (Colvine et
al., 1984) and Mother Lode (California) (Bohlke and Kistler, 1986) gold deposits,
. however, ai’g dominated by C02 and .HZO' as shown by fluid inclusion§ with high
CO _contenfs. Colvine et al. '(1984) inferred that Lhese high densities are a
‘function of fluid entrapment at considerable’ depths, 5 km or greater. Gold
therefore _may have been transported as a CO, complex, although no research has
been done to date on the existence of such compexes- The lack of C02-bearing

inclusions in the 'Nippe‘rs Harbourf/éold-bearing samples implies that the

mineralization ma); bave formed at levels more shallow than 5 km.
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‘ The ﬂurds whrch generated gold-rich mmerahzatlon in the Mother Lode . ¢
drea, Cahforma (Boblk:e and l\lstler 1986; Weir and Kerrick, 1087) have some
similar- features to those of Nippers Harbour The Mother Lode ﬂurds have the
| following charactenshfs. T = 250° to 325°C, XCO, = 0.1, pH = 5.5 to 6.0, H,S
== deminent sulphur species, a0, = 10732 o 10735 (Weir and Kerrick, 1987),
which, apart from XCOZ, are relatively similar to the 'Nippers HarBOl;r Nuids.
thlké and Kistler (1986) s:howed that the fluids were isotopically heavy and |
COz'-bearing, and did not resernble seawater, magmatic, or meteoric waters.
The_y \;ere probably metamorphic waters, generat‘ed from deep sources and sét in
motion by deep magmatic activity related to ea.st-dipping |subduction along the
western margin of North America (Bohlke and Kistl.er,‘ 1986; Weir,and Kerrick,

1987). The Nippers Harbour fluids, however, have characteristics (salinities,

eutectics) suggesting that they are modified seawater.

The model envisaged for the fbrmgtion of the Bnrtons Pond ores is
- "iiar"trhyed—:'n'li"iffB¥6."SEanfer-dErived fluids flowed along shallow thrust planes
underlying maﬁc and serpentinized ultramatfic rocks, leaqhmg metals from both of
these umts probably durrng or after ophrohte emplacement Gold, as discussed
earlier, most likely was carried as a thro—complexr but also- may have been
partially transported\as a thio—arsenide or chloride complex. Fluids were low
temperature (<250°C), moderate pH (~5), and- had le\;v oxygen and sulphur
,J;;—-,,wactivities. Precipitation of sulphides and formatlon\of chlormc and sericitic v
alteration a.ssemblages occurred when the fluids encountered fault splays. H’eat _
K,0 and Ba may have been supplied by the coevally formrng Cape Brule
Porphyry ‘. g
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Although tbe Gull Pond and Showmg No. 2 showmgs are not. found dnrectly

~

on the Stocklng Harbour fault, they are spatially close to the porphyry and are

v

found in fault zones whlch parallel the major faults. The model depicted in Fig.

6-6 also may apply to the formatlon of l,hls mineralization.

\ 6.3. Rogues Harbour, Welghs Bight L ‘ o

Both the Rogues Harbour and Welshs Bight showings occur directly on the
Stocking Harl;our fault, n‘earv the Cape Brule ;uartz:feldspar porphy’ry. The
Welshs Bight lead has been suggested to origin‘at_e from t‘he” porphyry {see Section
4.9). Ta- calzite and arsenopyrite foun.d‘in tlhe vein sample suggest that sul'phid‘e
deposition ‘may be related u; the same process which generated -the gold-rich

«

showings, although no signifiéant‘ gold was documented therg

L3

- . -y )
Sulphur isotopes clustering about 0 per mil at Rogues Harbour suggest an

igneous source for the sulphur. Sulphides rglated to seafloor dep;)sition generally
are heavier (2 to 8‘per mil), implying that the Cape Brule Porpﬁyry was instead
the source of ’suiphur there. Cu, Fe and Zn may have been derived from the
underlymg gahbros ﬁ.nd deposited with su]phur in fractures in the quartz vein on
the StockmgvHarbour Fault. Fluid inclusion salinities of secondary inclusions
belicved to be related to mineraliz;tion are very high (15.6 to 20.4 eq. wt. %
NaCl), suggesting that boiling (phase separation)-occurréd. Boiling is also a very
efficient mechanism of precipitating sulphides. Several of the altered samples are

enriched in K20, which also may have been contributed by the porphyry.

-

In conclusion, fluids derived from the porphyry, which was intruded along

¥
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the Stocking Harbour Fault at Rogues Harbour, teached metais and precipitated

.

them in fractures in an earlier quartz vein lbere:. possibly ingespoase to boiling.

-
=3




Chapter 7 |

V

Summary and Recommendations

-.ﬂ‘
7.1. Summary = .

- The Ordovician Nippers Harbour Ophiolite is considered to be a southward
extension <;f the hei;hbouring Betts Co‘\;e Ophiolite. The Nippers Harbour
" Ophiolite is over.lain unconformably by the Silurian Cape St. John Group, a
sequence of subaerial conglomerates, sandstones, basic p).,'rocla.stics and subaerial

to rhyoliti; welded tuffs, and also is intruded by the Silurian Cape Brdle

Porphyry, a medium to coarse grained: homogeneous quartz-feldspar pluton.

. Ultramalfic, gabbro and she‘eted dyke units of the Nippers Hari)our Ophiolite
are represented in the map area. Ultramafic rocks are mainly Eerpe_ntinized
dunites with veins of pyroxenite, while gabbr'os generally are medium-grained to
pegmatitic, a.nd are unlayered. Dykes normally are sheeted, displaying narrow
chilled and sometimes brecciated margins. Contacts between these ophio!itfc

units are both gradafional and faulted.

The Cape Brule quartz- feldspar porphyry dommates the map area. It

e
contains quartz and feldspar phenocrysts in a fme-gramed quartz-plagioclase-

dominant matrix. A distinct phase whose matrix is dominated by orthoclase crops-
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out along the Stocking Harbour Fault alonf the cdist. * Scattered outcrops of

Cape St. John Group conglomeréte, basaltic dyke, rhyolite and intrusive breccia
occur throughout the area.’

’ [
The map area is dominated structurally by shear zones and faults, especially

the Stocking Harbour Fault. Most of the mineralization occurs along, and may be

controlled by this fault. The major faults in the area may be early pre-obduction
) .

features which have been reactivated upon intrusién of the Cape Brule Porphyry.

Unaltered maﬁc rocks of the Nippers Harbour Ophiolite are similar to Betts
Cove boninijtic-like lava.s in that they have anomalously low TIO contents and’
high Si0,, MgO, Cr and Ni relative to other common basalts. Mifxc intrusive
rocks at Nippers Ha.rbou.r are slightly more enriched in elements such as Y, Zr, Cr
and Ni than those at Betts Cove, suggestin-g that th?ippers Ha;boqr Ophiolite is
derived from a more incompatible element-enriched source than that whieh

generated the Betts Cove Ophiolite.

Six major mineralized showings were examined in detail for “this istﬁdy.
They all are found in fault zones in altered diabase or gabbro.  Sulphide
mineralogy is faxrly sxmple consisting of pyrrbotlte or pynte chalcopynte with
lesser and varymg sphalerite, arsenopynte and electrum (Au-Ag). The latter two
minerals appear to have formed later than other sulpbides. Galens is found only

at the Welshs Bight showing.

The Hill showing is believed to be a sub-seafloor, pre-obduction feature.




Mineralization there consists of py.rite and chalcopyrite in shear ones in quartz-

ch]onte rocks (umts one and two), as well as minor pyntp in quartz-cblonte—alblte

rocks (unit three). These hydrothermally altered rocks have been mtruded

fresh dlabase dykes (umt four) Units one and twwsamples dmglay ennch;n:.'nts it
FeO,, Cuy and Zn, and depleuons in Na,O a.nd CaO, ‘and can be related to the
formatlou of iron-rich chlonte iron Sulphldes (pyrite and chalcopyrite), a.nd to the
: destructlon of feldspar by the bydrothermal ﬂulds Lmt three gocks show “less
significant depletlons in CaO and Na, 0. Mmerahzatlon probably occurred b)' the

mixing of hot hydrothermal fluxds and ‘cold seawater at the pillow \)asalt-dx*nse

interface, precnplta.tmg sulphldes and formmg the alteratlon assemblages described
) 5

above. lutrusnon of fresh dlabase dykes (umt four) caused previously !ltered

material to form xenoliths about earlier-formed shear zones:

The Burtons Pond, Gull Pond and Showing No. 2 greas are characterized by
high base metal (Cu, Zn) and gold contenta.__ Host rocks are dltered to
assemblages of chlorite-sericite-quartz (at a.ll-t'hrge showings), and chlorite-

quar‘tz‘+/-albite and calcite-sericite (Burtons Pond only). Gold is found on the

edges of chalgopyrite and pyrrhotite grains, in quartz-calcite.gangueAang in-

arsenopyrite, all of which are found in veins cutting altered host ragks.. Alteration -

at these showings is expresséd chen;ically by the addition of'FeO S, K,0. CO :

Ba, and some Mg©, and variable depletlons of REE, CaO, Sr, and Na 20, whlch

can be accounted for by the formation of iron- and magnesium-rich chlohte'

sericite and calcite. Gold enrichment correlates best with enrichments in S’. FeO,
and CO,. Temperatures calculated from sulphide pairs’ using sulphur “isotope

190 L L

£~




v,

61

[ SV

values from Showing No. 2 are low (114°+/-23° to 209°+/-73°C), and generally
are in 'agree‘ment with temperatures from fluid ificlusion measurments from
Burtons Pond and Showing No. 2, suggesting a possible upper temperature limit

of 250°C. Salinities and eutectic temperatures of the gold-bearing fluids are

similar to seawater.

Relat‘ively’hi‘gh background gold values suggest that the éphiolitic diabas:s
and gabbros, or serpentinized ultramafic or quartz-feldspar porphyry rocks may
have been the source of gold for these s'ilowings. Gold was transported probably
as a thio-complex, but moderate salinities, anhydrite in fluid inclusion and the
ubiquitous presence of arsenic minerals suggest thatrgold also may have -been.
carried as a chloride- or thio-arsenide complex. The fluids had the following
characteristics: T <=250°C, pH 5.5, total reduced sulphur < 102 M, a0, <
1004 M and aS < 107135 M. Mineralization is believed to have formed by the
movement of seawater-derived fluids along shallow thrusts, depositing sulphides
and gold in splays. Intrusion of the Cape Brule Porphyry may have been coeval

3
with, and possibly the cause of this mineralization.

Other sulphide showings include the Rogues Harbour Cu-bearing and the
Welshs Bight Pb-Zn-bearing quartz veins. Sulphur isotopes clustering about 0 per
mil at Rogues Harbour suggest an igneous source for sulphur possibly the 6ape
Brule Porphyry. Several of the samples are enriched in K ,0, which also may
have been contributed by the porphyry. Flu:d inclusions from mmerahzahon-‘
related samples have very high salinities; suggesting that the sulphides may have

been deposited through boiling.
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Lead from the Welshs Bight showing has been suggested to originate from
the porphyry‘. Calcite and arsenopyrite found in the vein suggest that the
mineralization may be related to the same process which generated the gold-rich

mineralization, although no anomalous gold was documented there.

7.2. Recommendations for Future Work

The following list is a compilation of ideas for future work which could be

carried out on the mineralized showings in the Nippers Harbour Ophiolite:

B ’ \
(1) More sample collecting, particularly of Welshs Bight sulphide and host

rock samples, and of new drill core which is being provided through further

exploration of the Nippers Harbour area.

(2) Further examination of gold grain associations to provide more evidence

for its paragenesis.

(3) Stable isotope data, possibly on quartz-chlorite pairs from the various

showings, to give some idea of fluid temperatures and source(s).

(1) More Pb isotope data, especially at Welshs Bight and perhaps on pyrite
or other sulphide minerals from other showings to further delincate the Pb

source(s).
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Appendi,x A

 Mineralogy of Samp]es

Symbols used: fel: felspar; q:quartz; ak: actinolite; ch: chlorite; ep: epidote;
ca: calcite; cr: chromite; ti: sphene; py: pyrité; cp: « chaleopyrite; pn: pyroxene,
sup: serpentine; sc: sericite; po: pyrrhotite; sp: sphalerite; asp: arsenopyrite; Au-

Ag: electrum; gn: galena; or: orthoclase; o: others; jas: jasper; brav: bravoite; Ni-

Te: npickel-telluride; db: ,diabase; op: opaques; rk: rock ‘fragments; P-pervasive

alteration; S-semi-pervasive alteration; U-essentially unaltered.
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Loss on ignition (LOI) was determined by weighing a known amount of rock

powder in a crucible before and after ignition at ‘1000.°C.

Precision estimates were unavailable.

‘B.1.2. GSC Samples * BN

Fifty-nine rock powders were submitted by the Geological Survey of Canada
to the X-Ray Assay laboratories Ltd, Don Mills Ontario for major element

analysis. The samples were analysed by X-ray Fluorescence Spectrometry.

1.3 g of sample was roasted at 950°C for 1 hour, fused with 5 g of lith}um
tetraborate and the melt cast into a 40 mm button. This button was then
analysed using a Philips PWIBOO simultaneous xray fluorescence spectrometer.
I2ach major element ha.s a particular fixed channel through which it was analysed
by making counts over 60 seconds. The accumulated counts for each element

were compared to standards which were used to calibrate the machine (Abbey,

1930).

Loss on-ignition was calculated by weighing the original 1.3 g sample after
the roasting at 850°C. Totals of all elements were determined and any samples

with sums less than 987 or greater than 10195 were repeated.

Instrumental precision is better than 0.5%6. Errors of 1 to 25 are associated

with elements with low counts.
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B.2. Trace Elements p

ﬁ.2.1. Memorial Samples

Xray fluorescence was used at Memorial to analyse trace elements. Pollots
were made by thoroughly combining 10 +/- g of rock powder with 1.4 to 1.5 g of-
binder (Bakelite brand phenyl resin) using a mechanical shaker. The mixtures

were pressed into pellets and baked for approximately 20 minutes at 200°C.

The elements Pb; U, Th, Rb, Sr, Y, Zr, Nb, Ga, Zn, Cu, Nij, La, Ti, V and
Cr\ were anulysed using a standard 16 element package designated TRACEF.
Analyses of Ba, Sc, Ca and repeats were carried out using a separate program
known as TRACEA. Stabdards W-1, DTS-1 and BCR-1 were analysed with t}':c

Nippers Harbour samples to give estimates of precision and accuracy (Table B-1).

B.2.2. GSC Samples

A varicty of methods were utilized by the X-ray assay labs (under contract
by the GSC) to analyse trace elements. Cd, Ca, Co, Cu, Fe Pb, Mg Mn, Ni, Ag
and Zn were analysed by Direct-Current Plasma Emission Spectrometry. 0.25g¢ of
sample was mixed with 2 mL of nitric acid for one half hour in a water bath, then
1 mL of _hydrochloric acid was added. This mixture was allowed to digest fo‘r a

further 2 hours, and was shaken regularly.

The elements Na, Cr, K and Ti underwent a slightly different process: 0.25
g of sample was mixed with 2 mL of nitric acid and 10 mL of hydrofluoric acid
and heated to dryness. 1 mL of 1:1 sulphuric acid and 5 mL of hydrofluoric acid

were added after cooling and the sample was again heated to dryness. After a

L4
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Table B-1: Precision and accuracy estimate for
L] v
MUN trace element analyses

‘0’ refers to number of times the standard was analysed; S.D. is
the standard deviaion; Pulbrrefers to the publishéd value for the

analysis from Flanagan (1973).
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second cooling, 2 mL of hydrochloric acid was added and the sample was again
heated to dissolve any residue. The total pre-analysis procedure took

approximately four hours. -

Each set of samples were brought up to volume with lithium buffer. The
A

samples were then run on the simultaneous direct curreat plasma emission

spectrometer, along with standards and previously analysed samples.

As, Ba, No, Rb, Sr, S, Y and Zr were analysed by x-ray fluorescence. 5 g of
sample was used to make a 40 mm pellet, which was loaded into a Philips
PW1400 wavelength dispersive x-ray spectrometer for analysis. Various standards

were used, depending on the element being analysed.

- Se wasdanalysed by acid extraction. Here, a 0.25 g sample was mixed with

15 mL of a 2:2:1 mixture of HF, HNO; and NCIO, until vapours were produced.
Distilled water was added many times, heated to vapour each time then the final
tifle, taken to volume. Se was extracted with FO.I% solution of 2,3
diaminonaphthaline (DAN) and MIBK, from an aliquot of digestate, keeping tight
contro‘l over sulfosalicylic acid, EDTA and pH. The MIBK fractjon extracted was

analysed using an atomic absorption spectrometer, and the Se content determined

by comparison of the curve obtained with standard curves of Se standards.

C0,% was determined’ using coulometry. 0.02 g to 0.10 g of sample were
combined with 2N HCIO, to release CO,. The CO, was passed through. the

coulometer cell, which was filled with an aqueous solution of monoethanolamine

4
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coulometer coll, which was filied with an aquecys solution of monoethanolamine
W

N . . N A} . .
and a colounmetric indicator. The gas quantitatively ahsorbed formed 3 strong

—

titratable acid with the monoethanolamine, 1ad caused the indicator colour to

fade. \‘{o maintain equilibrium, th- coulometer electricaily gpnerated a b'\w to

restore the original colour. CO was calculated as the total amount of current

~ required for the complete titration. Detection limits were 0.01¢¢.

}120+ (crystallized or combined water) was measured as follows. [.0 g of -
sample was dried for 3 hours at 110°C to remove any' moisture. The dried sample
was corr;bined with PbO and heated in a pyrex test tube during which time any
water vapour was condensed on a piece of preweighed paper in the upper part of
tlye test tube.. This test tube section was then cooled using ice in a polyethvlene .
jacket and weighed. The H,O+ present in the sample‘was equ;valent to the

weight gained on the paper.

B.3. Precious Metals »

.B.3.1. Memorial Samples

49 samples were analysed -for pr.ecious metals (Au, Ru, Rh, Pd, Os, It and
Pt) by ICP at Memorial University. The pre-analysis procedure was as follows‘:
15.0 g of sample, 9.8 g of Ni, 6.0 g of S, 18.0 g of sodium carbonate, 36.0 g of
borax and 6.0 g of silica (10 g for ﬁltramaf_ics) were weighed into a clay crucible

and mixed thoroughly. Amounts of Ni and/or S were reduced for samples with

high concentrations of these elements, as determined by a previous method.

Samples containing high axi\l'm{ns of Cu had to be run a second time due to

o
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hours and allowed to cool. A NiS button was recovered after breaking the
crucible. It was weighed, crushed to small chips and transfered to a 1000 mi,

_pyrex beaker. The weight of NiS transferred was'then determined to check for

"~ loss on Erushing.

Afte-r addiag 500 mL of concentrated HCI to the beaker, it was covered with
a watchgl.ass, placed on a hotplate for ;Lt least 3 hours. This allowed the NiS to
dissolve, in most cases resulting in a black, precious-metal bearing residue.

.

After cessation of NiS dissoiuti\g'n, the mixture was cooled, then 7 mL of Te
solution was added. The solution was brought slowly' to the boiiing point over 30
minutes, then 12 mL of SnCl, solution was :;dded, forming<a black Te precipitate,
The mixture was boiled vigorously for half an hour to coagulate the precipitate.

. -~ s ¢

Thenr;ﬁxture was again allowed to cool until warm, then filtered with 0.45 u
pore size cellulose nitrate membrane filter paper. The paper was transfered to a
refluxing test tube. Five mL of concentrated HNO3 was added, a condenser
attached, and the tufle beated at 100°C until the filter paper dissolved. Five mL
of concentrated HCI was added through the top of the column and refluxed for 20

minutes to completely dissolve the precipitate.

S

The tube was allowed to cool for 10 minutes. The reflux condenser was

§ «,
washed down with distilled water, then transfered o a 125 mL polypropylene

bottle qnd m'a,de up to 100 mL with distilled water. 3 g of Cd/TI spike was added'

and the mixture was well shaken.
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Precious metals were analysed on 2 SCIEN ELAN inductively ecoupled
plasma/mass spe.ctrometer (ICP/MS). Precision\ estimates based on the standirds
SU-1A and SARM-T7 are listed in Table B-2. along with detection limits for each

.

element for each rua carried out.

PRECIO‘S METALS

Detection Limits

Ru Rh P4 Re , Os Ir Pt Au
Runi 033 ' .012 .271 .03 .788 .138 .052 *2.893
Run 2. 12.819 .03s .102 9.324 1.551 .07 .233  "15.354
Kun 3 .199 .039 .248 - - - - -
SU-éﬁ S.D. PUB SARM-7 S.D, PUB
Ru 35, ) .28 - 275.87 3.45 430
Rh 51.0 .28 0.08 204 .86 13.07 240
Pd 303.55 1.48 0.37 1398 .3 79.29 1530
. Re 7.85 0.92 -
Os 9.7 0.56 - -
Ir 20.65 0.49 -
Pt 361.05 9.26 410
Au 127.15 9.26 150

(All values (except S.D.) in "ppb.)

Table B-2: Detection limits. precision and '
accuracy estimates for MUN precious
metal analyses
Detection limits are all given in ppb. S.D. refers

to sta?dard devdation; MUN refers to the published MUN

value for the standard sample.




B.3.2. CSC Samples

Fifty-nine s.mptes were submitted by the GSC to the NRAL labs for
precious metal analysis. The elements Au, Pt and Pd were analysed by neutron

activation. Sensivities were 1-2 ppb for a 20 gram sample. These analyses were

carried up to about 10,000 ppb.

20 g of sample were wéighed, on a top loader electronic balance to within
~+/- 0.1 grams. This was added to a 20 g assay crucible which contained 85-90 g
of flux. A fixed amount of reducing agent was also added, as well as five mg of

silver for samples to be analysed for gold.

c

After mixing, the -sample-flux combination was fused at. an average
temperature of 980° Celcius for at;out 45 minutes. The melts were poured, and
after cooling, 2435 g lead buttons were recovered, deslagged,i and put into
preheated cupels in a cupellation furnace. The buttons were then cupellated at
about 900° Celcius for 30 minutes. The silver bead was recovered and analysed

by neutron activation. The metal (Au, Pt, Pd) content was measured by gamma

spec{rométry and an irradiation was carried out.
o

B.4. Rare Earth Elements and Traces - MUN

Rare earth elements and selected trace elements were :;nalysed(by ICP at
Memorial University. Approximately 0.1 g o} sample were weighed intr:a 100 mL .
teflon beaker. 10 to 15 mL of HF and 10 to 15 mL of concentrated HNO3 were
added to the beaker and evapo‘rated to near dryness. 10 mL of 8NVH.'\'O3 were .

then added and again evaporated to near dryness. If there was any residue, equal
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volumes of 3N H.\'O3 and 6N HC1 were added and evaporated. ‘,\' further
evaporation with 8N H.\'O3 was then carried nut. The samples were then taken
into solution by adding about 10 mL of 0.2N HNO, and heating for a few minutes
;f necessary. The samples were then taken to a final volume of 90 mL intf'O.‘Z.\'
HNO,. If the sample did not contain silicate ngerals, an initial dissolutiop with

86N HCIl and 8N HNO,4 was used instead of the }H’/H.\'O3 dissolution.

(

Two tubes were used in the final analysis. Tube No.1 contained © g of

sample solution and 1 g of 0.2N HNO,. Tube No.2 contained 9 g of sample

A
N

solution and I g of a mixed spike solution.

“
Pre;si;n and accuracy estimates for the two runs-based on the standard

SY-2 are listed in Table B-3.

B.5. Sulphur Isotopes

32 samples were submitted to the OCCGS/GSC Stable Isotope Laboratory
at the University of Ottawa for sulphur isotope analysis. Sulphide samples were
separated by magnetic and hand pickintg methods, then crushed, sieved (usually
from -113 to +230 mesh) and superpanned. Sulpbidé fraction's were further
separated utilizing an Isodynamic Frantz magnetic separator model L-1 {115

Volts, 2.2 Amps).

Sulpbur was extracted as SO, by oxidation with Cu,0 at 1000°C and
analyzed on a VG-Isogas Micromass 602E spectrometer. Before and after each

run of about 12 samples, two internal standards with 5°*S values of 1.13 and 30.5

per mil were tested. ‘
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SY-2 (n=2)

w

Std. Value

61.822
142.32
18.158
68.390
14,559
2.374
14.594
2.814
18.854
4.34]
13.978
2.261
16.599
2.766
8.198
96.056

67.6
152
19.0
72.0
15.2
2.35
14.9
2.84
19,5
4.42
14.7
2.35
17.2
2.81
8.8
116

OOOOOOOOOOOOOOV\N

Table B-3: Precision and accuracy estimates for
MUN REE analyses

.

S.D. refers to standard deviation. Pub refers to the published MUN values

for standard sample SY-2.

\

]
B.68. Lead Isotopes ' /

[

Lead isotope results for the galena sample submitted to R.I. Thorpe were

completed by Geospec Consultants Ltd, Edmonton. Sample preparation involved

dissolving a small galena fragment in 10 mL of high purity 2N HCl and
evaporating the» solution slowly until PbCl, cr‘yrstallized. These crystals were
washed in 4N HCI, dried and dissolved in water. A 1 to 2 p aliquot was npext
loaded on a rhenium filament in a silica-gel phosphoric acid mixture (Thorpe et

al, 1084). Isotopic analyses were completed on a micromass MM-30 mass

spectrometer.




.
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The 2¢ ;rror hmitd for the ratios -%Pb/*0tpy Pb/0PYL  and
"‘OSPb/'Y(HPb are 0.012, 0.052 and 0.058°%, respectivé!y, for analyses by Geospec
Consultants-Ltd over the 1983 to 1987 period ‘(R.l. Thorpe, pers comm. 1987).

.. These limits are based on duplicate measurements made over this time"inter\'al.

and also on results for specimens that can reasonably be considered isotopically

identical, although not strictly duplicate.

N
B.7. Sample Calculation - Mass Balancing

Mass balance calculations were carried out for all samples according to the

method outlined in Lydon and Galley (1986). The procedure is as follows:

cv : . .
B.7.1. Part A - Determination’of Ratio of Oxide to Immobile Element,

- »

Zr

e.g. mofar FeO, // molar FeO, + molar (Zr * 1000)
This works out as:

FeO (wt %)/Atomic wt. FeO, / FeO (wt “¢)/Atomic wt. FeO, + ((Zr(ppm)

* 1000)/91.22) = x (mol/kg)

After ratios have been worked out for each sample, a range of ratios for

unaltered samples was determined for each oxide (called A to B)
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B.7.2. Part B - Determination of Gain/Loss of Component , as g/kg of

original rock

Assuming initial Zr contents of 15 ppm Zr for Burtons Pond samples and 21

ppm Zr for all other samples, proceed as follows:

e.g. l:‘eOt ratio‘for Buftons Pond samples,

Unaltered FeO, range is .36 (+0) (b\to .21 {-0) (B).

Use sample K2825, a gold-rich sample, with a FeOl/FeOt+(Zr‘1000) ratio of

For an upper limit on unaltered ratio, molar FeO, /molar FeO, +-

(Zr

“Cinit

*1000/91.22) =0.36 mol/100 g. We assume Zr, .. = 15 ppm. Therefore.
L.

. \ ’ N
- molar FeQ /molar FeO, + (15‘1000/91.22) = 0.36 mol/100 g. Therefote,

FeO, = 0.09225 mol71Q0g.

For sample K2825, molar»FeOl/molar Fe01+0.164 = 0.45 mol/100 ¢

Therefore, FeO, = 0.13418 mol/100g.. R \

- The difference between K2825 and the upper unaltered range is:

0.13418 - 0.00225 mol/100 g = ~ 70 g/kg original rock.

If a sample had been depleted in FeOl, then the lower limit for the

unaltered sample range of that oxide would have been used in this calculation.




231

B.7.3. Atomlie W;eight‘ used in Calculations

Compound  Atomic Wt. Compound Atomic Wt.

FeO, 159.6 510, 60.086
Ca0O 56.08 MgO 40.312
Na,0 62.0 K,0 94.204
Ba 137.40 Sr. 87.62
S 32.064 r’ 01.22

B.7.4. Graphs Used to Estimate Metasomatic Enrichments and

Depletions

A













Appendix C

Major and Trace Element Analyses -
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Sample Number

159 170 199 235 175
5102 60.0 50.0 60.8 51.3 52.9
Ti02 0.28 0.24 0.20 0.28 0.12
Al203 B.10 7.45 7.73 10.7 12:0
Fe203 19.63 27.12 15.99 20.91 17.52
Mno 0.08 0.09 0.11 0.07 0.17
Mg0 6.36 4.30 4.73 4.45 10.64
ca0 0.78 0.78 2,40 1.60 1.32
Na20 0.01 0.01 0.05 1.59 0.03
K20 0.10" 0.03 0.03 0.11 0.01 _
P205 0.05 0.02 - 0,02 - 0.3 4.04
LOI 4.10 8.56 4.79 8.36" 5.85
TOTAL 99 .49 98.60 96.25 99.40 100,60
Pb 0 0 ) 0 0
U ! 10 8 8 20
Th 3 0 2 9 2
Rb 0 0 0 0 0
. Sr 0 0 154 58 AN .
Y 6 6 3 13 6
T 2r 20 22 20 .28 19
Nb 4 4 4 23 3 .
. Ga 3 2 0 12 10
In 98 43 290 34 217 o
v Cu 5849 2468 20460 463 479
NL 34 25 7 41 3 62 -
La 0 0 0 - 0 . . o0
Ti 1300 - 2600 2500 \3500 26400
v 242 o221 183 331 165
Cr 354 308 236 47 464
Ba - 0. 4 7 0

) Sc - - 34 ‘19 . 44




237 .

Sample Number

195 260 261 174 231
S102 43.9 48.4 59.3 53.8 47.3
TIO2 0.40 0.56 0.20 0.20 0.36
. Al203 10.2  _ 10.7 12.4 13.2 14.0
. Fe203 27.62 .23.48 14,88 17.24 18.77
MnO 0.08 0.08 0.15 0.17 0.16
MgO .02 2.41 5.05 10.64 9.33
Ca0 1.46 1.98 1.36 1.32 3.02
Na20 1.46 2.12 1.57 0.03 0.14
K20 0.08 0.25 0.11 0.01 0.02
; P205 0.02 0.01 0.07 0.04 0.04
; LOI 10.67 8.84 366 , 5.85 5.37
{OTAL 99.54 98.83 98.73 ¢ 98 .44 98.51
G e
’ Pb ' la 0 0 0 0
U ;11 20 12 2 4
Th j o 1 2 0 0 ,)
Rb /// 0 8 2 » 3 3
Sr 45 8s 55 42 53
_ A Y 13 15 9 12 14
) Zr 34 45 28 26 30
X Nb 4 4 2 1 5
Ga 8 5 12 11 12
Zn 62 57 54 78 55
Cu 748 4164 2546 2478 63
NI N 0 0 0 0 0
“.la 0 0 0 0 0
Ty 6500 7500 3300 - 3300 4600
v 300 309 460 544 178 U
Cr 5 0 - 0 0 247
’ Ba 3 43 16 25 0 . B
Sc 35 35 47 59 46
L 2 .




Sample Number

N

0 0
6 1
0 0
3 0
69 22
5 6
1 22
4 1
6 8

o
W
Rl
~
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Sample Number
251 252 254 256 1
§102 53.2 52.7 52.8 53.5 45.9
T102 0.20 0.04 0.04 0.16 0.14 .
Al203 14.5 10.5 12.4 14.9 8.54
Fe203 10.18 9.33 10.18 8.75 20.6
Mn0 0.22, 0.26 0.23 0.19 0.14
Mg0 8.50 13.60 10,64 7.42 13.1
ca0 6.98 7.36 6.00 8.22 2.80
Na20 3.06 1.65 3.04 3.18 2.80 \\
K20 0.08 0.06 0.16 0.23 0.03
P205 0.04 0.03 0.02 0.02 0.03
' Lot 2.69 3.36 3.01 2.08 7.23
TOTAL 99 .63 98.89 98.52 98.65 98 .7
Pb 3 0 8 0 4
U 2 12 2 9 -
Th 4 1 0 0 -
Rb 0 0 1 5 6
\ Sr 91 37 73 116 6
‘ Y 9 6 9 7 <2
Zr 26 18 24 22 15
Nb 3 4 d 2 1 30
Ca 11 7 8 11 .
Zn 327 436 145 148 350
* Cu 156 48 54 106 12000
Ni 86 234 118 42 340
La 0 0 0 0 -
TL . 2500 1200 2000 1900 750
v 332 269 270 278 180
Cr 321 1158 732 60 1300
Ba 13 8 - s2 - 240
Se 53 - - 49 R
AS - . - - 51
Se - . - " 17.0
H20 - - - - 4.9
co? - - - - 0.03

S - - - oo. 4.94




240

i
Sample Ni_her
2 6 8 10 13
5102 47.7 46.2 51.1 el 19.6
Ti02 0.12 0.24 0.12 0.04 0.00
Al203 7.47 15.2 16.6 4.71 0.82
Fe203 10.9 146.65 8.19 7.89 8.71
Mno 0.21 0.11 0.11 0.06 0.13
Mgo 21.0 12.75 7.78 17.00 . 37.20
Ca0 8.44 0.96 % 8.08 4.80 ©0.96
Na20 .. <0.01 1.94 3. 24 0.20 - 0.01
K20 0.05 0.04 1.42 0.02 0.01
P205 0.02 0.04 0.05 0.00 0.00
101 4.31 6.61 2.22 5.72 11.48
\,\g - TOTAL 100.5 98.74 98.91 99 .54 98.92
¢ Pb 4 1 0 4 0
u 4 - 5 3 12 0
Th - 11 9 2 0o
Rb 6 0 22 0 1
Sr 6 43 169 0 5
Y <2 7 4 0 0
2r 15 25 14 8 5
Nb 20 1 3 0 0
+ Ga - 9 11 2 0
Zn 83 69 13 26 41
Cu 18 - 4606 ° -5 o177 2
Ni 730 104 73 1424 1639
La - . 0 0 0 0
T 750 3800 . 900 300 200
v 190 443 280 89 60
Cr 1500 2 41 2979 2558
Ba 60 9 143 0 1L ]
Se - 66 53 19 16 :’
As 36 - - - -
Se <0.1 . - - -
H20 3.8 . . - -
€02 0.09 . - . -

S Nil - - - -
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‘i
Sample' Number - ) ‘ J
16 20 298 299 300
................................................. ! S
s $102 47.8 443 53.3 449 40.6 ¢
T102 0.12 0.04 0.27 0.41 0.15
A1203 16.7 8.91 8.77 12.6 _ 10.2
Fe203 10.64 11.34 12.4 12.4 20.2
MnO 0.16 0.16 0.11 0.19 0.12
MgO 9.76 22.40 10.3 16.4 12.3
Ca0 8.00 7.30 1.91 5.56 1.07
Na20 3.05 0.39 <0.01 4.84 <0.01
f K20 0.46 0.05 0. 02 0.22 0.02 l,/(,
P205 0.05 0.03 0.03 0.04 0.02
LOI 2.97 5.06 6.16 5.62 9.23
TOTAL 99.71 99.98 93.5 99.4 94.1
Pb 0 0 8 2 10
U 6 12 - - -
Th 0 2 - - -
Rb 7 0 6 10 6
Sr 155 0 6 30 2
Y 5 5 6 6 <2
Zr 18 20 12 21 .18
Nb 3 3 10 10 40
Ga 11 7 - . - -
Zn 46 37 260 160 400
Cu 0 26000 1700 28000
r N1i llé 681 300 430 130
La 0 - - -
Ti 140 900 170 250 750
v 310 184 140 160 210
' Cr 222 2004 940 1400 500
- Ba 53 0 440 30 440
Sc 70 32 . - -
As . . 12 24 490 :
Se - - " 38.0 0.8 31.0
H20 . - 4.2 5.0 6.9
co2 - - 0.87 0.40 <0.01 5
s ;TN . 2.61 0.06 3.39




Sample Number

10
55
19
220
900
210
910
70
12
0.4
1.8
0.20
Nil
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: £
Sample Number
306 307 309 310 111
5102 45.7 A Lh .8 67.3 8.4
1102 0.09 0.08 0.15 0.06 0.30
A1203 8.64 7.61 9.87 3.88 14.7
Fe203 12.1 13.8 13.3 14.7 21.6
MnO 0.18 0.19 0.21 0.09 0.14
Mgo 17.3 17.3 17.7 6.23 10.4
Ca0 10.7 10.3 6.32 2.35 2.05 -
Na20 <0.01 <0.01 0.49 <0.01 1.05
K20 0.03 0.03 0.03 0.04 0.02
P205 0.02 0.02 0.02 0.02 0.02
LOI 4.62 5.54 5.31 4.54 8.47
TOTAL 99.6 100.0 98.4 99 .4 97.2 "G
Pb <2 2 6 6 46
Rb 6 6 6 6 6 .
St 4 4 12 4 22
‘ Y <2 < 4 <2 <2
Zr 9 9 12 6 18
Nb 10 20 <10 10 30 N
Zn 220 110 140 49 180
Cu 1800 1000 2100 980 13000
N{ 640 390 290 420 220
: T1 500 450 900 300 1900
v 140 170 220 82 530 i
- Cr 1400 1200 1100 880 170
Ba 50 60 80 70 250 s
As . 230 51 42 57 390
Se 0.2 3.3 1.2 14.0 21.0 |
H20 4.0 3.8 4.9 - 2.3 6.2
co2 " <0.01 <0.01 0.03 <0.01 0.04 .

S . 0.34 2.20 0,19 4.80 v 5.00




Sample Number




Sample Number

—
— O O~

1

0.
5.
9.
0.
0.
0.
3.




Sample Number

—




Sample Number
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Sample Nﬁmbe:

.......................................................

H20
Co2

180
810
240
820
80
<3
<0.1
4.8
0.08
Nil

160
840
210
490
100
<3
<0.1
2.3
0.72
Nil

670
510
200
1500
70

<0.1
4.5
0.72

Nil

<10
57
58
400
940
250
1000
80

<0.

.59
.04

.94
.17
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Sample Number

7.3 49.4 37.6 54. 1
T102 0.12 0.11 0.14 0.11 0.10
A1203 13.1 9.09 10.5 8.68 9.56
Fe203 10.6 13.0 9.91 21.2 9.42 .
Mno 0.16 0.20 0.18 0.16 0.16
MgO 9.37 17.1 15.8 12.8 11.9

ca0 8.94 8.50 7.75 5. 64 7.75
Na20 3.18 0.76 1.82 0.83 2.25
K20 0.22 0.09 0.27 0.06 0.19
P205 0.02 0.02 0.02 0.02 0.02
Lol 2.39 4.16 3.62 6.08 2.77 N
TOTAL  100.2 100.5 99.7 93 .4 98.4

Pb 6 <2 <2 <2 2

Rb 6 6 10 6 6

St 96 18 64 14 72

Y 2 <2 2 <2 <2

2r 12 6 12 9 9

Nb 10 20 10 10 20

Zn 56 82 72 840 90

Cu 42 450 1300 26000 3100

Ni 9 350 400 820 240

Ti 840 610 830 550 540

v 450 290 220 160 220

Cr 380 1300 1900 1500 940

Ba 80 60 100 390 120

As <3 2% 36 24 6 -
Se <0.1 <0.1 0.2 8.0 0.8

H20 2.5 4.0 3.4 3.9 2.6

co2 . <0.01 0.02 0.02 0.01 0.38

5 Nil 0.09 0.07 5.83 0.36




Sample Number

<10
12 <10
20 10
39 390
31 17 >4000
260 260 370
600 1400 200
250 350 110
910 850 860
10 80 270
3 6 34
<0.1 <0.1 11
2.2 2.7 2.8
1.72 2.53 1.90
Nil Nil 5.12







Sample Number
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b
1
Sample Number ‘ 1

262 264 269 290 11009
5102 63.6 51.0 58.2 36.5 51.1
Ti02 0.08 0.20 0.16 0.16 0.13
Al1203 6.54 11.0 11.4 12.4 15.9
Fe203 13.47 10.53 7.97 6.43 12.0
Mno 0.04 0.18 0.12 0.18 0.20
Mg0 1.93 15.40 3.65 4.05 3.15
Ca0 0.82 4,12 5.56 9.17 13.4
Na20 Q.05 1.71 1.22 0.30 <0.01
K20 1.77 0.21 2.76 2.59 0.06
P205 0.03 0.00¢ 0.00 0.01 0.03
LoI 9.03 4.72 4.35 9.14 2.47
TOTAL 97.36 99.07 97.3¢6 100.0 98.5
Pb 41 1 3 0 <2
U 1 12 9 . -
Th 16 9 4 -
Rb 53 7 105 16 <10
Sr 17 19 34 16 310
Y 2 6 10 9 <10 ¥
Zr 10 25 15 20 <10
Nb 3 4 3 2 10
Ga 3 10 9 9 <20
Zn 39 52 14 - 16 39
Cu 5456 0 796 52 3300
Ni 39 238 60 123 110
La o 0 0 - -
Ti 800 1400 1400 1300 580
v 175 273 235 266 - 330
Cr 248 1555 - 390 18 170
Ba - 30 314 84 60
As - - - - 8
Se . - - - -
H20 - - - - 1.7
o2 - . - - 0.67
S - - - - 0.36
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Sample Number -

...................
R I R s i T
...........

o
LN NWVWOARO O OO

w W
w W

386

700
201
1635
21
48

242
105

600
186
833
98
52

AN NV Owv -~ O

wn
(=]

1521
123

1300
310
2043

99

[
N NwWw O PO OCOO

S ]
w O
O W

1400
382
1214




Sample Number

.40
.1

.13
.12
.29
.20
.46
.04




Sample Number

.......................................................

84 105 121 122 155

$102 54.0 62.4 51.5 59.9 52.1
Ti02 0.0 0.24 0.00 0.08 0.00
A1203 14.6 12.7 8.98 13.3 4.20
Fe203 8.79 11.24 9.05 7.77 7.76
Mno 0.11 0.09 0.11 0.12 0.14
Mg0 5.62 3.02 17.65 5.29 24.65
Ca0 10.98 7.74 8.56 8.26 6.34
Na20 0.19 1.19 0.57 4.32 0.21
K20 0.01 0.02 0.05 0.04 0.03
P205 0.02 0.02 0.00 0.12 0.00
LOI 4,87 2.22 3.18 1.42 3.82
TOTAL 99 .23 100 .88 99.65 100,62 99.25
Pb 0 0 0 0 )

u .1 3 6 0 4 .
Th 0 4 0 0 5  ‘cruse
Rb 0 0 1 0 1

Sr 156 75 25 84 2

Y 9 13 5 '8 2

Zr 22 29 12 21 11,

Nb 3 3 2 3 3 ;
Ga 10 10 5 10 6

Zn 15 7 13 3 23

Cu 0 0’ 0 0 17

Ni 40 0 401 37 405

b
o
(@]
o
[}
o

TL 1900 3700 800 1700 400
v 280 478 217 276 150
Cr 56 - 0 1538 60 2102
Ba 0 0 c 4 0 0
Sc 36 51 48 43 47




Sample Number

— w
NW WO = SO

N
w
N

0
0
-0
0
2
2
4
2
0
3
0

-
o«
-

w o

(8]
~




Sample Number




Sample Number

ot
—

=

0
2
0
0
1
7
64
4
3
0
7
o
0

[p>]
S
s o
"~ o

o o
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Sample Number

.......................................................

, KN17062
................. F o e e
5102 76.1 76.1 73.0°
T102 0.08 0.09 0.12
A1203 11.2 12.0 12.2°
Fe203 1.20 1.43 » 1.87
MnO 0.03 0.04 0.06
Mgo 0.45 0.40 0.63
cao 0.78 1.66 1.96
Na20 3.49 3.96 2.89
V.20 4.24 2.57 4.72
P205 0.00 0.02 0.02
Lol 0.75 1.70 - 1.54
TOTAL . 98.32 100.0 99 .1
Fb 28 26 26

U 10 . -

Th 26 - -

Rb 178 140 150

St 25 20 , SQ

Y 86 160 100

Zr 45 54 67

Nb 29 10 .30

Ga 19 -

Zn 45 54 67

Cu 4 15 12

Ni 12 6 21

La 5 - -

T 600 500 1000

v 5 4 4
Cr 17 8 N

Ba 48 160 130

Sc 9 - -

As - 9 3

Se - <0.1 <0.1
H20 - 0.6 0.7
€o2 - 1.15 1.15
S - Nil Ni




Appendix D

REE Ana.lyses, Chondrite Normallzmg,
Values, and Sulphur-Isotopes -

D.1. REE imalysea ‘
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262

Sample Number

10

0.189

13 16
Rare Earth Elements, Y and Hf
La 0.730 0.801 0.197 0.087 0.903
Ce 1463 1.554 0.265 0.140 L7695
Pr 0.161 Q.208 .0.038 0.018 0.215
Nd 0882 0.761 0.138 0.063 0.858 .
Sm 0.162 0.281 0.050 0.020 0.233
Eu 0.184 0.103 0.020 0.008 0.118
Gd 0.400 0.475 0.053 0.038 0.405
Tb  0.051 0.052 0.012 0.007 0.077
Dy  0.441 0.433 0.100 0.053 0.505
Y 3.077 3.357 0.867 0.348 4.088
"Ho ~ 0.121 0.123 0.027 0.012 0.179
Er 0462 0.409 - 0.103 10.053 0.627
Tm 0078 0.091 0.018 0.010 " 0.108
Yb 0842 0.664 0.138 0.078 0.827
Lu 0111 0.115 0.022 0.012 0.144
Hf 0.240 0.069 0.146 0.367




9@

156

263

Sample Number

Hf

170 170" 235 155
Rare Earth Elements, Y and Hf

La 0638 1.185 1.333 1.193 2134
Ce 1.490 2.529 2.947 2.514 J3.883
Pr 0.168 0.349 0.393 0.325 0.440
Nd 0706 1.845 1.952 1.547 1.791
Sm 0.192 0.583 0.677 0.574 0514
Eu 0033 0.157 0.200 0.162 0.290
Gd 0227 0.814 0.901 0.798 0876
Tb 0041 0.168 0.193 0.17 0.144
"Dy 0.294 1.140 1.241 1.062 0.963
Y 1.887 7.466 8.621 6.503 5.851
Ho 0.078 0.257 0.285 0.239 0.236
Er 02958 0.820 0.871" 0.714 0571
Tm 0.045. 0.121 0.130 0.109 0.122
Yb 0.341 0.806 0.886 0.803 0.894
Lu 0058 0.121 0.144 0.131 0.153
0.380 0.362 0.382 0.634 0.397




Sample Number

254 - 250

Rare Earth Elements. Y and Hf

1.669 1.420 1.649
3.712 2771 1457
0.490 0.318 0.697
2.338 1.301 3.803
0.815 0.359 1.390
0.248 0.154 0.695
1.088 0.567 1.882
0.241 0.106 0.395
1.721 . 0.828 2.658
10.425 4.956 15.142
0.407 0.199 0613
1.246 0.699 1.796
0.190 0.106 0.271
1.326 0.799 1.839
0.213 0.138 0.282
0.778 0.572 1.285
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Samelé Number

311 209 208 208* 204
Rare Earth Elements, Y and Hf
La 19.638 1.900 0.462 0.411 0.445
Ce 28.80] 3.694 0.895 0.787 1.121
Pr 2.278 0.451 0.100 0.087 0.128
Nd 6.410 1.805 0.420 0.341 0.503
Sm 0.815 0.525 0.111 0.093 0.141
Eu 0.466 0.131 0.055 0.043 0.032
Gd 0.676 0.965 0.155 0.118 0.131
Tb 0.087 0.135 0.029 0.024 0.027
Dy 0.590 1.064 0.219 0.215 0.187
Y 3.429 6.819 1.544 1315 1.117
Ho 0.134 0.267 0.057 0.048 0.049
Er 0.454 0.965 - 0.198 0.178 0156
Tm 0.070 0.158 0.036 0.031 0.028
Yb 0.547 1.152 0.228 0.226 0.184
Lu 0.096 0.188 0.041 0.037 0.029
Hf 0.540 0716 0.131 0.067 0.045
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Sample Number

139 245 245 292 292
Rare Earth Elements. Y and Hf

La 0.324 0.173 0.236 0.408 0.355
Ce 0.637 J.289 0.383 0.789 0.6%6
P: 0.063 0.028 0.032 0.088 0.083
Nd 0.224 0.086 0.098 0.308 0.274
Sm  0.059 0.010 0.002 0.097 0.072
Eu 0.053 0.000 ———— 0.021 0.022
Gd G2id 0.014 0.004 0.089 0.085
Tb 0.013 0.002 0.000 0.018 0.015
Dy 0.114 0.015 0.008 0.161 - 0.104
Y 0.608 10.063 0.085 0.999 0.799
Ho  0.025 0.004 0.002 0.034 0.031
Er 0.108 0.012 0.008 0.138 0.109
Tm 0.018 0.002 0.001 0.024 0.024
b 0.145 0014 0.014 0.201 0.177
Lu 0.030 0.003 0.003 0.037 0.030
Hf 0.147 0.043 .. 0.012 0.068 0.082




267
Sample Number

124 124"

Rare Ea.rth Elements, Y and Hf

0.923 61.480 66.982
1.699 . 115.356 126.180
0.220 16.449 17.971
0.984 63.773 68.538
0.298 12.754 13.574
0.107 2.270 2.085
0.403 "~ 10.867 10.899
0.074 1.875 2.004
0.429 11.929 13.166
3.148 97.220 67.921
0.089 2.471 2.744
0.260 7.282 8.061
0.037 1.061 1.180
0.223 6.657 - 7.478
0.035 1.007 1.106 -
0.008 11.642 13.489
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Sample Number

Rare Earth- Elements, Y and Hf

19.002
58.823
5.556
21.035
5.074
0.768
4.673
0.922
5.885
27.218
1.249
3.79¢
0.594
3.945
0.602
5.316

Note - Samples 204, 208 and 245 are massive sulphides and were not used in

the discussions.




D.2. Chondrite Values

Chondrite Values
(After Taylor and McLennan, 1923)
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D.3. Sulphur Isotopes

SULPHUR ISOTQPES

Sample Hineral  Value Sample Hineral  Valye
i, ¥

NIPPERS HARBOUR ™ :

Hill Showing No. 2

159 Fy 7.4 292 Py 4.5

235 Py 6.6 296 Po 5.5

250 Py 7.4 296 Cp 6.5

260 Py 5.9 11002 Po 6.0

11002 ‘ Cp 5.0

Burtons Pond 11003 Po 6.0

310 Po 5.4 ‘ 11003 Py 5.3

22001 Po 5.3 11004 Py 5.0

22001 Cp 5.1

22003 Po 4.9 Rogues Harbour

22004 Po 5.0 133 - Cp -0.4

22004 Cp 5.7 244 Po - 2.9

22007 Cp 5.0 245 Po 0.1

22008 Po 5.4

22008 Cp 5.7 Welshs Bight

22011 Ccp 6.6 191 Gn 8.9

22058 Po 5.1

22058 Cp 5.5 Regional Quartz Vein

7 109 . Py 4.3

Gull Pond

204 Po 5.4

205 Po 6.3

206 Po 6.7




Sample Mineral Value

09
016
011
012
€200
A09
A09
026
036
Fa44
| JANA

~

?
8
8.
8.
9
6.
6
7
8.
7.
7.

0O WOy O IHOO
WKNOEIAdTO PP

Estimatas of precision and accuracy for sulphur {sotope measursments wvere
unavailsble. Errors for sach analysis vers assumed to be 0.1 per mil.
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Appendix E

Precious and Base Metal Analyses

E.1. Precious and Base Metal Analyses

Sample Cu Zn Pb Co ., Ag Au
ppm ppm ppm PPm ppm ppb
Hill
159 2849 98 0 - - -
170 2468 43 0 . - 45.5
199 - 20460 290 0 - - 92.2
235 . 463 34 0 - - -
260 4164 57 0 - . - 191.2
175 479 217 0 - - -
195 T48 42 14 - - -
261 2548 54 0 - - 218
174 2478 78 0 - - 51.2
231 63 35 0 - - 3.7
258 113 62 0 - - 14.0
250 248 127 0 - - 37.2
254 34 145 8 - - 10.5
256 108 148 0 - - 1.9

Burtons Pond

Is 12000 - 350

1 110 15.0 5200
2 180 830 1 57 <05 4 J
Bs 1608 69 1 : -+ sTo7s5t
2085 26000 260 8 71 23.0 3200
299 1700 160 2 61 L5 140
300s 28000 400 10 110 17.0 19970°
301 30.0 82.0 2 58 <0.5 5
302 120 270 6 59 <05 41




N

[ %

Sample 'y
ppm

ppb

-
°
=t

3035 11000
3014 19.0
305s 1900
306s 1800
307s 1000
309 2100
310s 980
311s 13000
K677 56.0
K875 98.0
K925 110
K102s 220
K1125 190
K1275s 2000
K1325s - 16000
K1425s 1100
K1688 110
K2152 1800
K2425 190
K2525 1.5
K2675 1200
K2825s 13000
K2975  33.0
K3075s 2800
K3175s 13000
K3275 640
K3500 27.0
K3728 350
K408 1.5
K4293  13.0
K1605 110
K1905 58.0
KA1386s 2500
KA21968 42.0
KA2923 450
KA3125 1300
KA3175s 26000
KA3225s 3100
KA3350s 46000
KA3750 31.0

550
30
1100
1300
1300
190
2600
16155*
50
310
18
120
3100
700
240
88
6

370
51
34

MA(QJ-n‘-
[ &)

(=]
[

[T &)

@O’Oﬁ-‘sn‘l-&s-‘i&QAAMAAMIOJ—#/\AMhMIONMJ&O}@
(3]

A
¥
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‘ . 7
Sample Cu Zn Fb Co Ag Au -
ppm . ppm pgm ppm ppm ppb
R44301 17.0 57.0 6 37 <0.5 16
22001s  >40060 390 <2 63 16.0 1R00
220045 >4000 220 68 550 16.0 2500
22006 , 82.0 48.0 <2 110 0.5 50 .
22008  >4000 600 <2 120 26.0 1600 .
22009  52.0 38.0 <2 54 <05 33
22011s  >4000 240 "2 63 180 " 3300
22013s 930 54.0 <2 64 <0.5 250
22016s  >4000 220 <? 73 3.5 3700
Gull Pond
53 30482 253 93 - - 13443.7
204 17008 51 ° 206 - - 19151.4
205 15970 118 275 - - . 10048.6
208 23131 206 410 . . 24713.0
206 3398 2. 234 - - - 9331.7
266 2785 25 117 - - -
207 78 17 | - - 18.4
209 15 18 o - - 742

Showing No.2

32 1174 17 6 . - 329.8
292 330 15 1 - . 25208
296 12604 107 97 . - 14033.2
11002 15004 18.0 34 290 15 > 10000
11003 220 10.0 <? 150 <0.5 890
11004 1900 50.0 <2 240 1.5 1900
277 . 0.0 0.0 0.0 . . 1.2

Rogues Harbour

131 18602 269 0 . . 204.2 )

133 16524 16 0 - - 135.1

140 22574 70 9 . - 102.8

211 15342 106 13 - - 3743

217 11323 90 0 . : 177.3

221 14050 126 0 . . 80.2 - :
244 8531 0 0 . . 97.9 : ]




“Sample Cu Zn Pb Co Ag Au
. ppm ppm -ppm ppm ppm ppb
245 52627 179 ) 535.4
134 242 33 .. 0. 85
215 1357 45 - 3 . . 136.4
" Welshs Bight
191 473 . 16118 1930 . - - 11.2
10 0 0 12353 - i -
Quartz-Sulphide Veins |
83 202 0 0 . . 2.4
44 247 0 0. - - L 21
109 392 269 2 . - 271.6
11 25 0 0 . - 3.4
Diabase/Ultramafic
39 11 11 0 - . 7.2
62 88 51 0 - 3.2
69 - - . - - 1.9
72 23 14 6 - . 10.7
74 1110 77 0 - . 19.4 .
84 0 15 0. . . 4.0
105 0 7 . . . 2.0
156 27 32 6 . . 2.5
. QFP !
186 5 18 10 . : 1.3




Snn1plé Ru
ppb

Hill

170* -
199%__ <007 __
260" 0.08
261* 0.19
174* 0.1

231 ‘18
258 2.1

250 0.2

254 0.3

256 4.0

Lo oy oo
_—C Y 1o
~Pry =1 =

& N I_Q .CJ‘ P
00 e Ob iy
0 (o]

]

Burtons Pond

Is
2
6s™®

. 298s

- 299
300s*
301
302
303s
304
J05s
306s
307s

—— 369

310s
311s*
K677 .
K875
K925
K1025
K1125
K1275s
K1325s
K1425s

" k1698
K2152
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Sample  Ru Rh Pd  Re Os Ir Pt PGEt _ -
- prb ppb  ~ppb  ppb  ppb  pph' ppb  ppb
R2425 . - - 33 - - - <10 -
K525 - . 30 . . - <10 -
K2675 - - 21 - - .- <10 -
R2823s - - 16 . - - <10 -
K275 - . 13 - - - <10 -
K3075s - . 20 - - - 10 .
K3175s - . 26 . - - 10 .
K321 - - 23 - ‘. - 10 .
K3s500 - . 29 - - - <10 -
K3T2s - - 28 - - - <t .-
K086 - . 64 - . - 10 .
K4203 - . 13 - - - <10 -
K605 - - 24 - - - [ R
K4905 . - - 28 - . - 10 .
KA1586s. - - 37 - -1 . ‘10 .
KA2166 - - 29 - - - <10 -
KA2023 - - 27 - \ ; . 10 ]
KA3125 - - 21 - - - 10 .
KA3175s - - 20 - - - 20 * -
KA3225 - - 28 ° - - - <10 -
KA3350s - . 21 - - - .10 .
KA3750 - - 23 - - - <10 -
KA4301 - . 18 - - - 0 -
22001 - - 20 ., - . - > _,’}/T< 10 -
22004 - - 15 - - . /-/ <10 .
22006 - - 16 - - - <10 -
22008 - - 24 . . - 10 .
22009. - - 8 . . - <10 -
22011 - . 18 . .. . 10 .

. 22013 .. . 12 - . - 10 - .
22016 - . 19 - - - 10 -
Gull Pond
53+ - - - 0.7 1.5 0.1 4.0 -
204* . - 1.57 644 08 0.7 0.1 1.6 11.21
205* - - - 1.1 3.6 0.0 3.4 .
208* 0.49  0.21 1428 2.1 1.8 0.1 5.0 23.78
206* - 0.99 1485 - 24 00 3.9 21.94
207* - - . 0.0 . 0.0 5.5 .
200* - - - 0.0 00 * 00 44 .




_ Sampte Ru- Rh Pd
) ppb . ppb

s

d y

Showing No.2 7 Mo

32 1.2 0. 8.5
2904 - 7006 34.82
206* 0.32 ‘Lo.o 5.13
11002 - \r\\ 34
11003 . NN <8
11004 - - e S
27T 0.2 0.1 7.4

..

- Rogues H’arbour

131* 020 0.8  6.20
1334 082 .0.60 407
140* 019 . 0.04 502
o11* 011 007 221
216* 611 004 13.87
221* 028 038  4.35
244* 042 047  12.68
245* 0.52 0.0 11.75
134 . . -
215 - - -.

Welshs Bight
191 01 09 33
Quartz-Sulphide Veins

83 4.3 0.1 27
11 5.9 0.3 4.5
109 0.2 0.1 4.7
11 0.3 . 0.1 8.1

<

Diabase/Ultramafic

39 0.3 0.2
62 3.1 0.1
69 3.0 0.1
72 28 01




PGEt

ppb ..
S

74 ) 2 236 2 T K 258
84" : . 4.4, : . 1 331

105 : : 6.3 ' . 08 NV 138 U
156 0, 193 O . _ | 31:’\‘9
QFP | ‘. - S t

< .

186 5.0 - 0.0, 1.0 0.1 06 00 . o7 T4

ra

NGTE: A "*' after a sample number indicates that that sample had 1o be re-

'run for Ru, Rh and Pd due to its high Cu content. The values presented for these
elements are those from the second run.
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E.2. gzimple Deéacriptions and Locations
- \ L

- .

E.Z.L.,San;ple Desériptions

-

-HILL

159, 170, 198, 235:" 'Unit -One’ Hill Tocks comprising diabase breccias.
cemented by quartz-pyrite-chalcopyrite. Sulphide contents reach up‘to 40 percent

" in hand sample, with pyrife contents > chalcopyrite.

-

I

260, 175, 195, 261: 'Unit Two’ Hill rocks comprising sheared chloritic/pyritic
rock with lesser chalcopyrite. ‘

.

174, 231, 258: 'Pnit Three' Hill rocks comprising chloritized diabase

‘containing the mineral assemblage chlorite-quartz-albite+/-pyrite/chalcopyrite.
: q

p 250, 254, 256: 'Unit Four' Hill rocks comprising spiliti.zed (greenscbis&)-\

diabases, non-hydrothermally altered; , R

e
BURTONS POND Sulphide-bearing Samples:

-4

6, 208, 300, 305, 308, 307, 309, 310,1\'13%&,‘[{1425, K2825, K3075, K3175,
KA15868, KA2023, KA3175, KA322s, 22001, 22008, 22011, 22013, 220186:
: Chloritized, silicified, carbonatized diabase with stringers of pyrrhotite-

ci’nalc‘opy rite+/—arsenopyrite-|:/-spha]erit_e+/-pyrite-calcite-qgartz +/-albite

. . /:.
1, 303, 311, K1275, KA3350, 22004 : Mainly sulp)ﬂide (as above), quartz and

caleite (in veins).
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e Host and.Othe: Rocks:
' -

2, 299, 302. 309~ K67, K&75, K1025. K, K1698, K2152. KK3275. K373,

o~

'K1086, K4203, K1605, K4905, KA 2196, KA3125, KA3750, 22006, 22009 :.‘

Al

Hydrothermally altered diabases and gabbro
. \ P

¢
/ .
301, 304, K925, K1425, K2425, K2525, K2675, K2975, K3500, K4301 -

Relatively ‘naltered diabases and gabbros

GULL» POND

]

53, 204, 205, 208: Massive sulphide: Pyrrhotite/chaleopyrite! with minor

arsenopyrite, < 10 percent gangue mfnerals.

208, 266: Mainly massive sulphide- pyrrhotite/ chalcopyrite/ arsenopyrite
with up to 50 percent gangue- chlorite/quartz/sericite.

-

T T T 720772097 Intensely sheared, chilorite-sericite-quartz rock adjacent to sulphide

.

band.

" SHOWING NO.2

32, 292, 208, 11002, 11003, 11004: Samples from qﬁartz-sulphide vein
containing varying amounts of crudely banded and brecciated chalcopyrite,
o ' ' B

pyrite, arsenopyrite, quartz, caleite, and chorite-quartz-sericite fragments.

,




. 289 )
v

277. Carbonate-jasper vein sampte oea¥ main quartz-sulphidevein. - g

»

~

WELSHS BIGHT R

+

lgk Sphalerite-galena—ohalcopyrite-pytite—c,alcite—b'eariné quartz vein.

\OQO: Quartz.vein with fracture-filling galena.

)

s

REGIONAL QUARTZ-SULPHIDE VEINS

]
83, 44: Qug§tz vein with < 5 percent chalcopyrite, pyrite.

® 109: Quartz veln with ~ 25 percent pyrite, minor chalcopyrite.

rJ

41: Quartz vein With minor pyrite.

DIABASE/ULTRAMAFIC SAMPLES

-
39, 62, 69, 72: Unaltered diabase.
. , ,

74: Diabase“in a chloritic shear zone.

84, 105: Tectonized, qu.artz,\-i\ilcite veined diabase. -

156: Serpentinized ultramafic xenolith in gabbro.

QUARTZ-FELDSPAR PORPHYRY




283 .
136 Quartz, plagidclase. 'K-feulds’apr phenocrysts n a K-feldspar-quartz ~

(o

- E.2.2. Sample Locations ‘

matrix.

Locations for most of the Nippers Harbour sambles aré depic_ted‘ in Figs. E-1

to E-6 Those not included are: -

*

IS

-

1,2,-6,2201,2208,22011,22013,22016 - samples from Burtons Pond dump.

" Samples preceeded by 'K'.- samples from drill hole 4, Burtons Pond; sample

number refers to dept\h {in ¢cm) down hole. o B

Samples preceeded by 'KA' - samples from drill hole 2, Burtons Pond;
sample number refers to depth (in cm) down hole.-

£
’

Samples precedded by 'KN’ - samples from drill hole 2E/i3—DDH 7, drilled

by Advocate’ Mines ﬂtd in 1967; near Gull Pox_ld.
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Figure E-3:

Locations for Burtons Pond samples

Adapted from Fig. 3-5. Samples plotted are: (8,10,13,16,298 to 311)
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Locations for Rogues Harbour samples

Figure E-5:

140,211,216,217,221,244,245)

Samples plotted are: (134,139,144,145,215,131,133,
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Locations for Showing No.2, Welshs Bight,

Figure E-6:

and Regional Quartz Vein samples

Adapted from Fig. 2-1. Samples plotted are: Showing No.2-(290,11009,32,229,

277.202,206,11002,11003); Welshs Bight-(40,191); Quartz Veins-(41,44,83,109)



Appendix F

Electron Microprobe Data

(Sample numbers are followed by the number of analyses carried out for a

particular sample.)




159 (1)
54 .88
0.26
13.49
16.62
0.17
12,15
.05
.01
.00
.04

7 8.
0 2.
3 0.
1 1.
0 0.
1 2.
0 0.
0 0.
0 0.
0 0.
0 0.

OO0 OrONWO®

177 (3) 209 (3)

55.46 . 51.133
.32 2.73
.95 17.71
.18 10.63
.16 n.18
.14 11.74
.11 .53
.01 .04
.00 02
.02

OCCO OO ONMNMNMNMNO®
QOO0 OF O
OO OO O WO~
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AMPHIBOLES
Sample 250 (&) 266 (3) - 298 (3
Si 59,72  8.145 53.09 7.669 51.18 8.267
Al 16.90 2,713 15.24  2.594 4.04 0,759
Mg 6.12 1.241 . 5.69 1.225 16.15 “3.880
Fe 5.3  0.608 11.44 1,382 13.35 1.800
Mn 0.15 0.0l16 0.12 0.013 0.29 0.038
Ca 6.84 0.997. 13.66 2.111 10.60 1.835
Na 5.62 1.485 0.0  0.004 0.4 0.060
K 0.06  0.004 0.01 0.000 0.02 0.003
Tt 0.06 -0.004 0.05 0.004 0.18 0.019
Ccr- 0.01 “0.000 0.02 0.000 0.08 0.008
Ni 0.01 0.000 "0.03  0.000 0.05 0.003
t 100.80 15.212 99.38 15.001 96.08 16.672
Sample 307 (3) ' 311 (2) 313 (&)
si 55.88 8.152 50.07 8.301 55.85 8.248 -
Al 2.47  0.424 20.02  3.912 0.95 0.160 .
Mg 17.29 3,759 13.27 -3.280 17.55 3.862
Fe 11.39 1.2387 . 11.79  1.635 10.70 ' 1.317
Mn 0.08 0.038 0.10 0.009 0.30 0.035
Ca 11.68 1.824 0.11 0.0la 12.76  2.015
Na 0.13  0.034 3.57  1.143 0.02 0.004
K - 0.10 0.017 “0.02  0.000 0.04 0.004 .
Ti 0.02 0.000 0.02 0,000 ¢.01 0.000
Cr 0.08 0.008 0.01 0.0 0.00 0.,000-
N{ 0.01% 0.000 0.04 .o.ogg\\ 0.04  0.000
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>
AMPHIBOLES
-
. %

- Sample K437 (3) KB75 (3) K1275 (2)

SL . 52.12 7.867 * 53,53  7.712 56.55 8.358
Al 3.58 0.63 5.64 0.956 1.02 0.173
Mg 17.18 3.866 19.58  4.203 15.00. 3.305
Fe 11.22 1.a;§ "7.13 0.858 13.93  1.722
Mn 0.15 0.01 7,08  0.008 0.02 0.026
Ca 11.65 1.882 11.31 1.746 12.27 1.943
Na 0.26 0.074 ., l1.66 07460 0.06° . 0.013 )
K 0.06 0.010 $,0.14 . 0.021 0.02 0.004
Ti 0,26 0.026 ° - 0.11  0.008 0:00 0.000
Cr 0.09 0.007 i 0.24 0,025 0.02 0.004
Ni 0.05 0.003 V0,13 0.012 ' 0.00 0.009
t 96.62 15.799 99.55 16.010 99.13 15.548

b ¢ '
( ———
s

Sample K1698 (5) - K2625 (&) K2825 (2)

St ~57.70  8.949 54.03  8.164 56.34 8.074 ,
sal- 0.46 0.084 1.23  0.577 2.64 0.444
Mg 16.18 3.742 19.82  4.468 18.95  4.045
Fe 13.13  1.699 6.73  0.846 9.03 1.081
Mn 0.3 0.042 0.16 0.018 0.16 0.012
Ca 12.37  2.053 11.99  1.942 12.21  1.872
Na 0.11 0.031 0.44 0.126 0.28 0.075
K" - 0.01 0.000 0.09 0,014 0.04 0.006
Tt 0.01 0.000 0.06 0.004 0.10 0.010
Cr . 0.02 0.000 0.41 0.048 0.13 0.056
Ni 0.03 0.001 0.10 0.010 0.07 ~ 0.006

...................................... .-

t 100.36 16.601 97.06 16,217 . 99.92 15.681
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-
7
-
~ AMPHIBOLES
- Sample  KA3175 (2) KA3350 (&) o .
st 54.88  8.233 54.90  8.064 A
Al 2.36 0.4l 2.78° 0.478
Mg 12.25  2.738 17.84  3.905
Fe 17.98  2.25 9.63 1.181
Mn 0.38 0.044 . 0.18 0.021
Ca 11.21  1.800 12.08  1.900
Na 0.49 0.141 0.47 0.129
K 0.01 02000 0.03  0.044 ” :
i 0.00 0.000 0.07 0.004 v
Cr 0.02 0,013 0.16 0.017
N{ 0.01  0.000 0.05 0.004
t 99.61 15.637 98.19, 15.708
CHLORITES
Sample 139 (3) ' 170 (8) 174 (3)
51 28.69  5.692 24.34  5.332 . 26.02  5.480
Al 20.57 4.812 . . 20.52 5.297 21.05 5.220
Mg 22.92 . 6.781 10.04  3.276 13.43  4.213
Fe 13.38  2.219 32.94  6.033 27.89  4.905 .
Mo 0.06 0.005 0.19 0.030 0.24  0.037
Ca 0.05 0.005 0.03 0.004 = 0.02 " 0.000
Na 0.01 0.000 0.02 0.007 P.046  0.012
K - 0.01 0.000 0.0l  0.000 0.00 0.000
Ti 0.05 0.005 0.04  0.002 ©0.05 0.006
Cr 1.43  0.221 0.02  0.001 0.03 - 0.000
Ni 0.03  0.000 0.03  0.001 0.03  0.000
t 87.20 19.742 88.18 19.983 | 88.80 19.874
. \




205
&

’ r
CHLORITES

Sample 195 (3) 199 (2) 206 (2)

si 27.22  5.889 29.58  6.126 26.77  4.687

al 20.76  5.090 17.56 ° 4,282 21.60 4,456

Mg 11.10 - 3.527 15.50  4.782 20.88  5.447

Fe 27.71  4.932 25.71 4,448 16.43 . 2.405

Mn 0.21 0.030 "~ 0.22 0.036 0.30  0.041

Ca 0.08 ©0.009 0.07 712 0.01 0.000 ’
Na 0.62 0.024 0.00 .00 0.0l  0.000

K 0.01 0.003 0,02  0.003 0.02 0.005

Ti 0.04 0.006 0.01 0.000 0.06 0.005

cr 0.04 0,003 0.07 0.009 0.05 0.005

Ni 0.02  0.000 0.04 0.003 0.0l 0.000 g

Lo DL G
t 87.81 19.513  88.78 19.701 86.13 17.050
*

‘Sample ~ 213 (2) 215 (2) 229 (3)

st 28.20 5.589 28.76 5,575 23.3%  5.278

Al 222.32  5.211 22.46  5.130 21.45 5,717

Mg 22.52  6.654 23.17  6.702 L 4.36 1.467

Fe 13.47  2.228 1475  2.392 . 38.45  7.277

Mn 0.05 0.005 0.05 0.005 0.51 0.093

Ca 0.02  0.0004 0.04 0.005 0.01  0.000

Na 0.03 0.011 0.05 0.017 0.0l -0.000

K - 0.02 0.000 0.01 0.000 0.01 0.000

Ti 0.07 0.005 0.01 0.000 0.03  0.000

Cr 0.21 0.029 0.22  0.131 0.02  0.000 \ .
Ni 0.05 0.005 0.02° 0.000 0.02  0.000 '
¢ 86.96 19.738 89.50 19.957 88.20 19.832

\a




- Mn

298
\
CHLORITES
Sample 235 (3) 260 (3) K875 (3) R S
Si - 27.58 5.870 26.91  5.840 ng2 s5.277
Al 19.63  4.920 19.50 4,993 17,00 3.378
Mg 13.10  4.152 . 9.47 3.068 " 26.52 6.663
Fe 26.02  4.627 30:84  5.605 10.87 1.528
Mn 0.22 0.037 0.30  0.053, 0.14 0.015
Ca 0.08 . 0.012 0.06 0.010 0.21 0.034
Na 0.03 0.006 0.03 0.010 0.01 0.000
K - 0.04 0.006 0.07 0.015 0.00 0.000
Ti 0.09 0.012 0.09 0.010 0.00 0.000
Cr 0.02 0.000 0.04 0.004 0.45 0.059
N1 0.03 0.000 0.02  0.000 0.06 0.005
t 86.32 19.643 " 87.33 19.608 86.58 16.959
’

Sample K1275 (3). K3728 (2)
si 29.91 5.821 26,79 5,539 -
Al 20.79 4,770 ' 20.93  5.096
Mg 21399  6.381 18.34  5.648
Fe 16.74  2.725 . 20.5% 13549 -

0.32 0.0S1 0.30 0.048
Ca 0.02 0.000 0.01 0.000
Na 0.02 0.005° 0.04 0.012
K 0.01 0.000 0.01 0.000
T 0.00 0.000 0.00 0.000
Cr 0.13  0.074 0.09 0.054
N1 0.04 0.000 0.00 0.000

*
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EPIDOTES
Sample 8 (2) \ 74 (2) 174 (5)
si 38.97  3.261 38.42 3.270 39.40 3,307
Al 24,80  2.446 23.01  2.308 23.67 2.341
Mg 0.06 0.007 0.00 0.000 0.01 0.000 ..
Fe 10.02  0.700 11.50 0.818 10.73  0.753 (ﬂ"(1
Mn 0.05 0.002 - 10,12 0.006 0.11 0.007
Ca 23.29 2.087 23.58  2.150 23.33  2.098
Na 0.03 0.002 0.01  0.000 0.01 0.001
K 0.0l 0.000 0.01 0.000 0.00 0,000
T1i " 0.03  0.000 0.06 0.004 0.07 .0.00?2
Cr 0.04 0.000 . 0.05 0.00?2 0.03 " 0.000
Ni 0.06 0.000 0.03  0.000 0.02 °0.000
t 97.34  8.506 96.79  8.558 97.38  8.509
[ ]
\ -~
TN

Sample 195 (2) 235 (2) 230 (3)
St 38.67  3.245 39.74  3.265 38.95 3,224
Al 25.31 2.502 26.78 . 2.573 26.41  2.578
Mg 0.00  0.000 0.01 0.000 0.00 0.000
Fe 2.63 0.674 - 8.08 0.554 8.53 0.590 '
Mn 0.06 0.002 D.10 0.004 0.04 0.002
Ca 23.02 2.069 23.21 2.042 28.45  2.080
Na 0.00 0.000 0.02 0.002 0.00 0.000
K ¢.01 0.000 0.00 0.000 0.00 0.000
Ti 0.03  0.000 0.03 0.000 0.03  0.000
Cr 0.02 0.000 0.02  0.000* 0.02 0.000
Ni 0.02 0.000 0.03 ~ 0.000 0.02 0.000

---------------------------- , L A B R Y
t 96.74  8.492 97.81  8.440 97.44  8.473
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EPIDOTES .

Sample 260 (3) T 265 () 266 (3)
si 40.11 3.326 37.71 3.258 38.01 3.2s5i
al 23.56  2.299 22.55 2.294 23.39 2.357
Mg 0.00 0.000 0.00 0.000 0.01 0.000
Fe 11.73 0.813 12.49  0.902 11.88 0.848
Mn 0.09 0.004 0.09 0.005 0.07 0.005
Ca 23,146 2.056 22.77  2.107 22.77° 2.086
Na 0.03 0.002 0.01 0.000 0.00 0.000
K 0.0l 0.000 0.01 0.000 0.00 0.000
T1i 0.07 0.002 0.11 0.0¢5 0.04 0.002
Cr .0.00 0.000 0.04. 0,000 0.02 0.000
Ng\ 0.0l 0.000 ° 0.4 0.002 0.01 0.000
t 98.71 8.502 95.81 8.574 ¢ 96.19 B8.550 .

{

At
Sample 296 (2) 311 (L)
51 42,02 3.378 38.81 3.293
Al 25.53 2.417 - 23.91 5.392
Mg 0.00 0.000 0.00 .000
Fe 9.02 0.806 ~11.12 0.787
Mn 0.06 0.002 0.08 0.005
Ca . 23.23  2.000 .22.21  2.020
Na 0.00 0.000 0.01 0.000
K 0.00 0.000 0.00 0.000
L - 0.01 0.Q00 0.08 0.005 .
Cr 0.00 0.000 0.04 0.000
N 0.01 0.000 0.01L. 0.000 o
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FELDSPARS SERICITES
Sample KA3175 (3) KA3350 (2) 296 (2)
si 68.89 12.029 70.73 12.072 50.02  7.214
Al 19.10 3.929 . 19.61 3.940 31.61  5.369
Mg 0.05 0.010 0.01 0.000 1.43  0.304
Fe 0.15 0.020 0.18 0.025 2.77  0.330
Mn 0.01 0.000 0.02 0.000 0.00 0.000
Ca 0.25 0.046 0.646 0.115 0.02 0.000
Na 11.53 3,904 10.72 1.545 0.08 0.021
K 0.04 0.005 0.04 0.005 9.20 1.688 -
Te 0.00 0.000 0.00 0.000 0.00 0.000
Cr 0.00 0,000 0.01 0.000 0.00 0.000
N{ 0.00 0.000 0.03  0.000 0.01 0.000
t 100.04 19.943 102.00 19.702 95.20 14.930
4 SERICITES
y
Sample 213 (2) 215 () 229 (3)
Si 49.94 7,222 ° 52.72 8.838 48.031  7.704
Al 31.81  5.422 28.80 _.;;gég,/’* 32.71  5.673
Mg 1.52 0.324 2.00 -5 0.56 0.121
Fe 1.47 0,176 1.46 0.203 +2.37  0.289
Mn 0.00 0.000 0.02 0.000 0.00 0.000
Ca 0.02 0.002 0.00 0.000 0.00 0.000 «
Na 0.12 0.032 0.14 0.041 0.13 0.034
K - 9.63 1.776 9.88 2.110 9.54 1.789
S TL 0.01  0.000 0.01 0.000 0.02 0.000
Cr 0.00 0.000 0.11 0.056 0.02 0.000
Ni 0.01  0.000 0.01 0.000 0.00 0.000

..........................................
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PRECISION AND ACCURACY OF ELECTRONSMICROPROBE RUNS ) ’
. ' a

Run 1 Run 2 Run 3 Run 4 Run S

wey SD Wty SD Wtk SD Wty SD  Wes SD
Na 1.42 .04 1.27 .05 1.37 .03 1.38 .02 1.27 .04
Mg 16.03 .13 15.84 .13 16.32 .03 15.89 .12 16.03 .14
Al 8.34 .21 7.95 .14 8.21 .02 8.11 .08 8.07 .05
St 50.84 .97 50.55 .09 50.53 .25 51.18 .41 50.08 ,23

K 0.00 .0 0.00 .0 0.00 .01 0.00 .02 - 0.00 .01
Ca 16.06 .01 15.75 .11 15.64 .13 15.44 35 16.29 .29
Ti 0.86 .04 0.79' .00 0.83 .00 0.84 .00 0.83 .03
Cr 0.14 .02 - 0.13 .00 0.16 .01 0.14 .00 0.16 .01
Mn @.10 .02 0.09 .02 0.09 .01 0.13 .00 0.11 .03
Fe 6.14 .07 6.23 .05 6.29 .08 6.0 .11 6.38 .09
Ni 0.05 .00 0.04 .00 0.06 .00 0.06 .00 0.04 ,02
total 99.98 . 98.66 99.50 99.21 99.25
Spls 260(gp,ch) 229(ch,sc) 250(ep,ak) 195(ep,ch) 170(ch) ) \
K2625(ak) : 265(ep) 235(ep,ch) 174(ep,ch)
' 266(ep,ak) .199(ep,ch) 31l(ep,ak) .
74(ep,ak) 213(ch,sc) 250(ep)
298 (ak) ’
L}
Run 6 Run 7 Run 8 Run 9 Published

wey _-SD Wes  SD. Wes  SD Wes  SD Values
Na 198 .04 1.29 .04 1.28 .03 1.37 .04 1.27
Mg 16.01 .20 16.06 .03 '16.39 .03 16.13 .02 16.65
Al 8.16 .10 7.90 .07 7.73 .08 8.12 .06 7.86
S{ 49.50 .26 '50.00 .31 51.69 .39 50.32 .30 50.73

.

K 0.01 .00 ,0.01 .01 0.01 .01 0.01 .01 0.00
* Ca 15.69 .17 16.05 .07 16.23 .06 16.21 .10 15.82
T{ 0.78 .01 0.81 .01 0.16 .01 0.81 .01 .0.74
Cr 0.13 .01 0.14 .01 0.45 .01 0.15 .01 0.00
"Mn 0.14 .00 . 0.12 .00 0.14 .00 0.14 .00 0.13
. Fe 6.24 08 6.26 .02 6.50 .04 - 6.19 .02 6.77
~ Ni 0.06 .02 0.04 .00 0.07 .00 0.05 .00 0.00
total 95,18 98.67 100.65 99.50 99.97
Spls  KA3350(fel) KA3350(ak) 215(ch,sc) 206(ch)
139 (ch), K875(ak,ch) KA3175(ak) 8(ak,ep)
296(ep,sc) K1698(ak)  177(ak) 209(ak)
307 (ak) K2825(ak)  313(ak)

KA3175(fel) K1275(5h,ak)196(ak)
K3728¢¢h) K637 (ak)

Samples (Spls) analysed for each run are given below the run number.
Symbols are as follows: ch:chlorite, ep:epidote, fel:feldspar,
ak:actinolite, sc:sericite, SD:standgrd deviation.

-~
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Appendix G :
Fluid Inclusion Methodology

.

Higgins (1979) Qutlines <the complete procedure for preparation of fluid
inclusion sections and ’the components necessary for micrdthermic studies.
Sections cut for fluid inclusion study are doubly polished and are ideally between
0.5 and 0.2 mm thick. vSamp_les must be cut and ground carefully to insure that

frictional heating does not decrepitate the inclusions.

A U.S.G.S. Heating/Freezing Stage was used for microthermic studies, [t
consists of (1) a heating/freezing stage attached to a petrographic microscdp’e
stage; (%) a temperature monitor/control unit; (‘.’?) a pressurized -liquid nitrogen
container. Higgins (1979) added a rubber tube, attached along-side the sample

and the lens, to prevent icing up of the sample and the objective lens.

The stage had been previously calibrated for heating runs by melting a

small amount of several standard, powdered chemicals hetween glass cover slips
1 ]

and comparing the measured melting temperature with the actual melting

temperature of each compound. The calibration curve is depicted in Fig. G-1.

" Salinities were derived using the NaCl-Freezing point curve depicted in Fig.

G-2. A list of salinities obtained from this diagram is presented in Table G-1.

* Eutectic temperatures are summarized in Table G-2.

-
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Figure G-1: Calibration curve for fluid
inclusion runs
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Weight percent NaCl

Figure G-2: Freezing points of pure
NaCl solutions
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Compound  Eutectic Temp ("C)

KCl -10.6
NaCl

NaCl-kdd -

MgCl,

NaCl-MgCl,

CaCl,

NaCl-RCl-CaCl,

NaCl-CaCl,-MgCl,

Table G-2: Eutectic temperatures corresponding
to common salts

From Crawford (1981) and Luzhnaya and

Vereshtchetina (1946).
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