ULTRAMAFIC ROCKS SW OF THE MANITOBA NICKEL BELT



RESUNE

Des dunites et harzburgites serpentinisées sous-affleurement sous les
roches paléozoiques da la rdgion "I",s l'extrémité sud-ouest du Menitoba
Nickel Belt.Ces roches se composent de lizardite,de spinelle chromifere
avec bordures de magnetite,et de sulphures de nickel.La composition des
chromites depasse le domaine des chromites magmatiques,ce qui indique un
episode de métamorphisme avant la serpentinisation.Ces roches ressemblent
aux serpontinites de la region exposes du Manitoba Nickel Belt.

Les dunitses serpentiniéées de le region "III" voisine sont entourees
de roches volcaniques mafiques et de roches sedimentaires ergileuses.
métamorphisées dans le facies epidote-emphibolite.La serpentinite,composée
de lizardite-clinochrysotile,y est partisllememt remplecee per l'sntogorite,
de la chromits,et de la millerite.lLes grains de chromite sont enrobés de
ferritchromit,qui change sans interruption vers le composition de magnetite.
On attribue cette bordure de ferrit~hromit a un metamorphisme qui suit la
sarpentingation,quand la chromite o réagi avec la magnetite produit lors
des épisodes de serpentinisation anterieures.

Il semble que le chromite soit un indice pétrogénétique de métamorphisme
précieux,surtout quand un metemorphisme terdif a embrouille la mineéralogie

originelle des roches ignees serpontinisees,
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ABSTRACT

Serpentinised dunite and harzburgite 1n Area I sub-outcrops
beneath the Palaeozolc rocks at the SW end of the Manitoba
Nickel Belt and consist of lizardite,chromite with magnetite rims
and nickel sulphides. The chromite composition falls outside the
normal range of magmatic chromite indicating metamorphism prior
to serpentinisation.These serpentinlites resemble thase from the
exposed portion of the Manitoba Nickel Belt.

Serpentinised dunite in the adjacent Area III is enclosed
by mafic volcanlcs and pelitlc sediments of the epidote-
amphibolite facies.The serpentinite consists of lizardite-
clinochrysotile,partly replaced by antigorite,chromlite and
millerite.The chromlte is surrounded by alteration rims of
ferritchromit which varies continuously in composition towards
magnetite.The ferritchromit is interpreted as resulting from
post-serpentinisation metamorphism when the chromlte reacted with
a magnetite rim formed durlng serpentinisation.

It 1s concluded that chromlte i1s a metamorphlc petrogenetlc
indicator,important where post-metamorphism serpentinisation has

obscured the sillcate milneralogy.
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INTRODUCTION

Amax Exploration Inc. has had title to a group of claims
and mineral reservations between Wabowden and Grand Raplds,
Manitoba. These properties, many of which have now lapsed, covered
ground at the SW end of the Manltoba Nickel Belt 1in rocks of
Precambrian age and theilr extension beneath the cover of
Palaeozolc rocks,

During mineral exploration it became apparent that two types
of serpentinized ultramafic body occurred on these properties and
that both types sub-outcropped beneath Reservatilon 34, This
thesis records the results and conclusions of an investigation
into the apparent differences between the two types from
Reservation 34. The Reservation is entirely underlaln by
Palaeozolc rocks and the samples used in this investigatlion have
been obtalned from extensive diamond drilling by Amax Exploratilon
Inc. through the Palaeozolc cover into the underlying Precambrilan
rocks.

The first part of the thesis 1s a description of the two
types of serpentinite and thelr reglonal setting. Contrasting
silicate, sulphide and oxide mineralogy indicate differences in
both the nature of the original ultramafic rocks and thelr
geologlcal history subsequent to emplacement. This leads to
conclusions concerning reglonal geology at the SW end of the
Nickel Belt.

In the second part of the thesis, zoning in chrome splnels

from both types of serpentinites 1s examined in detail and



compared with zoning previously described from chromite, It 1s
concluded that chrome spinel can be used as a metamorphic
petrogenetic indicator for the serpentinites in Reservation 34.

This conclusion should be generally applicable.
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I THE MANITOBA NICKEL BELT

A REGIONAL GEOLOGY

The Manitoba Nickel Belt lies within the Churchill Province
of the Canadlian Shield very close to i1ts boundary with the
Superior Province (Fig.I.l). Recently the granulites of the
Superlor Province adjacent to the Churchill Province have been

redefined as the Pikﬁitonei Province (Bell, 1971, p.l1l2).

Tl
d/{?_,’ ’ /; Y

N
o

Manitoba Nickel Beit -?7‘«/' .

Fig. I.1l Position of the Manitoba Nickel Belt,
(after Wilson and Brisbin, 1962, Fig.l).

The Nickel Belt 18 a tract of country 120 miles long and
15 miles wide characterized by numerous serpentinized ultramafic
bodies most of whlch contain some nickel sulphldes and a few
sufficlent to be economically exploitable. The emplacement of
the ultramafic rocks 18 related to a major fracture zone, the

Setting Lake Lineament, which cuts the SE margin of the Churchill

Province,



The regilonal geology may be described in terms of five
units (Fig.I.2) - (1) Granite and Kisseynew-type gneiss forming
an unnamed sub-province of the Churchill Province; (2) the
Setting Lake Lineament; (3) granodiorite and paragneiss comprising
the Wabowden sub-Province of the Churchill Province; (4) the
granulite and associated rocks of the Pilkwitonei Province and
(5) a granite-greenstone complex comprising the Cross Lake
Sub-Province of the Superior Province.

A 8ixth unit comprises the ultramafic rocks emplaced adjacent
to the Setting Lake Lineament (Fig.I.3). These units are all
unconformably overlain to the SW by flat-lying Palaeozoic sediments
(Fig.I.2).

The Cross Lake sub-Province of the Superior Province is a

typical Archaean granite-greenstone complex. The Cross Lake group
of rocks, comprising the schist belt at Cross ILake (Fig.1.2),
conslsts of basalt, overlain by conglomerate, arkose and sub-
greywacke, metamorphosed to the amphibolite faciles and folded

into a WNW-trending syncline., These supracrustal rocks rest
unconformably on blotite-granodiorite gnelss, but are enclosed
laterally by younger granodiorite gnelsses (Bell, 1971; Rousell,
1965). Radiometric age determinations, 1830 m.y. to 2435 * 170 m.y.
(Wanless et al., 1967) are 8lightly younger than normal for the
Superior Province (Fig.I.l).

The granulites and amphibolites outcropping along the NE
margin of the Cross Lake sub-Province were originally classified
as a sub-Province of the Superior Province (Bell, 1966). Bell
(1971) states that the pre-metamorphism sites of the schist belts
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can be traced across the granuliteé and concludes that the latter
are the older; accordingly he redefines the Pikwitonei as a
Separate geological province, The rocks are charnockites (s.1.),
principally enderbite and retrogressively metamorphosed equiva-
lents, together with garnetiferous gneisses and granodlorites
(Rance, 1966, p.65; Rousell, 1965, p,28; Patterson, 1963, p.11),
The eastern margin of the granulites is occupled by gneiss
retrograde after charnockite and garnetiferous-pyroxene—granulite
(Rance, 1966, p.66; Patterson, 1963, p.13). This gneiss is
similar in lithology to the granodiorite gneiss of the Wabowden
Sub~Province except for occaslional occurrences of secondary
blotite and magnetite after pyroxene. Radiometric ages vary
between 2375 * 165 m.y. to 2715 * 80 m.y. indicating that the
Province has not been affected by the Hudsonilan orogeny.

The Wabowden sub-Province of the Churchill Province outcrops

between the Setting Lake Lineament and the Plkwitonel Province
(Bell, 1971), (Fig.I.2), and consists of ortho- and paragrano-
dlorite gneiss intruded by granite and monzonite, The gneiss
contains mineralogical features which led Rance (1966, p.70)

to suggest that it resulted from retrogressive metamorphism of
granulltes of the Pikwitonei Province. Rocks of lower metamorphic
grade occur S8poradically; magnetite-bearing iron formation and
qQuartz-rich sediments form 8cattered outcrops in the vicinity of
Halfway Lake (Godard, 1968, p.5).

The Churchill Province conslsts of Aphebian and Archaean

rocks both of which have been involved in the Hudsonian orogeny

between 1600 and 1800 m.,y. (Fig.I.1).



Garnet-sillimanite paragneiss and gneissic biotite granite
outcrop in the Churchill Province immediately to the north of
the Setting Lake Iilneament (Cr?nstone and Toogood, 1969; Godard,
1966; Rance, 1966; Patterson, 1963). West of Thompson the
garnet-sillimanite baragnelss 1s uniform in composition, well-~
banded and intricately folded; towards the SW the gneilss is
less uniform and extensively invaded by pegmatite (Cranstone
and Toogood, 1969a). The pink, lightly foliated, gneissic
biotite granite occurs in sheet-1like bodies intruded along
zones of dislocation parallel to the overall structural trend,

There 18 a major structural break between the Pikwitonei
Province and the Wabowden sub~-Province Separating the pre-
dominantly NE-trending structures of the Churchill Province
from the east to west structures of the Pikwitonel and Superior
Provinces (Bell, 1971; Patterson, 1963; Wilson and Brisbin, 1962),

The Setting Lake Iineament is the surface trace of a maJjor

fault zone striking SSW between Thompson and the Palaeozoic
Sediments (Fig.I.2). Northward from Thompson the Lineament is
less well-defined and appears to split, some branches having
an easterly strike, others continuing the original strike (Bell,
1971, Fig.2). The SE continuation beneath the Palaeozole rocks,
that 1s, heneath the area consldered in this thesis, 1s obscure.
The trace of the fault zone on the surface 18 not well
exposed, although 1t can be followed through a series of elongate
lakes, Setting, Ospwagen, Mystery and Mok, However, since the
strike of the Lineament 18 parallel to the 8teeply SE-dipping

reglonal foliation it may be difficult to locate even in areas



where it 1s exposed. Patterson (1963, pP.46) suggests that drag
folds NE of Thompson indicate right hand movement on the fault.

Rocks I1ntersected by the ILineament are extensively sheared,
and ultramylonites, mylonites and cataclasites occur in zones
up to % mile wide,

The discontinuity of structure across the Setting Lake
Lineament 1s not marked. The trends in the Kisseynew gneiss
are parallel to the Lineament while those in the Wabowden sSub-
Province tend to intersect the Lineament at a low angle (Wilson
and Brisbin, 1962, Fig.3).

The nature of the Lineament has not been determined, It
has been interpreted as the trace of a Beniloff zone (Wilson
and Brisbin, 1962; 1961) and as an unconformity between rocks
of Archaean age to the SE and Aphebian age to the NW (Rance,
1966).

Sediments and volcanics of metamorphic grade lower than
normal in the Churchill Province occur close to the Lineament.
The Assean Lake group, fine-grained micaceous quartzite and
phyllite, outcrops on eéither side of the Setting Lake Lineament
in the vieinity of Thompson and at the north end of Ospwagen
Lake (Patterson, 1963, p.14), Quartzose greywackes and fine-
grained schilstose metavolcanics, with a llthology similar to
the Assean Lake group, have been intersected in drill holes

beneath Setting Lake north of Wabowden (Coats, 1966, p.144),



B ULTRAMAFIC ROCKS

Numerous ultramafic bodies outerop in the vieinity of

the Manltoba Nickel Belt (Scoates, 1971; 1969).

1 Discrete Ultramafic Bodies of the Manitoba Nickel Belt

These ultramafic bodles are virtually confined to the
Wabowden sub-Frovince and are spatially related to the Setting
Lake Llneament (Fig.I.B). Very few are exposed at the surface,
being obscured by overburden or water (Kilburn et al., 1969,
P.277).

The ultramafics, originally dunite and peridotite, are
almost entirely serpentinized. The forsterite content of relict
olivine 18 in the range Fogy to Fogo whille relict orthopyroxene
has a composition Enge to Engg (Coats, 1966, pp. 37 and 41).
Chromlte 18 an accessory mineral only and no chromitite
segregatlions are known., Cumulus textures are common, but the
proportion of cumulus and intercumulus material varies con-
slderably. The Bucko and Bowden Lake bodies were intruded as
a crystal mush with a negligible amount of intercumulus liquid
(Wilson et al.,, 1969, p.306). Phlogopite, tremolite-actinolite,
magnetite, spinel and carbonate minerals all occur in response
to later metamorphism,

The serpentine mineralogy of the Manitoba Nickel Belt has
been described by Coats (1968; 1966) who demonstrated that
lizardite-chrysotile mesh textures predomlnate. Antigorite is
rare and 18 known only from one locallity 1n an ultramafic rock

adjacent to granite. Wicks (1969, p.424) has recognized a
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Sequence of serpentine mineralogy and textures in the Manitoba
Nickel Belt (Fig.I.3), which are from NE to SW as follows:

(1) In the vieinity of Pipe Lake; lizardite mesh textures
replaced by lizardite-chrysotile interlocking textures in

turn replaced by chrysotile to form chrysotile mesh texture
with llzardite-chrysotile mesh centres; (2) In the vieinity

of Joey Lake; lizardlte hourglass textures; (3) In the viecinity
of Wabowden; secondary lizardite interlocking textures
assoclated with lizardite interlocking veins; (4) In the
vicinity of Manibridge; lizardite mesh textures,

Most of the ultramafic bodles contain accessory nickel
Sulphide mineralization consisting of pentlandite associated
with pyrrhotite and minor chalcopyrite, pyrite, marcasite
and violarite (Coats, 1966, p.129; Godard, 1966; Zurbrigg,
1963). Massive and disseminated nickel sulphldes of economic
interest, occur within, and adjacent to, many of the ultra-
mafics (Coats and Brummer, 1971; Godard, 1968, 1966; Patterson,
1963; Quirke et al., 1970)., Pyrrhotite, pentlandite and pyrite
with mlnor chalcopyrite, marcasite and gersdorffite, occur as
dissemlnations in serpentinite and as massive and disseminated
sulphides in the adjacent gneissic wall-rocks.

The age of the ultramafic rocks is uncertaln, and con-
flicting statements have been made as to whether they are
older or younger than the group of monzonite stocks (1785%60 m.y.)
intruded into the Wabowden sub-Province (Bell, in Wanless
et al,, 1966, p.56 and 1965, p.78). Fragments of pegmatite,

8imilar to those assoclated with the late Hudsonian granltes,
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Fig. I.3 Ultramafic and mafic rocks in the vicinlty of the
Manitoba Nickel Belt. Data from Collett and Bell (1971) and
Scoates (1971; 1969). 1, 2, 3 and 4 refer to the sequence of
serpentine textures described on p.9. T-Thompson, W-Wabowden.
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are found in breccia ore at Thompson. This indicates that
movement of the sulphides occurred towards the end of, or

after, the Hudsonian orogeny.

2 Discrete Ultramafic Bodies of the Superilor Province

Ultramafic bodles have been emplaced in the schist belts
to the east of Cross Lake (Davies et al., 1962) and in the
Island Lake schist belt (Scoates, 1971). In the Oxford and
Knee Lake areas, ultramaflc rocks are completely serpentinized
but rellct primary magmatic textures are apparent (Barry, 1959,
P.25). Accessory sulphldes are known from these ultramafics
but no deposits of economic importance have been found. These
ultramafic bodies have been deformea and metamorphosed with
the schist belts, and some are now beling considered extrusive

(Bell, 1971, p.18).

3 Cuthbert Lake-Type Intrusives

The Cuthbert Lake swarm of partlally serpentinized,
composite, ultramafic and mafic dykes has been mapped in a
broad band from Cross Lake NNE towards Kelsey (Fig.1.2),
(Scoates, 1971, Fig.6; Patterson, 1963; Macdonald, 1960),

The strike l1s very nearly parallel to that of the Setting
Lake Lineament. Individual dykes are not continuous over long
distances but tend to an en echelon arrangement. They are
generally less than 80 feet in width, but exceptionally may
reach 200 feet. Nickel sulphides are not found associated
with the Cuthbert Lake intrusives,
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Ultramafic rocks forming the basal portlons of layered
intrusions are common in the Churchill Province although the
majority outcrop over 40 miles to the west and NW of the
Manitoba Nickel Belt (Scoates, 1971, Fig.l). Layered intrusions
also outcrop in the schist belts of the Superior Province
(Barry, 1959, p.25), and may pre- or post-date the deformation
of the schist belts. Minor amounts of nickel sulphides are

assoclated with these layered intrusions.

C REGIONAL GEOPHYSICS

The Bouguer gravity anomalies in the vicinity of the
Manitoba Nickel Belt show a linear zone of very low gravity
values symmetrically flanked by zones of comparatively hilgh
values, the Burntwood River high to the NW and the Nelson
River high to the SE (Gibb, 1968, Fig.2). The central zone
of low gravity values coincides with the Setting Lake
Lineament; the eastern margin of the zone is closely coincldent
with the boundary between the Wabowden sub-Province and the
Pikwitonel Province, and the Nelson River high with the high
density rocks of the Pikwitonei Province (Gibb, 1968, Fig.5).

The SW extenslon of these features beneath the Palaeozoic
rocks, as depicted by the gravity anomalies, i1s not well-defined.
The gravity low that coincides with the Manitoba Nilckel Belt
wldens and swings to the north, causing 1t to pass to the
north of Reservation 34, which 1is underlain by the SW continua-
tion of the Nelson River high.
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In the vicinity of the Manlitoba Nickel Belt distinctilve
aeromagnetlc patterns can be correlated with the surface
geology. Kornik'i (1969) aeromagnetic divisions are shown in
Figure I.4, Areafcorresponds to the Cross Lake sub-Province,
while sub-areas A,A' and A", with their distinctive 'bird's-eye
maple' patﬁern, correspond to the granulites of the Pikwitonel
Province., Area B corresponds to the zone of retrogressively
metamorphosed granulites on the NW margin of the Plkwitonel
Province. The eastern area of the Moak ILake-Setting Lake
structure corresponds to the Wabowden sub-Province, whereas
the western area corresponds in part to the Kisseynew-type

gnelsses of the Churchill Province.

55— 14
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Fig. I.4 Aeromagnetic divisions in the viecinity of
the Manitoba Nickel Belt (Kornik, 1969, Fig.2).
Palaeozolc sediments and the positlon of Reservation
34 have been added. The Setting Lake Lineament is
shown as a dotted line.



The patterns become less distlinct when traced beneath
the Palaeozolc covey, possibly a result of major changes in
the Precambrian beneath the Palaeozolc, Interpretatlion of the
aeromagnetlc divislons indlcates that the Wabowden sub-Province
may not be present, the continuation of the Setting Lake
Lineament bringlng Kisseynew-type gnelsses into contact with

the Superior or Pikwitonel Province rocks.
D SUMMARY

The Manitoba Nickel Belt comprises a serles of serpentinized
nickeliferous dunites and peridotites spatlally related to the
Setting Iake Llneament, a major fault zone whlch cuts the SE
margin of the Churchlll Province, Klsseynew-type gnelsses of
Apheblan age outcrop to the NW of the Iineament and mixed
ortho- and paragneisses derived from both Archaean and Apheblan
rocks outcrop to the SE., Both sultes of gnelsses have been
intruded by later granites. Granulites of the Pikwltonel
Province oﬁtcrop on the SE marglin of the Churchill Province;
untll recently the Plkwitonel Province was regarded as part
of the Superior Province, A zone of retrogressively meta-
morphosed granulltes outcrops around the margin of the Pilkwiltonel
Province where 1t adjoins the mixed gnelsses of the Wabowden
sub~Province, An Archaean granite-greenstone complex outcrops
further to the SE forming the Cross Lake sub-Province of the
Superior Province,

Each of these units 18 characterized by 1ts own structure,

lithology and absolute age but the major break occurs between
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the Churchlll and Pikwitonel Provinces. The east~-trending
structural elements in the Superior and Pikwitonei Provinces,
resulting from the Kenoran orogeny at 2400 to 2600 m.y., are
cut obliquely by NE structures at the margin of the Churchill
Province resulting from the Hudsonlan orogeny between 1600
and 1800 m.y.. The structural trends in the Wabowden sub-
Province are intersected at an acute angle by the Setting Lake
Lineament whereas those in the Kisseynew-type gneisses to the
NW are more nearly parallel to the Lineament.

The Setting Lake Lineament 1s the locus of a zone of low
Bouguer gravity anomalles which 1s flanked on either side by
zones of high values which can be related to the known surface
geology. The reglonal aeromagnetic maps show areas of distinct
magnetic pattern which can also be related to surface geology.
Extrapolation of the Precambrian geology beneath the Palaeozolc
rocks at the SW end of the Nickel Belt indicates that the
geology 1s not a simple linear extension of that in the Nickel
Belt.,

The serpentinized ultramafic rocks were emplaced in
fracture zones assoclated with the Setting Lake Lineament.
Sulphide minerals present are pyrrhotite, pentlandite, chalco-
pyrite, pyrite, violarite, marcasite, millerite and gersdorffite,
Minerallzation of ore grade occurs in three ways:- (1) as massive
segregations or breccla matrix in blotite schist; (2) as stringers
and velns in serpentinite; and (3) as disseminated and semi-
massive segregatlons in serpentinite. Both serpentinite and
country rock are mlneralized and economic sulphide deposits may

occur in wall-rock adjacent to serpentinites containing only

accessory sulpnhldes,
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IT GEOLOGY OF RESERVATION 34

A INTRODUCTION

Reservation 34 is underlain by Palaeozolc sediments to
a depth of about 300 feet; there are no exposures of the
underlying Precambrian basement and sub-surface geology
(Fig.1I.1l) 18 inferred from dlamond drilling supplemented
by ground and aeromagnetlc surveys.

A narrow linear belt of supracrustal rocks, metamorphosed
to the epidote-amphibolite facles, strikes almost due north
through the western portion of the Reservation and comprises
an eastern metasedimentary unilt gnd a western metavolcanlc
unit. There is virtually no informatlion on the sub-surface
geology to the east of this. A NW-striking spur of the meta-
volcanic unit divides the western portion of the Reservatlon
into two areas of granite and gneiss, Ultramaflc rocks occur
predominantly in Areas I, II and III, Areas I and III beilng

the subject of more detalled investlgation 1n this thesils,

B METASEDIMENTARY UNIT

The metasedimentary unit consists predominantly of
argillaceous rocks with minor intercalated maflc volcanics.
The arglllaceous rocks conslst of almandlne, biotite, quartz
and muscovite with minor tourmaline, graphite, apatite,
carbonate and opaque oxide.

Argillite is a fine grained, dark rock, massilve to lightly
laminated, consisting of coarse porphyroblastilc garnet 1in a

fine matrix of brown blotite and quartz. The rock has a prominent
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Fig. II.1 Sketch map of the inferred sub-surface geology of
Reservation 34, Areas I, II and III refer to major sub-
outcrops of ultramafic rocks,
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pervasive follation due to the parallel orientation of blotilte
flakes. Faint and irregular composltional banding due to slight
variation in quartz content may reflect original bedding

laminations.

Quartz-bearing argillite is dark grey and finely laminated

and banded due?alternation of layers of dark arglllaceous and
white arenaceous materlal. This Banding is generally 1 inch or
less in thickness, but individual bands may be sub-dlvided by
laminations. Prominent pervasive follatlon 1s parallel to the
lithologlcal banding and is intersected by a less prominent
non-pervasive cleavage.

Thinly-banded and laminated quartz-magnetlte schist consilsts

of alternations of light grey quartzite with dark magnetilte-
biotite~garnet layers, glving rise to a prominent 'zebra stripe'
texture.

Garnet in the argillaceous rocks is normally euhedral with
a sleve-textured core containing randomly orientated lncluslons
of quartz, magnetite and blotite. The enveloping follation is
deformed around the garnet, resulting in the formation of
pressure shadows in the plane of foliation., Euhedral garnet
may truncate the enveloping foliation. Less commonly the garnet
contains inclusions arranged in a linear fashlon, the directlon
of which lies at a small angle to the follation in the groundmass,
Anhedral garnet with fragmented margins occurs 1ln the coarser,
quartz-rich arglllites, where it distorts, but does not truncate,
the foliation. Quartz tends to occur in streaks and lenticles

except in the well-defined monomineralic bands of quartz-

magnetite schist. The grains, along with magnetlte and blotlte,
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where present, develop a dimensional orientation, parallel or

at a small angle to, the lithologic banding. In extreme cases
this defines a ribbon texture. In a few cases the coarser quartz
grains are reorientated parallel to the later, non-pervasive,
cleavage. They have lost any clastic appearance they may have
had, each grain being sutured agalnst 1ts neighbours. Undulose
extinctlon is developed.

Blotite 1s brown and uniformly distributed throughout the
finer portions of the argllllites. In quartz-magnetite schilst
green blotite occurs in the argillaceous bands together with
magnetite and apatite. Bliotite and magnetite tend to be
antipathetic, resulting in mineraloglical lamination within the
banding.

Two garnets from an arglllaceous quartzlte have been
analyzed by electron microprobe (Table II.1l). They were found
to consist principally of almandine together with approximately
equal proportions of spessartine, pyrope and grossular. The
cores are slightly enriched in spessartine and grossular and
depleted in almandine and pyrope compared to the margins,

Criteria have been enumerated by Spry (1969, p.250) for
recognizing the time of crystallizatlion of a mineral relative
to the tectonic event that produced the major pervasive folia=-
tion in the rock. Pre-tectonic crystalllzation of garnet in the
metasedimentary unit is indicated by the following:- (1) Inclusions
in the core are randomly orientated In contrast to the preferred
orientation of quartz, magnetite and blotlte 1in the matrix;

(2) the foliation due to the parallel alignment of
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Table II.1l Electron microprobe analyses of garnet from arglllaceous quartzite, Reservation 34,

W 226 #1 W 226 #2

margin centre margin margin centre margin
510, 35.62 36.46 35.35 35.86 35.58 35.30
A1203 21,02 20,71 20.78 20.48 20,64 20,92
MgO0 1.66 1.58 1.67 1.67 1,72 1.69
FeO 32.53 31.66 33.58 34.30 32.39 32.16
MnO 2,65 3.52 2,82 2,69 3.75 3.11
ca0 1.75 3.47 1.88 1.77 2.57 1.72
Total 95.23 96,90 96,08 96.77 96,65 94,90

Number of ions on basis of 12 (0)

st 3.01} 3.02§ 2.98} 3.00} 2.98} 2.99}
3.01 3.02 3.00 3,00 3,00 3.00
A - - 0.02 - 0.02 0.01
M 2,09 2,03 2,04 2.02 2,02 2,08
ca 0.16) - 0.30 © 0417 0.16 0.23 0.16
Fe? 2.30 2.16 2.37 2,40 2,27 2,28
2.86 2.90 2.95 2.96 2.98 2.8
Mg 0.21 0.19 0.21 0.21 0.21 0.21
Mn 0.19 0.25 0.20 0.19 0.27 0.22

End members in molecular %

Almandine 80,42 74.48 80.34 81.08 76.17 79.44
Spessartine 6.64 8.62 6.78 6.42 9.06 7.67
Pyrope 7.34 6.55 T.12 7.09 7.05 T.32
Grossular 5.59 10.34 5.76 5.41 7.72 5.57

End menbers in weight %

Almandine 82,02 76.21 81.92 82.64 77.82 81.02
Spessartine 6.74 8.77 6.88 6.51 9.21 7.78
Pyrope 6.08 5.44 5.89 5.87 5.84 6.06

Grossular 5.16 9.58 5.32 4.99 T.14 5.15
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quartz, magnetite and biotite is deformed around the garnet;

and (3) mechanical fragmentation of the rims of anhedral garnet.
Contlnued post-tectonic growth of garnet 1s indicated by the
ldioblastic, inclusion-free rims that frequently truncate the
foliation. The faint alignment of some inclusions in garnet
also indicates growth Subsequent to the imposition of the
follation. The line of these inclusions may make a s8light angle
with the foliation in the matrix, indicating that they have
been rotated out of the plane of foliation. This rotation is
belleved due to the same event that caused the non-pervasive

cleavage, as such garnets have edges parallel to this cleavage.

C METAVOLCANIC UNIT

The metavolecanic unit consists predominantly of plagloclase
amphibolite and tremolite-chlorite 8chist with subordinate bands
of quartz- and blotite~bearing amphibollte, possibly derived

from sediments.

Plagioclase amphibolite is S8peckled, dark green and white,

massive to lightly foliated rock consisting of amphibole and
plagloclase with minor epldote, leucoxene, opaque oxlde and
quartz. It corresponds to basalt in composition (Table II.2)
and compares closely to the average Canadlan Archaean basalt
(Wilson et al., 1965, p.167).
The amphibole, a member of the tremolite-actinolite serles,

(Table 1I.5), ocecurs in large, ragged sieve-textured plates,
pale green, but more Intense at the margin than in the core,

‘The plagloclase determined by electron probe is andesine, An27.
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Table II.2 Analysis of plagloclase amphibolite from Reservation 34,

WT.% clpw norm
S10p 50,50 or 1.52
A1203 14 .60 ab 20,94
FeO 9.18 an 24,15
MgO 10,10 en .59
(01:10) 11.20 higs} 16.80
K~0 .25 di 25.65
Na20 2.68 hd 0,00
HpOt 67 fo 9.45
HpO™ .06 fa 0.00
CO, .10 11 84
T10, A3 ap .07
PoOx .03
MnO .08
NiO .01
Crpo03 .07
S .06

100,02

Analytical méthods are described in Appendix VI.
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Epidote occurs as fine granular aggregates and larger subhedral
crystals comprising about 5% of the thiln section. Leucoxene,
opaque oxide and quartz are all minor constituents.

Tremolite-chlorite schist 18 fine-grained, well-folilated,

and contains occasional olivine relics. The chlorite has the
optical properties of clinochlore: colourless to very pale
green, clear, euhedral crystals with low blrefingence, small
positive 2V and a maximum extinction angle in longltudinal
sections of 9°. Twinning i1s prominent and some crystals are
curved. Tremolite occurs in small, dlscrete, grains, colourless
to light green, with low birefringence. Opaque oxide 1s the
only other constituent. Shearing causes fragmentation of the
tremolite along the cleavage and conversion of clinochlore to
irregular wispy, green penninite, with stralght extinction
and anomalous blue interference colours.

Analyses of clinochlore from an unsheared tremolite-chlorilte
schist (Table II.3) cluster in the clinochlore and sheridanite
fields of Hey (1954). (See also, Deer, Howle and Zussman, 1962,
v.3, p.137).

The tremolite-chlorite schist is interpreted as metamorphosed
olivine basalt. The average of the four analyses from Reservation
34 (Table II.U4) resembles analyses of metamorphosed plcritic
basalt from the Cape Smith-Wakeham Bay area (Wllson et al.,

1969, Table 7), and very olivine-rich basalt (Rittmann, 1962,
p.105). Rocks of very simllar compositlon have been descrilbed

from the Rhodesian Archaean (Bliss and Stidolph, 1971).



Table II.3 Electron microprcbe analyses of chlorilte in tremolite-
chlorite schist from Reservation 34,

weilght percent

No. of ions on basis of 36 (0,CH)

S105 28.17 30.13 | si 5.53 % 5.84 %
8.00 8.00
A1,04 16.33 14,58 Al 2.47 2,16
MgO 38.89 34,17 | AL 1.31 1.17
FeO 8.12 8.83 | Fe®  1.33 1.43
MnO .09 .09 | Mn .02 % 12,58 .01 12,49
ca0 .00 .01 Mg 9.92 9.88
(B,0)  (12.23) (12.36) | Ca 0.00 0.00 |
98.83 98.21 (OH) (16.02) (15.99)

Water has been calculated on the basis of 8 molecules for every

28 oxygen atoms.



Table II.4 Chemical

analyses and CIPW norms of tremolite-chlorite schist from Reservation 34,

26

weight percent

1 2 3 4 average
S10, 41.50 44,60 47.00 44,80 4 48
Alp05 9.60 12,80 8.20 7.00 9.40
FeO 13,14 9.36 9.90 9.54 10.49
cao0 5.00 7.20 7.10 8.60 6.98
Mgo 22,50 19.00 20.50 20.50 20.63
Kp0 0.00 .05 .05 .05 .03
Nag0 .13 .70 .65 .35 46
MnO .07 .07 .06 1 .08
Crp03 .39 .29 .32 .31 .33
T10, .20 .20 .16 .16 .18
Pp05 .04 .00 .00 .00 .01
HpO* 6.06 3.61 4,04 4,54 4.56
Hy0" 24 A1 .09 .05 .10
s .02 .09 .10 .07 .07
Co, .10 .30 .10 3.20 .93
Total 98,89 98.38 98.27 99.28 98,73
S.G. 2,97 3.02 2.98 2,97 2.99
CIPW noxrms
c A2 - - - -
or .00 «31 32 .32 .19
ab 1.19 6.29 5.86 3.24 L.19
an 26,56 33.58 20.57 19.03 25,27
a1 .oo} 2.67} 4 10.&9} 17.24} 7.28}
0.00 3.7 13.59 22,18 9.55
he .00 .80 3.10 1} .27
en 22.25}3 . 21.02}28.26 29'23}39.11 22.76}30. " 23.71}32.20
f8 .22 T.24 9.88 7.48 49
fo 26.90} 19.60} 1&.2é} 17.62} 19.74}
39. 27.04 19.52 24,00 27.53
fa 12,28 7.4 .30 6.38 7.79
11 A 4o .32 .33 37
er .62 45 .50 .50 52
ap .10 - - - .03
. Py .05 .20 .22 .16 .16
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Table II.5 Electron microprobe analyses of amphibole from Reservation 34.

plagioclase amphibolite tremolite chlorite schist
1 2 3 L
510, 52.40 51.98 52.97 53.94
T10, .08 .06 n.d. n.d.
Mg0g 3.69 4,76 6.04 3.43
FeO 13,82 .27 747 T.32
MnO .33 .33 .18 .23
Mgo 14,36 13.32 21.40 22.49
N10 .01 . .00 n.d. n.d,
cao 12,22 11.85 8.60 8.85
Nas0 n.d. .58 .88 1.11
K20 n.d. .13 .10 .0l
(HoOt) 2.05 2,06 2.14 2.13
Total 98.96 99.33 99.78 99.65

Water 18 calculated on a basis of 1 molecule of Hpo0 for every 23 oxygen atoms.

No of ions on basis of 23 0

s1 7.640 T.573 7.383 T«550,
8.00 8.00 8,00 8.00

Al .360 427 617 L1450

A 274 ) .390) +375) ,116)

T .009 .007 - -

Fe? 1.685 1.739 871 857

Mg 3.121 2.892 4 446 4.691
7.04 7,00 *7 .00 7.02

Mn Lol Lol ( .021 .027

N1 .001 .000 - -

ca 1.909 1.850 1.284 1,327

Na - J .080 | 010 - J

Na - 084 .228 301
0,00 0.11 0.25 0.31

K - 024 .018 .007

(oH) 1.994 2,002 1,990 1.990

total iron content reported as FeO

Following Stout 31972) the cations have been allocated as follows :~
8 tetrahedral (T) sites occupied by Si and Al

5 Bmall octahedral M; sltes occupied by Mg, Fe, AL. Mn and Ti
2 large octahedral (M) sites occupled by Ca, Na, Fee, Mg and Mn

} combined
1 A-site occupiled by Na and K



28

Biotite-bearing plagioclase amphibolite consists of fine,

generally aclcular, green pleochrolc actinolite and brown bilotite
in a matrix of quartz and plagioclase. The plagioclase is

andesine with a composition An38, determined optically. Where
aggregates of quartz are developed, straight boundaries and
triple-point junctions approaching 120° indicate recrystallization.
Undulose extinction is slightly developed. Actinolite occurs in
small aclecular crystals pleochroic in pale green with colourless
cores. Deep brown bilotite is distributed in streaks suggestive

of original compositional variatilons.

Quartz-bearing amphibolite 1s rare and consists almost

entirely of hornblende and quartz.

D METAMORPHISM

In the most recent metamorphic facies nomenclature of
Turner (1968, p.307) the almandine-amphibolite facies 1is renamed
the amphlibolite facles and the epldote-amphibolite facles is
consldered a transition between the greenschist and amphibolite
facles. An examination of the mineral assemblages present in
pelitic, quartzo-felspathic and basic rocks 1in the greenschist,
epldote amphibolite and amphibolite facies (Turner, 1968, Chap.7),
suggests that in ambiguous examples an analysis of both
plagloclase and amphibole is necessary to declde the metamorphic
grade, The compositional differences are summarized in Table II.6.

The mineral assemblage in the metasediments is quartz-

blotite-garnet-muscovite., Neither plagloclase* not amphlbole

* The very fine-gralned nature of the argillites makes optlcal
ldentification difficult and these were examined for plagloclase
by electron microprobe,
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is present so there 1s no way to determine unequlvocally the

metamorphic facles,

Table IT.6. Some mineralogical characteristics by which to
distinguish low- and medium-grade metamorphlec facles.

mineral greenschist epldote-amphibolite amphibolite
facles faciles facles
plagloclase albite albite & ollgoclase An25_60
with up to An25
amphibole non-aluminous low aluminous horn- hornblende
actinolite blende or actinolite

with up to 8% Aly0s3

The plagloclase in the plagloclase amphibolites 1s
andesine (An27) and the amphibole 1s a low-alumlna hornblende
close to actinolite in composition (Table II.5). Thus the
plagioclase amphibollite 1s of a metamorphic grade transitional
between the greenschist and amphibolite facies, the epidote
amphibolite facles, The presence of chlorite in the tremolite-
chlorite schist would apparently place the rocks in the green-
schist facies of metamorphism but chlorite 1s recorded from
basic assemblages in the epldote-amphibolite faciles (Turner,
1968, p.303) and in magneslan assemblages in the amphibolite
facies (Lyons, 1955, p.118).

garnets from the metasedimentary unit analyzed by electron
microprobe (Table II.l) are principally almandine together with
approximately equal proportions of spessartine, pyrope and
grossular, The cores are slightly enriched in spessartine and
grossular and depleted in almandine and pyrope compared to the

margins. Almandine in the greenschist facles tends to be



30

enriched in the spessartine molecule compared to almandine in
the amphibolite facies, but Miyashiro (1953) has shown that
thls enrichment 1s relative and dependent upon original bulk
compositlion of the rock. Hence the MnO content of isolated
speclmens from a regionally metamorphosed terrain cannot be
used to estimate the metamorphic grade.

Miyashiro (1953, fig.5,6 and 7) and Brown (1967, fig.23)
have demonstrated that garnet in rocks from the amphibolite and
epidote-amphibolite facies tend to fall in the almandine apex
of a spessartine-pyrope-almandine compositional trlangle: the
composition of both the core and the rim of the garnets in
Reservation 34 plot towards the almandine apex. Thus 1t 18 not
posslible to use garnet composition to distinguish between the
amphlbolite and epldote-amphibolite facies of metamorphism.

It 18 concluded that the metavolcanic and metasedimentary
units have been metamorphosed to the epidote-amphibolite facies,

transitional between the amphlbolite and greenschist facles.

E GRANITES AND GNEISSES

The supracrustal rocks 1n Area II are separated by a fault
from granodiorite gneiss to the SW. The granodlorite gnelss is
grey to grey-green, depending on maflc mlneral content, coarse-
grained, foliated, and with a tendency to a granoblastic texture.
It consists of quartz, plagloclase, biotlite, hornblende, garnet
and occasional microcline with accessory apatite, sphene, opaque
oxlde and serilcite. The plagloclase 1s andesine with a composition

An) 5 determined optically; microcline 1s not normally present.



Blotlte occurs 1ln deep brown pleochrolic crystals when hornblende
i1s present and in deep ollve-green crystals when hornblende 1s
absent. Hornblende 1s green pleochrolc and anhedral. Epldote 1s
a late mineral, as elther large euhedral crystals transecting
blotlte or as minute granules 1ln small shear zones with granular
quartz and plagloclase., Garnet 1s extremely polkiloblastic and
occurs as round grains or fragments which deform the pervasive
follation in the rock.

The country rocks of Area I are granite and gneilssic
granite with minor amphibolite. The granitic rocks are pre-
dominantly pink in colour, masslive to lightly foliated, consisting
of quartz, lightly sericitised oligoclase, mlcrocline, olive-
green blotite, serlcite, opaque oxide, apatite and zircon. The
more gnelsslc varietles are darker in colour and have blotilte
and hornblende strewn throughout the rock. The amphibolite is
altered; hornblende is fragmented along the cleavage and partly
Areplaced by chlorite and the blotlite has been replaced by a
fine opaque aggregate of hematite. In the far northern portion
of the Reservation unaltered amphlbollite occurs with gneilssic
granite similar to that in Area I. The plagioclase amphibolites
are well banded, flne-grailned assemblages'of hornblende,

ollgoclase and quartz with mlnor leucoxene and sphene,

F CONCLUSIONS

The wall-rocks to the ultramafices 1n Area III, the meta-
volcanic and metasedimentary unlts show evidence of two

deformations, one producing a pervaslve follatlon and the other
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a non-pervasive cleavage. They have been metamorphosed to the
epldote-amphibolite facies a lower grade than normal for the
Wabowden sub-Province. Lithologically they resemble either
the low grade rocks which outcrop sporadically in the Wabowden
Sub-Province or volcanics and sediments characteristic of
Archaean schist belts.

The wall-rocks to the ultramafics in Area I are granite
and gnelsslic granite with minor amphibolite. The metamorphic
grade 1s in the amphilbolite facles, and lithologlcally they

resemble granites and gneisses in the Wabowden Sub-Province.
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IIT CONCLUSIONS REGARDING THE POSITION OF RESERVATION 34

It is clear from Figures I.2, I.3 and I.4 that Reservation
34I11es south of a direct continuation of both the Setting IlLake
Lineament and the Wabowden sub-Province so that it could be
underlain by Plkwltonel or Superior Province rocks.

The Setting Lake Lineament has been mapped by Rance (1966)
to within 3 miles of the edge of the Palaeozolc. The aero-
magnetlic pattern of the Klsseynew gnelsses to the NW and the
granodiorite gnelss to the SE of the Lineament are quite
distinct (Kornilk, 1969); both can be traced for a few miles
under the Palaeozolc cover where they are interrupted by a
north to south lineament (Fig. III.l). West of this lineament
the aeromagnetic pattern 1s complicated and does not indicate
a simple continuation of the geology of the Nickel Belt beneath
the Palaeozoic rocks. The Setting Lake Lineament bifurcates
and alters strike to the NE of Thompson (Bell, 1971, Fig.2)
and 1t may behave in a simllar fashion beneath the Palaeozoic.
One posslble continuation passes to the west of Reservation 34,
but it 1s also possible that one of the two llneaments beneath
Reservation 34 is a continuation.

Reservation 34 may be divided into four reglons of differing
magnetic* relief and pattern (Flig. III.1l). Reglon 1 has high

* The following aeromagnetic mape published Jolntly by the Dept.
of Mlnes and Technical Surveys, Ottawa and the Dept. of Mines
and Natural Resources, Manitoba, have been used:- 7135
G Sipiwesk; 7740 G Grand Rapids; 7132 G Wekusko Lake; 7136 G
Nelson House, published between 1965 and 1969 at a scale of
one inch to four miles.
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and lrregular magnetic relief with contours elongated in a WSW
directlion. This reglon lies SW of the granulites of the Pilkwitoneil
Province although the magnetlc pattern 1n the granuliltes is
distinet in both pattern and dlrectlion. The reglon may be an
area of retrograde granulites but there is no dlamond drill
information by which to verlfy thls. Region 2 has medlium and
irregular relief in which the magnetlc contours are elongated
in a north to south directlion. The reglon 1s sharply demarcated
from regilon 1 and may represent an extenslion of the Archaean
rocks of the Cross Lake sub-Province where a structural dis-
continuity is known to occur between them and the granulilte
of the Pikwitonei Province to the north (Wilson and Brisbin,
1662, Fig.3). Reglon 3 is a linear zone of irregular and high
magnetlc relief underlaln by maflc volcanles and pelltic schists
metamorphosed to the epldote-amphibolite grade (Chapter II).
Region 4 consists of smooth and low magnetic relilef. The SW
corner of the Reservation, Area 4', is underlain by garnetiferous
granodiorite-gnelss without cordlerite or sillimanite. These
rocks resemble gnelsses collected from parts of the Wabowden
sub~-Province and closely match Rance's (1966, p.67) description
of garnetiferous granodlorite gneiss from the Wabowden sub-
Province. The more massive granites of region 4" are not
distinctive and simllar granites may be found on either slde
of the Settling Lake Lineament. No diamond drilling has been
undértaken in region 5, whilch has an aeromagnetlc pattern
resembling that in Region 4.

No unequlvocal conclusion can be made regarding the

classification of rocks beneath Reservation 34. The extreme
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Fig.III.1l Interpretation of the sub-surface geology of
Reservation 34 in the context of the known regional geology.
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To the NE of the Palaeozoic cover the aeromagnetic patterns
"can be related to surface geology and the sub~divisions are

indicated by heavy lines. Aeromagnetic sub-dlvisions beneath
the Palaeozolc rocks are faintly outlined and thelr relation

to geology 1s inferred. Dashed lines are faults and linea-

ments. Aeromagnetic data from Federal-Provinclal aeromagnetic

map series, Wekusko Lake 7132 and Grand Rapids 7740. The
numbers represent areas of characteristic relief described

in Chapter III.
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western portlon 1s underlain by rocks resembling those found

in the Wabowden sub-Province. The metamorphlc grade of the
Wabowden sub-Province 1is predomlnantly in the amphlbolite faciles
but rocks of lower metamorphic grade are known (see p.8).

Godard (1968, p.5) has described magnetite-bearing iron forma-
tion and quartzose sedlmentary rocks, metamorphosed to the
epldote-amphibollte facies only, which are simllar to those of
the metasedimentary unlt. Thus the metavolcanlc and metasediment-
ary unlts may belong to the Wabowden sub-Province. However,
tr.ese rocks are also lithologlcally simllar to volcanics and
sediments in Archaean greenstone belts; indlcatlng that rocks

of the Cross Lake sub-Province may sub-~outcrop beneath part of
Reservation 34.

Ultramafic bodies forming a SW continuation of the Manltoba
Nickel Belt might sub-outcrop in the extreme west of Reservatlon
34, If, as country rock lithology suggests, Archaean rocks of
the Superlior Province extend beneath the Reservation, then

Archaean ultramaflc rocks might also occur.
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IV ULTRAMAFIC ROCKS OF AREA III

A COMPOSITION OF THE SERPENTINITES

The ultramaflc rocks of Area III were emplaced in the
vicinity of the contact between the metavolcanlc and meta-
sedimentary units (Fig.II.l).

They are completely serpentinlized dunlte; contalning
lizardite, clinochrysotile, antigorite, magnetite and chrome
8pinel, wilth minor chlorite, dolomlite and tremolite developed
subsequent to serpentinlzatlon. The detalls of the mineralogy
are described in the followling sections,

An average of 5 analyses of serpentinized dunite are
shown in Table IV.1l, together with an average analysis of
the Moak Lake serpentinite (Macdonald, 1960), and an average
of 24 serpentinites from the Manitoba Nickel Belt (Coats, 1966).
The analyses show the Area III serpentinites to be richer in
810, and poorer in MgO than the Manltoba Nlckel Belt analyses
previously publlshed,

B PRIMARY NATURE OF THE ULTRAMAFIC ROCK

1 Introduction

The dlverslity in origin, mode of emplacement and tectonlec
history of ultramafic rocks has been documented by Wyllle
(1970, 1967 and Naldrett and Gasparrini (1971) who show in
effect that any ultramaflc body has to be considered in terms
of three parameters:- (1) the petrogenesis; (2) the tectonic

environment during rise, emplacement and cooling and (3) the



Table IV.1l Analyses of serpentinites from Area III and the

Manitoba Nickel Belt.

1, 2. 3.
$10, 38.42 35.73 36.46
Alp03 1.68 1.95 3.00
FeO 8.63 8.48 Q.43
ca0 .70 .29 .76
MgO 33.68 39.10 35.65
K0 .01 .00 .02
Na,0 .01 nd .03
HpoO* 12,26 12,11 10.92
HoO0~ .54 nd .28
Cop .90 .60 .80
MnO .07 .05 .09
Crp03 b .5l R
T10, .07 .10 .15
Ni0 .31 .34 .91
P205 nd nd .05
S .06 .63 .50
Co0 nd .02 nd
97.78 99.94 100,23

1. Average of 5 serpentinites from Area III. 2, Average of
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5 Manitoba Nickel Belt serpentinites (Coats, 1966)., 3. Moak

Lake serpentinites (Macdonald, 1960). Analytical methods
are described in Appendix VI.
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Subsequent tectonlic and metamorphic history. The first two
parameters are closely interrelated; the petrogenesis will
determine the characteristic chemical and mineralogical features
according to whether fusion or crystallization occurs; the
tectonic environment, orogenic or anorogenic, will imprint
distinctlve textural and structural features on the ultramafic
body. Tectonlc and metamorphic activity subsequent to initial
emplacement may modify or destroy primary mineraloglcal and
textural features.

It 1s reasonable to refer all ultramafic rocks, other
than those produced solely by metasomatic activity, to a mantle
origin, but the process of derlvation varies. Complete fusion
of the mantle would result in the production of an ultrabasic
magma which, 1f introduced as such, would form a high-temperature
peridotite. This magma is capable of fractional crystallization
and 1f placed in a tectonic environment in which it cools slowly
will form a stratiform complex of ultramafic and mafic rocks,
which may remain near the mantle or be intruded, in whole or in
part, at various levels in the crust. Partial fusion of the
mantle would produce a baslc magma and a peridotitic residue,
the relative proportions of which will depend on the degree of
partlal fusion. The basic magma can be separated from the residue
and intruded as a magma, or migrate and fractionally crystallize
to produce a stratiform intrusion. The peridotitlic residue,
whose characteristics are determined by the partial fusion
process, could 1tself by moved tectonically and emplaced as a

solld, or 1if sufficlent interstitial liquid 1s present, as a
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crystalline mush., Finally ultramafic rocks may be derived
directly from the mantle by thrusting, to be exposed in deep
ocean trenches or suitable continental environments. While
these ultramafic show characteristics of solid intrusion, they
also show characteristics of thelr mantle orligin.

The tectonlc environment may be considered as orogenic
or anorogenic., In an anorogenlc environment magma has time and
space to fractionally crystallize to produce stratiform intrusions,
dominated by cumulus textures. These bodies remain assoclated
with thelr primary, thermal, metamorphlic aureole. In orogenic
environments liquld magma may be forced to mlgrate, as soon as
1t forms, to higher levels and thus become separated from the
increasingly ultramafic residue. The residual material may be
emplaced, as elther a solld or a crystal mush, so that flow
structures and deformation textures characterize the resulting
ultramaflc rock. Such ultramaflic rocks are not assoclated with
a thermal metamorphlic aureole,

Subsequent tectonlc and metamorphlic events may modify the
primary features of an ultramafic body, superimposing structural,
textural and posslbly chemical features that were not char-
acterlistic of the environment in which it originally formed. It
18 not necessary for stratiform intrusions, for example, to form
only 1n the stable crustal reglons where they are so often pre-
served intact. Thayer (1969) believes that most Alpine-type
peridotites are disrupted fragments of deep stratiform or
cumulate bodies, Challis (1965) and Cotterill (1969) have

described ultramafic bodies from New Zealand and Rhodesia
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respectlvely, normally thought of as Alpine-type, which have
some features of cumulates., Conversely, ultramafic bodies
consisting predominantly of dunite and harzburgite should not
necessarlly be classed as Alpine-type, especially if they occur
away from readlly recognizable orogenic belts. Ultramafic rocks
whose emplacement 18 controlled by major crustal fractures
could simulate Alpine-type ultramafics but have a different
origin. "Thus the term Alpine peridotite 1s considered to have
significance in designating a perldotite occurring in an
orogenic environment but which generally may have one of several
quite distinet origins" (Green, 1964, p.185).

Metamorphlism can severely modify the chemical characteristics
of ultramafic rocks, but at least in the lower grades of meta-
morphiém sufficient textural and structural features by which
to ldentify the origin may be preserved (esg., Allard, 1970).
Serpentinization may modify the bulk composition, as well as
textural and structural features if accompanied by deformation.
Na, Mn, Cr, Sc, Co (Stueber and Goles, 1967) and N1 contents
(Goles, 1967, p.358; Faust et al., 1956) are static during
Serpentinizatlon, and chemical characteristics dependent upon
these elements could be used to 1ldentify the pre-serpentinization
orlgin of an ultramafic,

Thus 1t 18 not valid to envisage ultramafic rocks as
belonging to one of two or three distinct types, of which Alpine
and stratiform intrusions are.predominant. There are physical,
chemlcal and mineralogical differences between various types of

ultramafic bodies (Irvine and Findlay, 1972; Jackson and Thayer,

1972; Thayer, 1960; Green, 1964) which depend on the petrogenesis,
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(fusion or crystallization) and tectonic environment of
emplacement (orogenic or anorogenic). These distinctive
structural and mineraloglcal features may be used to inter-
pret the origin and history of ultramafic bodles in environ-
ments atyplcal of those normally associated with one or other
of the major types,

It must be concluded that an empirical approach is
necessary 1ln interpreting the origin of ultramafic bodies.
This 1s especlally true of ultramafic bodies like those in
the Manitoba Nickel Belt, whose form and environment are not

typical of elther Alpine or stratiform types.

2 Mineralogy and Petrology

The ultramafic rocks in Area III are completely ser-
pentinized, the only primary mineral being the chromite cores
of some secondarily zoned spinels. The serpentinites are, for
the most part, completely unsheared, so that igneous textures
are well preserved,

Serpentine after olivine is prominent in thin section
and hand specimen, where it appears as dark, euhedral to
subhedral, pseudomorphs in a light green antigorite matrix.
These pseudomorphs are interpreted as derived from olivine for
the followlng reasons:- (1) the shape, typlcally elght-sided,
somewhat rounded and frequently elongated (Plates 1, 2, 3 etc,),
is characteristic of primary magmatic olivine crystals and shows
to advantage where small areas of interstitial serpentine
(Plate 3) or magnetite (Plate 2) outline the pseudomorphs;

(2) the pseudomorphs display true mesh texture, which develops
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only from olivine, in contrast to pseudomesh texture which
develops from pyroxene (Wicks, 1969). The shape of the pseudo-
morphs (Plate 3) corresponds to the shape of similar pseudo-
morphs from Area I in which relict olivine is found.

Bastite pseudomorphs after pyroxene are very rare and not
distingulshable in hand specimen. They are interpreted as
pseudomorphs after pyroxene for the following reasons:- (1)
the more euhedral resemble longitudinal or transverse sections
of pyroxene. Longltudinal sectlions display a single cleavage
parallel to the length of the crystal, while cross-sections
frequently show a relict intersecting (110) cleavage. The
Subhedral pseudomorphs are Interstitial to the olivine pseudo-
morphs (Plate 16), sometimes in a manner suggestive of a
relict polkilitic texture; (2) they do not show true mesh
texture but consist elther of a felted mesh of serpentine or
randomly orilented, isotroplc, serpentine.

Bladed pseudomorphs that resemble serpentinized amphibole
have been observed in one thin section (Plate 14) from the
centre of a serpentinite body.

Small interstitlal patches of unknown primary composition
occur throughout the serpentinite (Plates 2 and 16) and are
interpreted as crystdlized interstitial material in an olivine
cumulate. The interstices, now occupled by a mixture of ser-
pentine, magnetite and carbonate, have in some cases been en-
larged by growth of the carbonate.

Accessory chrome spinel comprises about 1% to 2% of the

rock and no banded or segregated chromltites are known. Chrome
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spinel 1s interstitial to olivine pseudomorphs and is zoned from
chromite 1n the core through ferritchromit to magnetite at the
rim, Electron microprobe analyses of the cores (Table IV.3)

show that they fall within the compositional fleld of chromite
from layered intrusions (Fig.VIII.l) partly overlappling the
field of Alplne-type intrusions (Fig.VIII.2). The ferritchromit
rims are consldered of secondary origin. The details of spinel
petrology are discussed in Chapter VIII.

Orliginal magmatic sulphide has not been recognized.

3 Texture and Structure

The serpentinltes in Area III are characterized by the
ready recognition of pseudomorphs of the primary ultramafic
minerals and textures., These indicate that the rocks were
originally olivine cumulates with 1% to 2% of accessory chrome
spinel, and less than 5% interstitial material (Plates 1, 2,
etc.). In a few samples bastite pseudomorphs suggestive of an
Intercumulus origin (Plate 16) indicate that harzburglte was
& very mlnor rock type. Elongate ollvine similar to that
1llustrated 1n Plate 1 i1s also found in some ultramafic ex-
trusives (Wicks, personal communlcation, 1972), but the thick-
ness of the Area III ultramafics and the absence of spinifex,
or quench, textures would mitigate against their being extrusive,

Textures that result from the protoclastic deformation of
ultramaflcs consequent upon the intrusion of an essentially
crystalline materlal have been described by various authors,

for example, Raleigh (1967); Lipman (1964) and Ragan (1963)
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and include:- (1) strain lamellae parallel to (100) in olivine,
resulting from sub-parallel kink bands; (2) rounding and
granulation of ollvine (Plate 17); (3) large porphyroblasts of
olivine in a matrix of finer grains; (4) clusters of small
olivine grains differing only slightly in crystallographic
orientatlon which result from the disruption of larger grains;
and (5) ragged appearance of pyroxene crystals that may also
be bent or otherwise deformed (Plate 18). Interdigltated and
interlocking graln boundaries and the absence of fine-grained
olivine indicate that recrystallization has accompanied deforma-
tion.

Serpentinization will destroy any optical irregularity
resulting from deformation; but the morphologlcal textures will
survive provided that deformation does not accompany, or follow,
serpentinization. Wicks (1969) interprets the distinctly in—'
equigranular, 'bimodal' serpentine texture illustrated in Plate
17 as resulting from the serpentinization of a deformed dunite
consisting of porphyroblastic olivine in a matrix of fine
olivine (Plate 18), No serpentine textures suggestive of this
mode of origin have been recognized in Area III.

The avallable textural evldence indicates that Area III
ultramafics formed from a liquid crystalllzing olivine, spinel
and minor pyroxene. The lack of textures suggestive of proto-
clastic deformatlon resulting from intrusion in a crystalline
state suggests crystallization in situ, or very thorough
lubrication at the tectonic contact with country rock if

emplaced as a solid.
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Ground and alr magnetic surveys indicate that the ultra-
mafic bodles are lensoild in shape, varylng between 2000 and
4000 feet in length. The maximum drill hole intersection 1s
about 1000 feet; the dip 1s uncertaln but steep and probably
to the SE, indicating a true thickness of about 750 feet. The
form and structure of the bodles within these gross dimenslons
is not known, but the complete lack of internal deformation
suggests that they are unlikely to be highly folded and that
this indicated thickness is true., Only mlnor amounts of country
rock are intersected within the masses; this together with the
thickness of the bodles suggests that they are not extrusive

in origin. Spinifex textures have not been observed,

4 Summary and Conclusions

(a) The ultramafic rocks of Area III were origlnally dunlte
containing accessory chrome spinel., Harzburgite was a very minor
rock type.

(b) Primary magmatic sulphide has not been recognized.

(¢) Relict primary textures indicate an original ollvine
cumulate. Relict deformation textures consequent upon the solid
intrusion of a crystalline mass have not been observed, This
suggests that the ultramafic body crystallized in situ, or, if
intruded as a crystalline mass, was sufficiently well lubricated
at the tectonic contacts to preclude internal deformation.

(d) The ultramafic bodies vary between about 2000 to 4000
feet in length and are about 750 feet thick; these dimenslons

suggest that the ultramafics were not extrusive.
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(e) The composition of the chromite cores to zoned spinels,
the only primary minerals remalinlng, straddle the compositional

fields of chromite from layered intrusions and from Alpine-type
bodies,

C SERPENTINE MINERALOGY

1 Introduction

The serpentinlzed dunite is characterized by lizardite-
chrysotile mesh textures. Individual olivine pseudomorphs dis-
playling mesh textures are fringed and velned by later antigorite
1ntermixed wlth small amounts of chlorlte. Opaque iron oxlde,
largely magnetite formed during serpentinization, is more
prevalent near mesh-textured serpentine than near antigorite.
Bruclite has neilther been observed nor lidentifled in X-ray

microbeam photographs,

2 Mesh-~Textured Serpentine

Two types of serpentine flbre differing in optlcal
orientation are knownj ol -serpentine with length fast flbres
(negative elongation) and V¥ -serpentine with length slow fibres
(positive elongation). Optical orientation of the flbres forming
the mesh rims provides a convenlent means of describing the mesh
structures, Llzardlte may be «-serpentine or Y-serpentine;
antigorite and chrysotile are ¥-serpentine,

The mesh textures in Area III serpentinites conslst of rims
of ol-serpentine separating sub-rectangular mesh centres of an

isotroplc serpentine, frequently referred to as serpophite,
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The geometry of mesh textures varles and is generally
irregular. No attempt has been made to determine the symmetry
of the texture as described by Wicks (1969), but most can be
described as typical Sub~rectangular mesh patterns (Plates 3
and 4). Mesh texture may look extremely irregular in plane-
polarized light, but under crossed nicols, the mesh directions
are parallel to faces of the original olivine crystal. The
mesh texture in which the individual olivine pseudomorphs are
clearly visible (Plate 4) is very typical of Area I1I.

Ribbon structure, in which one mesh rim direction is
preferentially'developed, 1s less common and results in a
Series of parallel cross-fibre velnlets with or without inter-
vening mesh centres. Francis (1956, P.220) has suggested that
ribbon structure is promoted by shearing, whereas Hess, Smith
and Dengo (1952) have suggested that the formation of antlgorite
1s promoted by Sshearing. The development of ribbon texture and
antigorite are not complementary in the Area ITI serpentinites,

The mesh rims are bipartite, consisting of a thin central
zone of elther structureless or randomly orientated serpentine
separating marginal zones of K -serpentine fibres radiating
normal to the vein wall (Plates 7 and 8). Very fine grains of
opaque oxlde may occur along the central parting., The median
may be more than Just a parting; it sometimes approaches the
marginal fibre zones in width (Plate 8). When this occurs the
serpentine becomes orientated normal to the length of the vein
as a mixture of &- and Y¥-serpentine. In these cases the vein

is strictly tripartite but the original terminology of
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Francis (1956), subsequently followed by Coats (1966) in
describlng serpentine from the Manitoba Nickel Belt, will be
followed here.

External mesh rims to serpentinized olivine are rare
(Plate 10). This may be due to later development of antigorite
around the margins of the serpentinized olivine, although
serpentinized olivine with neither feature is common (Plate 4),
The shape of mesh centers on opposite sides of a mesh rim
occaslonally indicates displacement across the mesh rim.

The mesh centres are elther colourless or pale shades of
red-brown, with a dusty or cloudy appearance (Plate 3), and
lsotropic (Plate 4). This material has been named serpophite
in the past, although its mineralogical nature remained in
doubt. Deer, Howle and Zussmann (1962, v.3, p.183) suggested
1t could be amorphous serpentine, olivine or enstatite, while
other writers have suggested it to be randomly orientated,
fibrous, crystalline serpentine. Electron microprobe analyses
(Table IV.2) show that Area III mesh centres have the composition
of serpentine. X-ray powder diffraction patterns taken with a
Debye-Scherrer camera, could not be conclusively interpreted
due to the small number of reflections. This probably results
from the small amount of material that could be removed from a
‘thin sectilon,

X~-ray microbeam studies* were undertaken at the Royal

Ontario Museum by Dr. F. Wicks; these showed the mesh centres

*Detalls of the mlcrobeam studies are presented in Appendix II.



Table IV.2 Partial electron microprobe analyses of serpentine species (w89, Area III).

. 1 2 3 4 5 6 7 8 9 10 11
¥esh centres-lizardite & clinochrysotile lesh rims-lizardite Antigerite
# #2 #3 Av.#1 to #3 #1 #2 . #3 Av.#1 to #3 #1° #2 Av.$l & £2

S10, 44,19 42.49 42,46 43,05 n2.24 M2 ko7 4.2l | k0.97 40.23 40.62
Al;04 .65 .57 A5 .56 .09 .02 .17 .09 3.48 3.18 3.33
¥g0o 38.60 37.76 37.72 38.03 5.31 43.51 42.77 42.53 40.81 40.62 40.72
N10 .23 41 .do .35 .36 .18 .20 .25 .28 .31 .30
¥no .11 .14 .27 .17 .00 .00 .00 .00 n.d. n.d. n.d.
cao .36 .67 77 .60 .00 .00 .00 .00 .00 .00 .co
FeoO 4.03 5.42 6.56 5.34 3.9% 4.39 3.58 3.97 2.89 3.13 3.01
{(H0 ) 12.93 12.66 12.73 12.77 12,82 12.93 . 12.63 12.79 12.97 12.79 12.858

101.10 100.14 100.36 100.87 100.76 102.29 99.53 100.94 101.41 100.26 100.84

. Number of ions on basis of 9(0,0H)

S1 2.05 2,01 2.00 2.02 1.98 1.91 1.91 1.94 2.00 2.00 2.¢C) 2
rtt og 2-05 '00}2.01 .00}2.00 -00}2.00. '01}1.98 .00}1.91 .0111.91 _01}1.91: “1112-00 "1} 2-€0 .11}"°°
Al o4 .03 .02 .03 .00 .00 .00 .C0 .08 .06 .07
¥g 2.6€ 2.66 2.64 2.66 2.88 3.00 3.00 2.97 2.81 2.83 2.82
Ni .01 .01 .02 .01 .01 .01 .0l .01 .01 .01 .01
¥n To0 2.89 ‘01(2-95 0 12+99 011295 ‘00 3.04 *00 3.18 ‘oo0t3-17 o031 PH3.01 293,02 St E R
Ca .02 .03 .ol .03 .00 .001 . .00 .00 .00 .00 .00
Fe .16, .21 .26 .21 .15 A7 .14 .16 .11 .12 .11
CH 4.00 4,00 4,00 4.00 4,00 4,00 4.00 4.00 4,00 4,00 4.00
¢} 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

The welight percentage of H,0 has been calculated on the basis of two molecules cf HyOfor every 7(0)
Details of the analytical procedure and standards for electron microprobe analyses are given in Appendix III

05
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to consist predominantly of randomly orientated clinochrysotlle
with subordinate lizardite in some centres. The random orienta-
tion would explain the isotroplc nature of the centres. More
rarely the centres are flbrous and slightly birefringent, the
fibres being orientated parallel to the long axis of the pseudo-
morph (Plate 9). The fibrous serpentine may surround featureless
isotropic serpentine. X-ray microbeam studles again lndicate
that the centres consist of a mixture of lizardite and clino-
chrysotile but could not demonstrate whether or not elther
mineral was restricted to the fibrous or isotropic zone. When
the mesh centres are fibrous there is a tendency for one
direction of mesh rims to predominate. These form cross-filbre
veinlets of &-serpentine (lizardite) alternating with inter-
vening fibrous mesh centres of J-serpentine (clinochrysotile).
In extreme development the cross-fibre veins may completely
replace the intervening {§-serpentine.

Microbeam studies show that the mesh rims consist of
lizardite in type 1 orientation.(Appendix II).

Electron probe analyses of llzardite from the mesh rims
(Table IV.2, cols.5-8) were recalculated in terms of (1)
Mg0-S10p-Hs0; (2) MgO-FeO-310p; (3) MgO-Al03-810, and (4)
MgO-FeO-HQO, (where FeO is total iron). They fall at the margin
of the compositional field of lizardite as demonstrated by
Whittaker and Wicks (1970, p.1l035).
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3 Bastite Pseudomorphs

Bastlte pseudomorphs after pyroxene are very rare but were
found 1n a heavily carbonated serpentinite at the base of one
drill hole. The olivine has been entirely replaced by antigorite.
The bastlte pseudomorphs are green, anhedral, somewhat cuspate
masses, between the serpentine pseudomorphs after olivine or
more rarely as euhedral pseudomorphs after longitudinal or
transverse sectlons of pyroxene.

The cross-sections consist of felted fibro-lammellar Y-
serpentine in a right-angled decussate texture suggestive of
the serpentinlzation being controlled by the (110) cleavage
ln pyroxene. Longltudinal and interstitial bastites are some-
times 1sotropic with a few fibro-lamellar flakes and occasilionally
an irregular assemblage of ®- and ¥-serpentine.

Much magnetlte, and some hematite, are assoclated wilth the
bastite, but 1t 1s unlikely that all of this results from the
serpentinization of pyroxene. Magnetite 18 not associlated with
antigorlte in Area III serpentinites, and it tends to accumulate
in fractures and in mesh-textured serpentine remnants. Thus
the magnetite assoclated with bastite pseudomorphs has possibly
migrated from the mesh-textured serpentine on replacement by

antlgorite. Only mlnor replacement of bastite by antigorite has

occurred,

4 Serpentine Pseudomorphs after Amphibole

Pseudomorphs resembling serpentinized amphibole have been

observed only once in Area III (Plate 1l4), The pseudomorphs are
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bladed with a distinct cross-parting and lack the true mesh
texture of the serpentinite in which they occur. Irregular
fringes of ®-serpentine develop from the cross-partings en-
closing pseudomesh centres of Y-serpentine together with some
isotropic serpentine. The outer edges of the pseudomorphs are

irregularly rimmed by o-serpentine developing normal to the

edge.

5 Antigorite

Antigorite 18 colourless, but with occasional pale green,
pleochroic patches in the coarser crystals. The birefringence
has a slight, but consistent and characteristic, anomalous blue
tinge. Textural evidence indicates that the antigorite developed
subsequent to the mesh-textured serpentine, initially as coarse
fibro-lamellar fringes around, and normal to the margins of the
mesh-textured olivine pseudomorphs, so that individual relicts
become clearly outlined (Plate 3). This texture 1s readily
apparent in both thin sectlon and hand specimen, the green
antlgorite matrix enclosing grey olivine pseudomorphs. Coarse
fibro-lamellar crystals of antigorite dlso develop from fractures
across the mesh-textured relics, forming 'curtains' of antigorite
along the fractures (Plate 6). The coarse antigorite 1s confined
to the margins and later fractures; the interior of the olivine
pseudomorphs is subsequently'replaced by finer and randomly
orlentated antigorite with a felted texture. When this replace-
ment 18 incomplete, the mesh rims of the remaining mesh-textured

serpentine are stlll parallel to each other, indicating a lack
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of deformatlon during the crystallization of the antigorite
(Plate 5). When the mesh-textured serpentine is entirely re-
placed by antigorite the margins of the olivine relics may
become obscure unless the fringe of coarse antlgorite, or an
outline of secondary magnetite, remains.

X-ray mlcrobeam photographs (Appendix II) confirm the
optical identificatlion of antigorite. Electron microprobe analyses
(Table IV.2) show the high Al505 content characteristic of
antligorite., It was diffilcult to obtain consistent analytical
results for antigorite, far more so than with lizardite and

clinochrysotile.
6 Summary

The serpentinlzed dunites of Area III are characterized by
the development of mesh-textured serpentine which pseudomorphs
the orilglnal olivine so a8 to leave the outlines clearly visible.
The mesh texture consists of mesh rims of bipartite cross-fibre
velnlets of «-serpentine or lizardite enclosing mesh centres
consisting of mixtures of lizardite and clinochrysotile. The
lizardite and clinochrysotile in the mesh centres is normally
randomly orientated resulting in isotropism under crossed nicols.

Antlgorite replaces the mesh-textured serpentine, initlally
as coarse filbro-lamellar crystals around the margin of, and
along fractures through, the olivine pseudomorphs. These fringes'
of antlgorite emphasize the outline of the olivine pseudomorphs.
Subsequently the centres of the pseudomorphs are replaced by a

felted mass of finer-gralned antigorite, which obscures the
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pSeudomorph outlines ultimately.

Bastite pSeudomorphs are very rare and consist of inter-
grown &~ and ¥-serpentine, Antlgorite replacement of bastilte
is minimal,

Serpentine after amphibole 1s rare and consists of ¥-ser-
pentine enclosed by fringes of A-Serpentine developing from
the edge of the pséudomorph and from cross fractures through

the pseudomorph.

7 Discussion

a General

In a detailed study of serpentine, Wicks (1969) has con-
cluded that the productlon of pervasive lizardite mesh textures
18 the normal earl& event of serpentinization. The mesh textures
may be replaced by various Secondary textures characterized by
chrysotile and antigorite,

Antigorite has not been synthesized in the laboratory.
Experiments with natural antigorite indicate that it is Stable
to higher pressures and temperatures than elther chrysotile or
lizardite. D.T.A. curves 8how that antigorite breaks down
between 782° and 802° C, whereas chrysotile and lizardite break
down between 637° and 715° ¢ (Faust and Fahey, 1962, p.77:

Nagy and Faust, 1956, Fig.5; Hess, Smith and Dengo, 1952,
Fig.l). Raleigh and Patterson (1965) experimentally deformed
Serpentine at temperatures up to 700°C and pressures up to

5 kbars, Serpentinites composed of antigorite and chrysotile

weakened as a result of dehydration and reaction to forsterite
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and talc above 500°-GOO°C; 1izardite—chrysotile serpentinites
weakened between 300° and 350°, Nelson and Roy (1958, p.78)
found antigorite reacted to chlorite, forsterite and tale at
605°C and 20,000 psi (1.36Kb). However, in this case chrysotile-

bearing serpentine also breaks down at the same pressure and

temperature.

been variously asecribed to the effects of thermal, regional opr
dynamic metamorphism. Wolfe (1967) nhas shown that antigorite
replaces mesh-textured Serpentine in the contact aureole of

an intrusive granite. Coats (1968, p.333) records the only
occurrence of antigorite in the Manitoba Nickel Belt as one
half mile from an Intrusive granite,

Wilkinson (1953, P.314) has found that antlgorite in some
Queensland ultramafic bodies formed from chrysotile when the
mafic wall-rocks had been metamorphosed to the albite-epidote-
amphibolite facles., He concluded that formation of antigorite
is mainly dependent upon temperature, and shearing stress is
not important. Thayer (1956, P.693) correlates Serpentine
textures containing antigorite with reglonal or thermal meta-
morphlsm. Cerny (1968) equates the formation of antigorite with
'high' dynamothermal metamorphism., Coleman (1966, p.17 and p.67)
states that antigorite-bearing 8erpentinites from New Zealand
are restricted mainly to metamorphic terrains,

Hess, Smith and Dengo (1952, P.T4) conclude that in addition
to heat, shearing stress, promotes the development of antigorite.

They point out that thermal metamorphism has, in some cases,



falled to generate antlgorite up to a temperature where re-
generated ollvine appears (Leech, 1953). They present evidence

for the development of antlgorlte at the albite-epidote-amphibolilte
facies of metamorphism. Leech (1953) described the development

of antlgorite from mesh~textured serpentine as a result of

intense shearing, and Francis (1956, p.220) the possible
development of antigorite resulting from shearing. Wicks (1969,
Table VIII.1l) found regional metamorphism to be the most common
agent of antigorite development.

Green (1961) describes antigorite replacing mesh-textured
serpentines in ultramafic breccias that have been subjected to
high intensity brecciation but not in those subjected to 'low
intensity brecciatlion'. Directed stress played no part in the
brecclation, temperature and fluld pressure helng the maln
variables,

Antigorite 18 chemically slightly different from chrysotile
and lizardite having a higher range of A1203 content (Nagy and
Faust, 1956), higher S510p, lower MgO and H20 (Whittaker and
Wicks, 1970; Faust and Fahey, 1962). The range of substitution
of Fe and Al 1s nearly the maximum possible (Whittaker and Wicks,
1970). The compositional varlations support Green's (1961, p.l10)
suggestion that Al and Fe 1n the rock are necessary constltuents
for the formation of antigorite. Coleman (1966) has suggested
that the lower H,0 and MgO content result from shearing stress
and that Al replaces Si 1n tetrahedral co-ordinatlon. As a
result of metamorphism, a substitution denled by Whittaker and
Wicks (1970).
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There i1s no unanimlity on the paragenesis of antigorite and
it cannot be unequlvocally correlated with ajf particular type
of metamorphism. It 18 chemically distinct from lizardite and
chrysotile; an additional factor, higher temperature, or pressure,
or both, is required for 1its formation. Texturally, 1t replaces
both chrysotlile and lilzardite. Evidence indicates that reglonal
metamorphism will aid in the formation of antlgorite.

The present author is not aware of experimental work
indicating differences in the stabllity fields of chrysotlle
and lizardite. The conditions of formatlon of lizardite-~
chrysotile interlocking textures are not understood. Lizardite-
chrysotile interlocking textures may replace lizardite mesh
textures, to be in turn replaced by chrysotile, Thile relation
suggests a progressive alteration, but the cause of the altera-
tion is unknown (Wicks, 1969, p.419-423), It i1s possible that
chrysotile and antigorite develop from lizardite as the result
of progressive metamorphism, but the paragenetic relation

between antigorite and chrysotile 1s not clear.

b Area III

The mesh-textured serpentine consists of lizardite mesh
rims enclosing isotroplc, randomly orientated lizardite-clino-
chrysotile mesh centres. Antigorite partly replaces the mesh-
textured serpentine. The presence of clinochrysotile and
antigorite in addition to mesh-textured serpentine indicate a
complex history of serpentinization. Antigorite shows that
the serpentinites have been reglonally metamorphosed to at

least the epidote-amphibolite facles. The clinochrysotile 18
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too fine to observe optically, so the textural relations between
lizardite and clinochrysotile are not known. Tt is uncertain
therefore whether they are contemporary or sequential.

Wicks (1969) has demonstrated a se‘quence of increasing
complexity of serpentinization in the Manitoba Nickel Belt
ultramafics from Manibridge NE towards Thompson (Fig.I.3), in
which the serpentine changes from lizardite mesh-texture to
lizardite-chrysotile interlocking textures and chrysotile
textures. The next stage of complexlty 1n this sequence would
be the presence of antigorite, which might be expected from
beyond Thompson to the NE. In Area III the Serpentine assemblage
18 lizardite-chrysotile-antigorite; this is only 40 miles SW of
Manibridge, where lizardite mesh-textures occur, and 1is thus at
variance wilth the sequence of serpentine mineralogy in the
Manltoba Nickel Belt. It is concluded that, either (1) the
Area IIT ultramafice are part of the Manitoba Nickel Belt but
have been involved in reglonal metamorphism, the effects of
which are hidden by the Palaeozoic rocks, or (2) they are not
part of the Manltoba Nickel Belt sequence of ultramafics.

D SPINEL MINERALOGY

1 Introduction

The spinels in Area III serpentinites consist of altered
zoned chromlte and secondary megnetite, which has formed from
the 1ron released from the primary silicates upon serpentinization.
The chrome spinels are concentrically zoned. When the zoning
is visible on polished sections due to reflectlvity differences

1t 1s termed optical zoning; when no such differences exlst, or
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are difficult to observe, cryptic zoning. Simply zZoned spinels

consist entirely of spinel phases of varylng compositlon and
may be optically or cryptically zoned (Plates 22 and 25

respectively). Multiply zoned spinels include zones of minerals

other than spinel within the grain boundary (Plate 24),
Magnetite occurs in two forms: as small, dlscrete,
homogeneous crystals throughout the serpentinlte (Plate 2) and

occasionally as the extreme outer portion of the zoned spinels.

2 Simply Zoned Spinels

a Morphology
When a complete sequence of zoning is present, a sSimply

and optically zoned spinel consists of a homogeneous grey,

chromite core, surrounded by ferritchromigiwith low reflectivity
which varies continuously and regularly in composition and
reflectivity towards magnetite at the margin of the grain of

very much hlgher reflectlvity (Plates 22 and 22), The composition

of the rim may not always reach magnetite. Simply and cryptically

zoned spinels are formed when the original chromite core has
been eliminated (Plate 25); other cases of this zonlng are apparent
only and result from the plane of the sectlon passing through
the ferritchromlt rim.,
The rounded shape of the chromite cores 1s characteristilc;
1t may vary from nearly spherical (Plate 23) to rectangular,
but the corners of the non-spherical cores are always rounded

(Plate 22). Sharp angular corners of the type lllustrated in
Plate 32 are absent.

* Defined on p.143
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The contact between ferrltchromlt and chromite or magnetite
1s not marked elther by a physical break or by a zone of sllicate

or sulphide inclusions,

b Composition

Chromite cores to zoned spinels vary in reflectivity; dark
grey (Plate 22) and light grey (Plate 23) cores are recognilzed.
Electron microprobe analyses (Table IV.3) show that light grey
chromite cores contain slightly less MgO and more FeO than
dark grey cores; both are virtually homogeneous in composition,

The complete compositional variation across a simply and
optically zoned spinel is shown in Figure IV.l. There 18 a sharp
compositional change across the contact between core and margln;
Cry03, AlpO3 and MgO all decrease; FeO, FepO3, T10p and Fe203/FeO
increase, The most abrupt decrease 1s the A1203 content which
drops from 15% to 1% within 15 microns of the contact after which
it drops further to almost nil. MgO drops abruptly across the
contact but then more slowly towards the margin. Cr203 18 little
affected until it reaches the zonal positlion at which the Al503
content has dropped to 1% where 1t too decreases abruptly and
then more slowly towards the margin, Fe203 increases rapldly
and FeQ less so, both ultimately tending to level out. N10 and
TiO2 both initlally increase and subsequently decrease toward
the margin.

Compositional changes can also be expressed in terms of
four splnel end members, Fe304, MgCroOy, FeCrpoOy and MgAloOy
calculated by the method of Stevens (1944). The compositional

change from core to rim 1s represented by a complete and abrupt



Table IV.3 Electron microprobe analyses of grey chromite cores to zone

d spinels in Area III.

1 2 3 N 5 6 7 8 9 10 11 12
269 269 264 264 264 269 269 89 91 89 89 8
#4 #3 #1 #3
Core Av. 6/80n Core Core Av. 3/30p Core Core core Av. 7/60p Av. 4/10n Core Av. 4/20n

A1503 14,88 15.27 16,11 14.99 15.56 15.46  15.47  17.32 16.02 15.43 15.50 13.53
Cr203 48,78 48,32 47.68 47.55 L7.47 46,44 45.91 47.96 46,41 45,61 45,21 44,90
T10, 0.00 .29 .20 .29 .23 .20 .12 .19 .69 .22 .28 .82
Fep03 7.76 747 7.68 8.86 8.33 9.56 10,29 3.08 6.09 7.86 8.19 9.82
FeOv 17.50 17.57 16.38 16.68 16.62 16.69 16,32 24,86 23,41 23.95 23.69 24,67
¥g0 11,08 11.07 11.95  11.60 11.62 11.65  11.89 6.59 7.36 6.91 7.06 6.19
N1O 0,00 .01 0,00 .03 .16 0.00 0.00 0.00 .02 .02 .07 .07
Spinel 21.60 22,23 20.90  23.08 22,49 22,28 22,10 26.88 25,02 23.97 24,06 21.18
Magnesio- | 28.74 28,08 27.61  33.25 30.19 30.33  31.62 0.00 5.48 4,25 4,87 4,53
Chromite .
Ferro- 38.22 . 38.66 31.31  29.85 35.06 33.35 31,27  68.22 59,81 59.33 58,16 55.60
Chrcmite
Fagnetite | 11.46 11.09 10.09  13.82 12.27 14,04 15,02 4.90 9.69 12.44 12.91 15.68
so¥/red-cr-1 .10 .09 .10 .12 .11 .13 .13 Nl .08 11 .11 .14
erfce4d .73 .73 .71 .73 .72 .72 .7 .70 .71 .1 .72 T4
re/rere? . 46 46 .50 .49 .49 L9 .50 .27 .30 .28 .29 .26

Y .29 .30 31 .29 .30 30 .30 34 -32 31 -30 27
TSR
tetal tron as Fo | 19.02 18.88 18.10  19.16 18.74 19.65  19.87  21.47 22.45 24.10 24.13 26.03

Columns 1 to 7 are analyses of dark grey cores and 8 to 12 of light grey cores,
formula RZ’RZ’OA assuming no cation deficiencies 80 that all the Fe

at centre of core. Av/30u:

- 3 analyses across a width of 30u.

The analyses have been recalculated into an ideal spinel

can be divided between the R%*and R3*groupe. Core:~ single analysis

c9
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Fig.IV.l. Compositional varlation across a simply zoned spinel, W 269, with
a dark grey chromite core. The upper portion of the diagram shows the
analyses recalculated into four spinel e nd members. The numbers refer to
analyses listed in Appendix V, Table I. The microprobe traverse 1S across
the spinel from rim to rim.
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loss of MgAl,s0y, followed by MgCr,0) and FeCrpy0Oy, which are
compensated by an increase in Fe30y (Fig.IV.l).

The compositional changes induce varying reflectivities in
the spinel. The inner portion of the altered rim (zone 1 of
Figure IV.l), is distinctly grey, but lighter than the core.
The outer portlion of the rim has a much higher reflectivity,
appearing whitish in reflected light. There 18 a continuous
increase in reflectivity across zones 2 and 3, but it 1s slight
and may be difficult to observe, Cryptic zoning 18 thus
characteristic of zones 2 and 3.

The compositional variation in a cryptically zoned spinel
(Fig.Iv.2) is very simlilar to the outer portions of optically
zoned spinels. When the variatlion curves are compared the fit
1s found to be close (Fig.IV.3); the important point 1s not an
exact fit, which is determined by the weight percentage of any
oxide relative to its distance from the centre, but by the
similarity in the sequence of inflexions for both sets of
curves., This means that, at least wlithin the scale of a hand
specimen, a uniform process operated to give rise to the
ferritchromlt rims,

Zoned spinels with light grey chromite cores, which are
not clearly distingulshable from the rims of ferritchromit
(Plate 23 ) have a similar compositional zoning to spinels with
dark cores (Figs.IV.4, IV.5 and IV.6)., There 1s a sharp com-
positional change across the boundary between core and ferrlit-
chromit margins in which the sequence of changes 18 similar to

that already described.
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Flg.IV.2. Compositional variatlion across a cryptically zoned
Spinel with no chromite core. The analyses numbers refer to

analyses listed in Appendix V, Table II. The microprobe traverse
1s across the spinel from rim to rim,

The alteration in any specimen may not be symmetrical;
the extreme pight margin of W 91 (Fig.IV.4) 1s much nearer
magnetite in composition than 18 the left hand margin whilch
has the composition of an Fe-rich ferritchromit.

The maln difference between these spinels and those with
dark grey cores is that the inner zone (2one 1) is of a similar
reflectivity to zones 2 and 3, resulting in negligible
reflectivity differences in the ferritchromit rim.
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Flg.IV.3. Comparison of the variation in composition
between a cryptically and optically zoned spinel. The
compositional curves for the optically zZoned spinel W269
are plotted as they appear in Fig.IV.l (heavy lines).
Each curve has been moved relative to each other for
clarity. The curves for the cryptically zoned splnel 11-
lustrated in Filg.IV.2 (light lines) have been split at
the point of inflection at 110 microns. The split Feeo
curves are then moved laterally outwards so that the eﬁd
of each at the 42.5% lies on the optically zoned spinel
at the 42.5% level, The remaining split curves are then

plotted in the same relative position. For further des-
cription see text p. 65,
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Fig.Iv.6 Compositional variation across a zoned spinel with a 1light
grey chromite core W 89, which is cut by a serpentine filled fracture.
The numbers refer to analyses listed in Appendix V, Table V. The
microprobe traverse 18 across the spinel from rim to rim, but the
analyses are numbered outward from the centre in each direction.
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When the data for the compositional variation across these
zoned spinels are plotted on a variation dlagram (Fig.IV.7) as
described for Figure IV.3, a simllar sequence of alteration 1s
apparent between the four examples. Moreover, thils sequence is
simllar to that for the zoned spinels with dark grey cores.
Thls similarity suggests that the process responsible for the
compositional zoning was pervasive and able to effect simllar
changes over wlde areas,

The sequence of alterations in the ferritchromit rim is
summarized as follows (Fig.IV.8):-

Zone 1 (inner zone)., The inner portion of this zone re-

presents the large compositional gap between the chromite core
and the ferritchromit rim. The initilal sharp loss of A1203 and
minor loss of Cr203 1s compensated by a sharp increase in
Fe203; the initlal loss of MgO is compensated by an increase
in FeO. The outer portion of the zone shows less change in
composition, with gradually increasing Fe203 replacing Crgo3
and FeO replacing MgO.

Zone 2 (intermediate zone). This i1s a zone of abrupt

compositional change in the trivalent oxides with Fe203 replacing
Cr203; MgO diminishes gradually and FeO increases gradually
although both tend to level out. A1203 has fallen to zero.

Zone 3 (outer zone). Feo03 continues to increase and
Cr203 to decrease although less abruptly than in zone 2; the
remainling oxlde contents have stabllized. This zone may be
elther magnetite or ferritchromit.

Chromium 1s the only element not immediately affected by

the change from chromite to ferritchromit and it does not start
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Fig.IV.7. Comparison of compositional variation between three
optically zoned spinels with light grey chromlte cores and one

cryptically zoned spinel, The method of constructing the dlagram
18 the same as for Fig.IV.3.



72




73

forritchromit chromite core ferritchromit

2 2
Mgo

Fig.Iv.8 Summary of compositional variation between cope
and rim in zoned spinels from Area III. The changes in
either margin may not be symmetrical. The ordinate Scale

varies, and the abcissa scale is arbitrary, but represents
the width of a spinel grain.
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to diminish abruptly untill the Fe203/FeO ratio reaches 1. NiO
18 very low in the core, and lncreases steadily across the rim
of ferritchromit. T10, 18 erratic in the core and continues to
behave erratically in the ferritchromlt; it may decrease
sharply before rising to a maximum in zone 2 then to level out
or decrease,

Typlcal analyses of ferritchromit and magnetite from Area
III are given in Table IV.4, and may be compared to some
previously published analyses of ferritchromit in Table VII.Z2.

It has been suggested that the compositional changes
between core and rim as measured with the electron mlcroprobe
are more apparent than real, and result from secondary X-ray
fluorescence of elements in the core. This i1s refuted on two
grounds; firstly, the cryptlcally zoned spinels lacklng a
chromite core also show compositional variations (Fig.IV.2);
secondly, in Area I chromite 1s surrounded by magnetlte without
spinel of intermediate compositlon between the two (Fig.V.1l).
This indicates that within a scale of 10-15 mlcrons, a spot
electron probe analysis 1s not distorted by excitation of

elements in adjacent phases.

3 Multiply Zoned Spinels

a Morphology

Tn multiply zoned spinels parts of the ferritchromlt may
be replaced by a member of the pyroaurite-group of minerals,
which 18 in turn mantled by a thin, discontlinuous, rim of

magnetite. There is normally one, or less frequently two or

three 'necks' of ferritchromit linking the magnetlte rim to
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Table IV.4 Electron microprobe analyses of typical aluminous-
ferritchromit, ferritchromit and magnetite from zoned spinels
in Area III.

1. 2, 3. L, 5. 6. 7. 8.
Alx03 | 9.24 2,96 46 .63 .17 .00 .11 .00
Cry05 hr.24 45,07 34,37 M1.3% 8.90 7.23 2.07 1.99

T10, 21 .70 140 .79 .55 .33 .00 .10
MgO | 9.89 3.51 2,44 2,98 2,57 .70 .80 .53
N10 .06 .37 .65 42 1,38 1,12 1,20 .56

FeO |18.21 26.55 27.32 26.83 25.91 28.89 28.69 29.70
Fey03 | 15.14 20.85 33.36 27.01 60.51 61.63 67.13 67,11

Aluminous ferritchromit W 269 Anal.7, Fig.IV.l, Table I,
Appendix V.

Aluminous ferritchromit W 89 Anal.3S, Fig.IV.6, Table V,
Appendix V.

Non-aluminous ferrlitchromit W 89 Anal.8S, Fig.IV.6, Table V,
Appendix V.,

Non-aluminous ferritchromit W 91 Anal.l7, Fig.IV.4, Table III,
Appendlx V.,

Ferritchromlt near magnetite W 89 Anal.9, Fig.IV.6, Table V,
Appendlx V,

Ferrltchromlt near magnetite W 84 Anal.l2, Fig.IV.5, Table IV,
Appendix V.

Magnetite W 269§23 Anal.O0, Flg.IV.2, Table II, Appendix V.
Magnetite W 269(1 Anal.22, Fig.IV.l, Table I, Appendix V.

oy O 1 F oW oo
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the main body of the spinel which results in an "atoll-type"
structure (Plates 20 and 21). Multiply zoned spinels are always
optically zoned and the ferritchromlt 18 cryptically zoned. The
chromlite core is always rounded and frequently spherical.

A typlcal multiply zoned Spinel is 1llustrated in Plate 24,
A rounded, dark grey chromite core 18 surrounded by an inner
zone of ferritchromit which grades continuously to magnetite at
the rim. The spinel phases are similar to those in simply zoned
spinels. The pyroaurite-group mineral forms a zone towards the
outer portion of the ferritchromit and separates 1t from the
discontinuous magnetite rim; there 1is no evidence of alteration
at the interface. The spinel boundaries on eilther side of the
pyroaurite-group mineral do not 'fit', which suggests elther
that 1t has replaced the ferritchromlit on a volume for volume
basis or that both crystallized simultaneously. Radial dilation
cracks cutting both the spinel and the pyroaurite-group mineral
are filled by serpentine. These veilns, with associated spongey
magnetite (Plate 21) are late-stage features and post-date the
serpentinization in the main body of the rock.

b Composition

The compositional variation in the spinel phases of the
multiply zoned spinels 1s similar to that in the simply zoned
spinels. The homogeneous chromlte core is separated from the
surrounding ferritchromit by a sharp boundary. The ferritchromlt
varies continuously in composition towards magnetite; MgO,
Crp03, AlpO3 and T10p decrease towards the outer margin, while

N10O, FeO and Fep03 increase (Fig.IV.9). Scanning electron-beam
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photographs (Plate 43) illustrate these changes.

The non-spinel phase was identified by X-ray microbeam
diffraction patterns as a member of the pyroaurite-group of
minerals (Appendix II). The pyroaurite~-group has the general
formula MggRp(OH)16C03.4Ho0. The individual mineral is pyroaurite,
stichtite or hydrotalcite, when R = Fe, Cr or Al respectively
(Frondel, 1941). They are variously regarded as alteration
products of serpentine and spinel (E.g. Winchell, 1951; Dana,
1932). Electron microprobe analyses gave inconsistent results,
but showed 1t to consist of Mg, Fe and Cr but no Al, suggesting
that it 1s a mixture of pyroaurite and stichtite (Frondel, 1941).

4 Magnetite

Magnetlite occurs in three forms throughout the serpentinites:
(1) as rims to multiply zoned spinels; (2) as grains, discrete
or aggregated, scattered throughout the serpentinite, and (3)
as linings to small, serpentine-filled fractures in spinel,

Magnetite occurs as an outer rim to zoned spinels although
In many examples the outer rim is an Fe-rich ferritchromit
(F1g.IV.1 and IV.9). There 18 an optical distinction between
the ferritchromit and magnetite but no physical break. The
magnetlte contains small amounts of Cr203, Mg0O and Ti0»p; A1203
1s absent but N10O content is high (Table IV.5).

Magnetlte occurs as small dlscrete grains throughout the
serpentinized ultramafic body (Plates 1 and 2), as stringers
or tralns of crystals outlining olivine pseudomorphs, or as

dense aggregates within mesh centres. These grains contain fewer
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impurities than magnetite rimming the zoned chromite, although
the MgO content is of the same magnltude.

Magnetite occurs rarely with serpentine in late fractures
in zoned spinels (Plates 21 and 24). Microprobe analyses of
this magnetite show that 1t i1s very variable in composition
(Table IV.5) but with no obvlous characteristics by which to
distinguish 1t from the magnetlte around the rim of the zoned

spinels except the unusually high Ni content.
5 Hematlte#

Hematite is rare and known from only one thin section.
Here 1t occurs wither as rims to angular grains of ferrltchromit
(Plate 22), or as somewhat rounded and sieve-textured crystals.
Tt is markedly anisotropic on polished sections and electron

microprobe analyses show 1t to be comparatively pure.

6 Summary

Compositionally zoned chrome spinéls occur in the ultra-
mafic rocks of Area III. Simply zoned spinels range from chromlte
at the core through ferritchromit to magnetite at the rim. The
zones are optically visible due to reflectlvity differences,
These differences may be very slight sc that spinels in which
there 18 no chromite core are cryptically zoned. The rim of the
spinel is frequently an Fe-rich ferritchromlt.Multiply zoned

splnels contain a concentrlc zone of a pyroaurite-group mineral

*Hematite 18 not a spinel but 1t 1s convenlient to describe 1t
in this section,
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Table IV.5 Electron microprobe analyses of magnetite from Area III.

(1) Magnetite associated with ferritchromit

1 2 3 4 5 6 7 8
Al503 .15 .00 .11 .06 .07 .03 .00 .00
Crp03 2.93 1.99 2.07 2.36 2.95 .18 7.23 5.61
T10p B .10 .00 .07 .56 .00 33 3.00
Mg0 .69 .53 .80 .93 1.12 .67 .70 2.95
NiO .61 .56 1.20 ol 1.05 .15 1.12 1,76
FeO 29.46 29.70 28.69 28,73 28,36 29.85 28.99 2k .97
Fe 04 66.02 67.11 67.13 66.90 65.89 69.11 61.63 61.71

(11) Magnetite as veins.or (111) Magnetite associated with late fracturing of spinel
in discrete grains

9 10 11 12 13 14 15 16 17
Al03 .02 .00 .00 .03 .00 N .88 - 67~ 1.30
.Cry0; .Ob .03 .01 7.79 2,04 06 9.00 - .50~ 5.00
T10, 14 .02 .01 .17 .23 .26 .12 - .20- 4,20
Mg0 .90 oTH .93 2,34 2.57 1.52 2.42 - 2.85-15.10
N10 .00 .00 .00 1.64 1.99 4,69 4,95 - .09~ 8,14
FeO 29.66 29.89 29,59 25,96 25.19 24,15 22.80 31,03 -
Fep03 69,24 69.32 69.45 62.07 68,00 69.29 59.83 68.97 -

w269(1) Anal.0, Fig.IV.l, Table I, Appendix V.

w269(1) Anal.22, Fig.IlV.l, Table I, Appendix V. .

w269{2} Anal.0, Fig.IV.2, Table II, Appendix V,

w269(2) Anal.1k, Fig.Iv.2, Table II, Appendix V. Q

W162, Table VII, Anal.O, Appendix V.

W1l41, Table VI, Anal.7, Appendix V.

w84, Table IV, Anal.l2, Appendix V.

weel, Table VIII, Fig.IV.9, Anal.l6, Appendix V.

w162 discrete magnetite grain.

w141 discrete magnetite grailn,

w141 discrete magnetite grain.

W26l, discrete grain, Plate 21,

w264, magnetite in vein, Anal.7, Plate 21, Table IX,

W26Y4, magnetite outside spinel, Anal.9, Plate 21, Table IX.
w264, magnetite in vein, Anal.lO, Plate 21, Table IX,.
Theoretical composition of magnetite.

Range of trace element content of magnetite from ultramafic
rocks (Frietsch, 1970, Table 17).
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in additlon to the normal sequence of spinel zones,

The compositional changes between the core and rim involve
a loss of MgO, A1203 and Cr203 and a gain of FeO, N10, T10, and
Fe203. The loss of A1203, and to a lesser extent, of MgO, 1is
abrupt so that the composition changes abruptly to ferritchromlt
and then more gradually towards magnetite. These changes follow
a similar pattern in different grains of both the simply and
multiply zoned spinels and are divided into three zones in which
the sequence of changes i1s similar,

Both the simply and multiply zoned spinels may contaln
fractures filled by late serpentine and, less frequently,
sulphide.

Magnetite occurs as discrete grains and irregular patches

in the serpentinites as well as rims on some of the zoned splnels.

E DISTRIBUTION OF NICKEL AND SULPHUR

1 Country Rocks

The tremolite-chlorite schists, interpreted as metamorphosed

olivine basalt (Chapter II), contain 0,16% to 0,19% Ni and 0.02%
to .10% S, with an average of 0,07% S*, The N1 content 18
s8lightly higher than that of other olivine or plcritic basalts
for which analyses are available (Table IV.6).

An arithmetic mean of .13% 18 obtailned from 13 analyses of
plagloclase amphibollte adjacent to serpentinites 1n Area III.

The Ni values to the north of Area III vary between .12 and .15%

*Methods of analysis are outlined in Appendix VI.



Table IV.6 Ni and S content of some mafic extrusive

rocks (in wt.%).

Archaean meta- Basalt Olivine basalt Remarks Reference
basalt
Ni S Ni S Ni S
.15 .025 Krauskopf, 1967
.16 .200 mafic rocks Hawks & Webb, 1962
.16 .03 Vinogradov, 1962
13 .03 Turekian & Wederpohl, 1961
.09 - Prinz, 1967
«05-,15 - picritic Wager & Mitchell, 1953
.008 - olivine bas, Wager & Mitchell, 1953
.O74 .10 Wilson et al,, 1969
.13-,15 - Viljoen et al.,, 1969
.13 - .16-,19 .02-,10 metamorphosed This study

Table IV.7 Nickel content of ultramafic rocks (in wt.%).

Rock type 1 2 3 L 5 6 7 8 9
Ultramafic (general) .10-,40 .12 .20 .20 L4
Dunite ,18-,.30
Harzburgite/peridotite .21 .10-.42 .30
Pyroxenite .07 ,08 L11
Serpentinite L .16
Serpentinized dunite .29 .15-.30

References:- 1, Abdullaev et al,, 1967; 2. Goles, 1967; 3. Hawkes and Webb, 1962; 4, Turekian and
Wedepohl, 1961; 5. Vinogradov, 1962; 6, Vogt, 1923, 7. Willlams, 1965; 8, Wilson, 1953; 9. This

study.
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although 1n the extreme north of the Reservation (Fig.II.l)
they drop to .09%. These figures are of the same order of
magnltude as those quoted for the Ni content of fresh basalts
(Table 1IV.6).

Assays of 13 dlamond drill hole intersections from the

pelltlc garnetiferous blotite schist gave an average N1 content

of .006%. Shaw (1954) gives an average value of .006% N1 for
sSchists of medium metamorphlc grade containing two micas, quartz

and feldspar, with or without garnet.

2 Serpentinites

a Whole Rock Data

The total N1 content of 95% of the serpentinites analysed
lies between .15% and .30% (Fié??o), corresponding to normal
N1 values for ultramafic rocks and in particular for dunites
and peridotites (Table IV.7). It 18 generally accepted that

serpentinization of an ultramaflic rock does not affect the

217 analyses

wt. % total NI

Flg.IV.10., Distributlon of total N1 in
Area III serpentinites.The values are
taken from routine analyses,the procedure
for which 1s described in Appendix VI.
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total Ni content (Goles, 1967, p.358), although it may alter
the proportion of sulphide and silicate Ni (Grudnin and Letnikov,
1969).

Sulphide and silicate N1 values are available for Some
samples from Area III in addition to the total Ni values.
Sulphlde and silicate N1 have an inverse relation (Fig.IV.12)
with the analyses distrilbuted along a linear zone corresponding
to a total Ni value between ,225% and .250%. This interval
corresponds to the modal interval of the total N1 values (Fig.1IV.
10). The inverse relation between sulphlide and silicate N1 1is
clearly shown in diamond drill hole assays (Fig.IV.14).

Numerous Intersections of talc-tremolite schist have been

assayed glving an average N1 value of .17%.

The S content of the serpentinized ultramafic rocks lies

predominantly in the range 0.00-0,10% with an unweighted average
0
of og@% (Fig.IV.11).

L} T i L

63 analyses |

o Lou
0 .05 .10 .15 .20
wt% S

N o
o O
1

no. of analyses

-
(=]

Flg.IV.11l, Distribution of S in
Area III serpentinltes.

These analyses compare well with average S content of other
ultramafic rocks: Turekian and Wedepohl (1961), 0.03%;
Vinogradov, (1962), 0.01%, and Hawkes and Webb, (1962), 0.03%.
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Sulphlde-bearing peridotite from New Caledonia contains between
.008% and .025% S (Guillon and Lawrence, 1971, p.425),

The values for S and total Ni plotted in Figure IV.13
glve an intercept on the Y axis of .205% for S = O wt, %, a low
figure as some S oceurs in Ni-free sulphides. The value for
total Ni should correspond to that obtained from Flgure 1IVv.12,
between .225% and .250%.

N

‘\\\ —— class Interval In 11g.IV.10
N

107 analyses

wt.% sulphide NI In rock

wt.% silicate NI In rock

F1g.IV.12. Relation between silicate
and sulphide nickel in Area III serp-
entlnites,
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The tendency for the total N1 value in the ultramafic rocks

to be constant (Figs.IV.12 and IV.13) is illustrated when total

Ni is plotted against depth in dlamond drill hole intersectlons

(Fig.IV.14). Furthermore, the sulphide and silicate N1 values
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tend to vary inversely, in contrast to the direct variation in
the mafic wall-rocks. This means that the N1 in the ultramafic
rock was originally in the silicates and at some stage S was
elther introduced from outside or redistributed within the
ultramafic body to combine with some of the N1,

b Serpentine

Electron microprobe analyses of serpentine in Area III
show small N10 contents (Table IV.2). Further partial analyses
have been made and all the availlable values for N1O in serpentine
have been tabulated in Table IV.S8.

The mesh centres have the greatest range in N10O; thils may
reflect varying Ni content of the original olivine or an
erratlc behaviour of Ni upon serpentinization. The mesh rims
have a more restricted range of Ni0 content, although the median
value 18 similar to that of the mesh centres. There are far too
few antigorite analyses for-any interpretation.

There are few comparative values of NiO for serpentine
minerals in the literature. Deer, Howie and Zusmann, (1962, v.3,
P.177) quote .16% NiO in an antigorite. The NiO content of
serpentine minerals from sSulphlide-poor serpentinites at Barberton,
Transvaal, are summarized in Table IV.9. The limited petrographic
description of these serpentinites suggest that they are similar
to those in Area III. It is tentatively concluded that the Ni0

content of the serpentine minerals in Area III 1s somewhat higher

than normal,



Table IV.8 N10 content in wt.% of serpentine from Area III.

Mesh centres Mesh rims Antigorite

Lizardite & clinochrysotile Iizardite

Wt.%
NiO

79, .76
0

'34’ 031 037’ 036: 036, 032, 031

031
.20 .28, .26, .25
019’ 916’ 016) 315 ‘19! 018! .18

Medlan
Arithmetlic average

.30 .31 .27
.36 .27 .28

Table IV.9 NiO content in wt.% of serpentine minerals from Barberton, Transvaal, Data
fpom Mihalik and Hiemstra, 1966 and de Waal and Hiemstra, 1966,

"serpentine" clinochrysotile antigorite
Wt.% .76
«39
NiO 029, .28, .25, .27, 23 .29
.19,.19,.19,.15,.14,.14,.14 .20, .19 215
Median 21 : 20
Arithmetic average .26 .23

88
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¢ Spinel

Electron microprobe analyses across zoned spinels from
Area TII are summarized in Figure IV.8 and clearly show that
the N1 content of the chromite cores 18 negligible and that 1t
increaseé through the ferritchromlt towards magnetite at the
rim. N1O values of the chromite cores are all below 0.03%,
except for that in Table IV.3, column 5, which 1s from a splnel
whose core is fractured and fillled by a Ni-rich late magnetilte
(Plate 21). The N1O content of magnetite and ferritchromit vary
considerably and reach about 2.0% by welght. Nickel was not
detected in some discrete magnetite grains (Table IV.5), although
Ni0 content of magnetite im veln-1like segregations may reach
over 2.0%. Late magnetite assoclated with fractured spinel
contains up to 7.5% NiO.

Electron microprobe traverses for N1 on ferritchromit and
adjacent serpentine grains indicate a slight impoverishment of
NiO in serpentine adjacent to spinel; the depletlon 1is incon-

gsistent and may result from X-ray fluorescence.

d Discussion of Results

The higher N1 content of ferritchromit and magnetite rims
compared to chromite cores 18 well established (Tables IV.3,
VII.2 and Fig.IV.8). The N10 content of chromite is fairly
consistent and low. Further conflrmation 18 found in published
N1O values of chromite: 0.9% to .17% for the Great Dyke (Bichan,
1969, p.109) and .06% to .19% for the Kemplrsal pluton (Pavlov
and Chuprynina, 1967). Erratic and variable N1O values are

characteristic of secondary magnetite, for example, the Mwahanza
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H1ll serpentinite (Tanganyika), contains magnetite with between
.59% and 8,14% N1 (Fawley, 1959).

The Ni10 content of magnetite assoclated with mafilc lgneous
rocks 1is about .05%; 1t 1s less for magnetite from metamorphic
and sedimentary rock (Frietsch, 1970, Fig.2). Thus there is
clear evidence that magnetite formed during serpentinizatlon
is rich in NiO.

The distribution of Ni 1n constituent minerals of serpentimn-
ites from the Barberton area, Transvaal, has been lnvestigated
by Mihalik and Hiemstra (1966) and de Waal and Hlemstra (1966).
On the basis of only a few analyses, they proposed a correlatlion
between the N1 in the chromite and in the magnetite rim of the
zoned spinels. There was no impoverishment of N1 i1n the silicates
adjacent to the spilnel; they concluded that the N1 zoning resulted
from Ni redistribution in chromite as 1t was belng replaced by
magnetite at a late stage of serpentinization. There 18 no
evidence in the Area III spinels that the Ni in the magnetite
was derived from the chromite cores. On the contrary, the NiO
content gradient from rim to core (Fig.IV.8) suggests that Nl
moved inwards through the spinel. Nor 18 there evidence that Ni
in the magnetite rims was derived from the adjacent serpentilne
minerals; rather, both serpentine and magnetite formed simultan-
eously as a result of serpentinization. Durtng this event N1
from the original silicates was redistributed with a signifilcant
amount entering magnetite. Subsequent metamorphlsm caused a
distribution of the N1 down a compositional gradient from the

magnetite rim to the chromite core. (This 1s discussed more fully



Table IV.10 NiO content in wt.% of chromite cores, magnetite rims and associated discrete
grains of magnetite in zoned spinels from serpentinites.

~—  reference NiO in NiO in NiO in ferritchromit
chromite core magnetite rim discrete magnetite present

de wWaal &

Hiemstra, 1966 .00-,13 ,15- .61 ,17-2.93 no
Mihalik &

Golding and

Bayliss, 1968 .00 c 1.27 - yes
Bliss (unpub.) ,03-,10 .38 A7~ .93 no

This thesis ,00-,03 .56-2.80 ,00-2,18 yes

16
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in Chapter VIII, in connection with the origin of the zoning
in the spinels),

The Area III ultramafic body is sulphide-poor; and the
magnetite has a high N1 content (Table IV.10). This relationship
has been noted by Simpson and Chamberlain (1967) where the Ni
content of magnetite rimming chromite grains was greater in

sulphur-deficient than in sulphur-rich rock (Table IV.11l).

gagle IV.1ll N1 content of spinels from the Puddy Lake ultramafic
ody.

Spinel sulphur deficilent sulphur rilch
rock rock
Rim-% Ni(average) .58 o14
Core-% Ni(average) n.d. n.d.

3 Conclusions

The ultramaflc rocks of Area III have N1 contents comparable
to the calculated average for dumlte and peridotite, They are
slightly richer in sulphur,

The Ni contents of the metamorphosed mafic volcanics and the
sediments in the wall-rocks are also commensurate with average
values .for the respective rock types,

The sulphlde and sllicate N1 contents of the ultramafic rocks
vary inversely; 1t 18 concluded that S was added to, or redis-
tributed wlthin, the ultramafic body. This probably occurred
during serpentinization.

The sulphlide and sllicate N1 content of the mafic wall-rocks

varlies directly suggesting a partition of N1 between silicate and
sulphide phases,
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F SULPHIDES

Sulphldes are rare in Area III; most occurrences are
millerite. Pyrite was noted in one thin section.

Millerite occurs as small rounded, lozenge-shaped or
Skeletal grains between 2.0 and 10 microns in diameter. They
occur (a) totally enclosed in the mesh centres of serpentinlzed
olivine, (b) with stringers of magnetite Serparating serpentinized
olivines (Plate 2), and (c) occupying fractures in zoned spinels;
the fractures post-date the formation of the zoning and so must
the emplacement of the sulphide,

Electron mlcroprobe analyses of millerite are given in
Table IV.1l2 and histograms i1llustrating the range in composition
in Flg.IV.15. Iron 1s present in nearly all analyses; Cu and Co
were analysed for in some specimens and are present in small
amounts only. The Co content is higher in analyses which plot
tc the S-rich side of the NiS-FeS join.

' Two analyses of pyrite are given in Table IV.1l3.

G METAMORPHISM AND METASOMATISM

The contact between the serpentinite and the country rock
1s marked by widespread alteration zones. The sequence and
detall of the alteration varies between drill holes and are
probably due to the irregularity of the alteration zones, shown
elsewhere (Phillips and Hess, 1936, p.339) to be dependent upon
irregularities 1n the contact providing solution channelways.

The sequence below 18 a compillation from all holes in Area ITI.
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Table IV,.1l2 Electron mlcroprobe analyses of mlllerite from Area ITI

w8k w84 w82 w82 w82 w82 w82

Ni | 61,99 60.91 60.13 59.62 59.53 59.42 51.30
Fe Wbl .66 2.67 3,60 1.33 1.33 3.28
S 36.60 36.45 36.52 36.45 36,00 36,31 37.92
Cu Ol .07 .00 - - - .00
Co «95 1.91 .62 <33 3,15 2,94 T.43
As .00 .00 .06 - - - .07
100,00 100,00 100,00 100,00 100,00 100,00 100,00
97.51 97.51 98.68 98,21 98.23 99.24 97.95

All analyses have been recalculated to 100% but the analytical
total 18 shown below,

Table IV,1l3 Electron mlcroprobe analyses of pyrite from Area III

wel W61

Ni 31 5l
Fe 43.97 42,19
S 55.47 56.85
Cu .20 .20
Co .05 .23
100,00 100,00




95

no. of analyses

7  T@¥%;, f11 .-F1 N [} _—

34 36 36 37 38 39, B3 54 6565 66 57 68 69 60 61 62
wt.%

Flg.IV.15. The composition of millerite in Area
ITT;electron microprobe analyses on 27 samples.

1l Wall-rock Alteration

Wall-rock alteration in Area III involves the production
of chlorite, and more rarely nephrite*, in the rocks of the
metavolcanlec unit. The plagloclase amphibolite consists of
hornblende with abundant epldote, some plagioclase and minor
quartz. Hornblende occurs as large, bladed, feathery crystals,

more intensely coloured at the margin than in the centre, and

*Nephrlte 18 a varlety of tremollte characteristically occurring
as finely intergrown felted aggregates and in metasomatically
altered wall-rocks adjacent to serpentinite (e.g. Coleman, 1966).
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pleochrolc according to the followlng scheme:-

X Y Z
centre light green green olivine green
margin colourless very light green light green

Plagloclase, quartz and some epldote occurs in filne aggregates
in interstitlal spaces. The plagloclase 1s andesline, rarely
twinned but frequently zoned, characterlized by 120° triple
Junctions., Epldote also occurs as coarse euhedral crystals and
aggregates of anhedral grains in the hornblende.

About 50 feet from the serpentinlte, secondary green chlorite
appears, largely as a nétwork enclosing plagloclase grains, but
also replacing the epldote. The hornblende becomes ragged as a
result of fragmentation along the cleavage and 1s less highly
coloured, suggesting that 1t is richer in MgO.

Closer to the ultramafic body hornblende 1s completely
replaced by nephrlite and the remalnder of the rock by chlorite;
minor ldocrase 18 present. The original texture i1s undisturbed;
the orliginal hornblende outlines preserved, and the 120° triple
Junctions are apparent in the chlorite pseudomorphs after
plagloclase, This glves rise to an interstitlial polygonal mosaic
of chlorite between the nephrite crystals, The cores of Bome
chlorite polygons contain a distinctive, but unidentified
mineral assemblage consistling of a brown spotted outer zone
with an inner colourless mosalc., Thls perfect pseudomorph 1lndlcates

that alteration has occurred without deformation.
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2 MTale-Carbonate Alteratlion

A zone of talc-carbonate rock separates the serpentinites
from the altered wall-rocks. The talc-carbonate rocks are buff
to grey with prominent carbonate augen.

An early stage of alteration 18 represented by talc~
tremolite-anthophyllite schist. Large tremollte crystals,
marginally replaced by anthophyllite, are enclosed in a ground-
mass of fine talc and dolomlte with some epidote. At a later
stage anthophyllite entlrely replaces tremolite resulting in
sheaves and bundles of radiating anthophyllite crystals set in
a talc carbonate matrix. In both rock types minor chlorite is
present as intergrown mosaics and as discrete crystals. In the
latest stage dolomite replaces anthophyllite formling radiating
sheaves of dolomite crystals. Once the rock consists entirely

of talc and dolomite a strong follation 18 apparent.

3 Serpentinite Alteration

Much of the serpentinite contains small patches of carbonate
irregularly distributed throughout. It has been identified as
dolomite by X-ray diffraction (Table IV.M ) and spot tests using
Alizarin red (Friedman, 1959).

Near the contact'with the talc-carbonate schist the patches
of dolomite become more numerous and veins and stringers of
dolomite traverse the serpentinite. Ultimately these coalesce
to form a matrix of dolomlite in which fragments of the serpentinite
are enclosed.Areas interstitial to serpentinized ollvine appear

to have expanded when occupled by dolomlte. Dolomite-filled
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Table IV.¥ X-ray powder diffractlion data for dolomite.

1, 2.
4,03 23
3.69 5
2,89 (100 2,87 (100)
2.67 (10
2,54 (8 2.51 5
2,41 510 2,140 1
2,19 30 2,18 (30
2.07 (6
2,02 (15 2.01 (10)
1.85 (5
1.80Q (20
1.79
1.78& (30) 1.78 (10)
1.57 (8
1.55 (10 1.54 (5)
1.50 1
1.47 5
1.45 I
1,43 (10
1.41 (4
1.39 (15 1.39 (1)
1.34 (8

etc,

1. DOLOMITE-ASTM 5/0586
2, DOLOMITE-W89 Area III, Reservation 34

The X-ray powder diffraction photograph No.2 was taken by
J.M. Brown of Mc@Gill University, (fine focus tube, 35 KV,
15 ma, CuK radiation, 9% hours exposure) and read by the author.
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fractures across olivine pseudomorphs show clear evidence of
dilation,

The carbonated serpentinites are not Sheared; the dolomite
matrix 1s massive and the olivine pseudomorphs remain euhedral.

Unserpentinlged tremolite is sporadlcally developed in veins
and patches towards the margin of some serpentinites in Area III:
It occurs in both antigorite; serpentine, and in mesh-textured
Serpentine as euhedral, bladed crystals with characteristic
rhombic cross-sections or longitudinal bladed sections. It is
colourless, optlcally negative and has an extinction angle of
20°. Where talc-carbonate and carbonate alteration is present,
the tremolite shows incipient alteratlon, becoming ragged, with
very low birefringence around the margin of the crystals and
with carbonate and talc penetrating along cross-fractures and
developlng in patches within crystals. These textural relations
Indicate that the tremolite pre-dates the talc-carbonate
alteration, but post-dates the orlglinal serpentinization and the
Subsequent formation of antigorite.

Chlorite 1s seen occasionally interstitial to olivine in
the serpentinites. It is unaffected by serpentinization. It
occurs in euhedral crystals with characteristic olive-buff and
deep ultramarine polarization colours. The buff-polarizing
chlorite predominates and is optically positive; the blue-
polarizing chlorite appears to be an alteration product of the
buff, 1s subordinate in amount and is optical 1y negative., Much
of the chlorite in the talec-carbonate schist is also buff.
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4 DISCUSSION

a General-

The contact between any ultramafic body and 1ts wall-rock
may show superimposed metamorphic and metasomatic effects resulting
from distinet geological events. There are basically three types
of metamorphic effect and these are in order of appearance :-

(1) thermal metamorphism of country rock consequent upon intrusion
of the ultramafic body; (2) metasomatic effects resulting from
contact equilibration between the ultramafic rock and 1its wall-
rocks; and (3) the development of talc-carbonate schist as a
result of CO, metasomatism.

Thermal metamorphic aureoles surrounding ultramafic intrusions
are normally in the pyroxene hornfels facies (Haughton, 1969,
p.181; Wolfe, 1967; Worst, 1960, p.125). The apparent lack of
thermal aureoles around many non-stratiform ultramafic intrusions
may be a result of tectonic intrusion, whereby the ultramafic rock
1s emplaced in a solid or seml-solid state.

Metasomatic alteration of both wall-rock and ultramafic body
may occur as a result of tectonlc emplacement of serpentinite
(Fig.IV.16, a and b). The mineralogy of the alteration is
dependent upon the nature of the wall-rocks (Coleman, 1966, 1963).
Reglonal metamorphism of an ultramafic rock also produces contact
metasomatism, the nature depending on whether the ultramafic rock
18 serpentinized or not (Fig.IV.16, ¢ and d) (Philips and Hess,
1936; Read, 1934). The two-way transfer of material is the result

of contact equilibration between rocks of vastly different chemical

composition. )



COUNTRY ROCK

ULTRAMAFIC

GABBRO-BASALT SERPENTINITE
unaltered gsbbro-basalt ' hydrogrosauler-chlorite-prahnite-diopsids i chlorite ,°°rP““t1"1t° uith anphibole Ji shaered sorpentingto
(verieble) Ag >~ Mg (varieblo)
a H0,Ca
. ARGILLITE-CREYWACKE SERPENTINITE
waltored elbite-tromol{te- jadoitea ectinolite-trecolite sctinolitao-trocolite , shoared sorpentinits
crgillito-groynacke glemophuna'pnhnuo-dlopald st
Ca
HBK e
b
CNEISS OR SILICEOUS SCHIST DUNITE OR PERIDOTITE
unaltered hornblende-biotite-slbito biotite or vermiculite tremolito, enthophyllito or onststito unaltored
country rock oligocless-spidote dunite or poridotits
—>= 514,
K
Fo
H9 PSS
Co ~c—— Coe
c
SCHIST OR PHYLLITE SERPENTINITE
uneltered hornblende-biotite-albito- chlorite-(nephrite) tresolita-ectinolito-tale , telc uneltered serpontinito
cauntry rock oligoclese-epidote-nephrite
i + S1
Al
fg.Fe
d ]
COUNTRY ROCX SERPENTINITE
wnaltored countey rock |  chloritised country rock | chlorite (talc) | tolc-carbonste i sorpentinito
Fo,ALH,0 —<—
Ca
St
8
e 9 0,
COUNTRY ROCK SERPENTINITE
wnaltered country rock oltered country rock with ttamolltu—chlorito-(biotlte) tremolito-(enthophylle talc-carbonats sarpentinito with sarpentinito
4 epidote chlorite end nephrit, {1tg-talc-carbonato talc and carbonato oith carbonats

Fi1g.IV.16. ¥etarorphic alteration at contacts between ultramafic bodies and country rock.

a and b - Metamorphiec effects, predominantly Ca metasomatism,
¢ and d - Contact equilibration e
comparatively high and low temperatures, respectively (Phillips and He
e - CCp metasomatism resulting in talc-ca
f - kineral zones at contact between ser

ffects across contact between

rbonate alteration (Jahns,
pentinite and country rock 1

ultrama

fic rock and country rock which have been subjected to
8s, 1936).

1967).

n Area I.

which occur at the time of emplacement of the serpentine (Coleman, 1666;1963).

metamorphism at

10T
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The development of talc-carbonate schist as a result of
CO, metasomatism (Jahns, 1967; Naldrett, 1966) may obscure

previous contact relations.

b Area III

Mineralogy 1ndicative of contact thermal metamorphism in
the pyroxene-hornfels facles (Schwellnus, 1970; Turner, 1968;
Worst, 1960) has not been observed in Area III. If such an
aureole was present 1t has been entirely destroyed; alternatively
the ultramafic rocks have been emplaced tectonically. Thelr
disrupted nature and positlon along the contact between the
metavolcanlic and metasedimentary unit (Fig.II.l) suggest the
latter alternative..Thelr lack of deformation and shearing 1s
consistent wlth tectonlc emplacement only if they were thoroughly
lubricated at the contact. It may be that marginal talcose zones,
now obscured by CO2 metasomatism, provided the necessary lubril-
cation.

Epidote is the first metamorphic mineral to develop in the
country rock greenstone, wlth chlorite and nephrite abundant
near the contact. Talc-tremolite schist developed at the ser-
pentinite margin, but was altered by later COo-metasomatism which
formed dolomlte and replaced tremolite by anthophyllite. The
anthophyllite was 1tself subsequently replaced by carbonate.
Anthophyllite 1s stable between 510°C and 560°C at total fluid
pressure of 2000 bars, in presence of high concentrations of CO2
(Tohannes, 1969). These temperatures will drop with decreasing
pressure, hence 1t 18 theoretically possible to produce antho-

rhyllite within a temperature range at whilch serpentinlte 18 stable.
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Thus the mineralogy on elther side of the contact 1s con-
sistent with contact equilibration between serpentinite and
country rock resulting from a 1low to medium grade of reglonal

metamorphism (Fig.IV.16 e). Subsequent COp metasomatism has

occurred.

H SUMMARY

The ultramafic rocks of Area TII have been emplaced 1n the
vieinity of the contact between the metavolcanic and the meta-
sedimentary units (Fig.II.l).

The ultramafic rocks originally dunlte, are now completely
serpentinized and consist of mesh-textured pseudomorphs of
1izardite and subordinate clinochrysotile after ollvine. Antigo-
rite, and rarely tremolite, replace the mesh-textured serpentilne.
Chromite and secondary magnetite are minor but consistent
constituents, while millerite and pyrite are rape. The mineralogy
1s almost entirely secondary and consequent upon gerpentinizatlion
and subsequent reglonal metamorphism,., The chrome spinels are
zoned; a chromite core 18 surrounded by ferritchromlit which
varies continuously toward, but not always reaching, magnetlte
in composition, The chromite cores are belleved to be the only
relic of the primary lgneous mineralogy. The mesh-textured
serbentine has a relict cumulus texture.

The serpentinite contailns about .22% Ni, an average Ni
content for ultramafic rocks. Sulphides are rare; fine-grained
millerite, formed durlng serpentinization, and pyrite have been

observed,
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Talc-carbonate alteration post-dates serpentinization and
obscures any previous metamorphic and metasomatic effects that
may have existed at the contact between ultramafic and country
rock. A primary, thermal metamorphic aureole, resulting from the
Intrusion of the ultramafic body has not bheen recognized, which
suggests that it may have been emplaced tectonically. The
mineralogy of the country rock adjacent to the serpentinltes
indicates equilibration between the two under conditions of low
to medium grade of regional metamorphism,

The serpentinites are lensoid in shape, with lengths up
to 4000 feet and widths to 750 feet. Intercalations of country
rock are rare and no pseudomorphed quench textures have been
observed, These features Suggest that the ultramafic rocks are

not extrusive.
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V. ULTRAMAFIC ROCKS OF AREA I

A COMPOSITION OF THE SERPENTINITE

Area I ultramafic ropks are enclosed by gneissic granite
west of the metavolcanic and metasedimentary units (Fig.II.1).
The ultramafic rocks, orlglinally dunite and harzburgite, are
almost completely Serpentinized; olivine is pseudomorphed by
lizardite mesh textures and pyroxene by lizardite bastite.
Magnetite and chrome spinel are accessory constltuents. Phlogopite
and chlorite developed subsequent to serpentinization, Analyses

of typlcal serpentinites are shown in Table V.1,

B PRIMARY MINERALOGY AND PETROLOGY

1 Olivine

Fresh oliwine, F°90’ (Table V.2) remains in some mesh
centres (Plate 11) and rarely constitutes about 25% of a ser~

pentinized olivine., It is always colourless and unzoned.

2 Petrology of the Original Ultramafic Rocks

a Dunlte

The most readily identifiable relict dunite is a dense black
serpentinite in whieh the olivine pseudomorphs are easily recog-
nized in thin section (Plate29), and on cut surfaces of hand
8pecimens, The‘euhedral oll¥ine pseudomorphs form a completely
interlocking texture which has the appearance eilther of an
orthocumulate with very minor intercumulus materlial or of an
ultramafic rock which has recrystallized to an interlocking

mosalc during metamorphism. Minor amounts of sulphlde remain
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Table V.1l Analyses of ultramafic rocks from Area I.

1 2 3 4
$10, 33.50 38.10 37.30 38.40
Al,03 .22 67 Rl 1,65
Fey03 6.70 4,30 4 4o 4,15
FeO 1.13 3.63 .88 3.60
MgO 39.78 36.70 38,50 33,70
cao A5 .18 1,10 2,90
Na,0 .10 .10 .23 .15
K50 -0l .05 .35 .76
Ho0™ 1.76 .53 .73 .24
H,O0" 13.00 12.86 13.59 11.96
T10, .02 .21 .25 .28
MnO .11 .03 .06 .06
F .05 .05 .08 .20
S .56 %3 .21 o)
Cro03 .21 .28 .31 .19
Ni0 55 A1 o) 5l
Co0 .02 .02 .01 .01
Cu0 Ol .00 .02 .00
Zno .00 .00 Ol .01

98 .24 98,15 99.37 99.20

1, Average of 4 dunites

2. Average of 2 harzburgltes

3. Average of 2 phlogoplte-~bearing dunltes

4, Average of 2 phlogoplte-bearing harzburgltes



Table V.2 Electron probe analyses of olivine from Area I.

Wt.% oxides

cations on basis of 4(0)

1 2 3 1 2 3
S10, 43,46  40.82 42,32 | 81 1.06 1,03 1,02
A1203 0,00 0,00 0.03 Mg 1.69 1.78 1,76
MgO 46,23 b7.37 48,83 Fe A7 31,87 .16 > 1.95 19 71,96
FeO 8.20 T.37 9.38 Ni .01 .01 .01
NiO Y4 54 o5l 0 4,00 4,00 4,00
ca0 - - .05
CuO - - o001 mol % Fo
100 x Mg 90,86 91.75 90,26

Co0 - - .+03 Mg + Fe

98.46 96.10 101,16

1, W31l; 2. 2217; 3. 2238

LOT
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along graln boundaries (Plate 29). Very small grains of serpentine

with no mesh texture may be bastlte after interstitial pyroxene

(Plate 26).

b Harzburgite

The harzburglite in Area I contains up to 30% of totally
serpentinized pyroxene. Pyroxene was more euhedral when the
content was high; smaller amounts of pyroxene formed inter-
stitlally to ollvine. The harzburglites with about 30% pyroxene
have a granular texture in hand specimen and are readlly dis-

tingulshable from serpentinized dunite.,

¢ Amphlbole-bearing Peridotlte

Serpentinlte with serpentine pseudomorphs after amphibole
are locally abundant. In the protolith the amphibole formed later
than the olivine and pyroxene through which it cuts. No textures
indicative of an intergrowth of olivine and amphibole have been
observed. The development of amphibole does not appear to have
been restricted to contacts with late granite dykes. It 1s
tentatlvely concluded that the amphlbole results from a pre-

serpentinlzation metamorphlic event.

3 Size and Shape of Original Ultramaflc Bodles

Ground and ailr magnetilc Bﬁrveys, coupled with diamond
drilling; indicate that the serpentinites in Area I are a series
of lenses in the form of a J (Flg.II.l). The thickness of the
lenses varles up to 1000 feet. A large amount of country rock,
predominantly granite, occurs within the serpentinite. Many of

the contacts are faulted but others are not and are marked by
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blotlte, anthophyllite and talc selvedges. Extreme brecciation
and faulting has resulted in the mechanical mixing of serpentinlte
and country rock. This is similar to that illustrated for the
Roxbury District, Vermont, by Jahns (1967, Fig.5.4), except that

the country rock in Area I is granlite and not greenstone,

C SERPENTINE MINERALOGY

1 Mesh-Textured Serpentline

Mesh-textured serpentine is well developed in Area I, but
lacks the regularity that characterizes the Area III serpentinltes
(Plate 26), Clearly outlined ollvine pseudomorphs are far less
common in Area I than in Area III. This type of mesh texture
closely resembles the sub-rectangular mesh texture common 1ln the
Manitoba Nickel Belt (Coats, 1968, p.324).

The lack of clearly outlined olivine pseudomorphs in Area I
18 due to two factors, Firstly, there is very 1llttle interstitial
material remaining, (Plate 29) indicating that olilvine crystals
were in close contact in the protollth., Secondly, antlgorite 1s
absent; 1ts presence in Area III emphasizes pseudomorph outlines
(Plates 1 and 3).

The mesh-textured serpentine consists of short lengths of
mesh rims of & -serpentine enclosing irregular mesh centres of
isotropic or nearly isotropic fibro-lamellar serpentine (Plate 26).
There 18 evidence of fragmentation of pre-exlsting mesh texture;
many of the mesh rims appear to be curved and fractured when
examined in detail. Ribbon mesh texture 18 common in Area I where

mesh rims extend in sub-parallel fashion through the rock crossing
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the boundaries of the olivine pseudomorphs. The veins comprising
the ribbon meshes may be bipartite or more strictly tripartite.
Tre bipartite velns consist of two strips of fibro-lamellar -
serpentine flbres, orientated normal to the veln walls. The tri-
partlite velns contailn a central, dlscontinuous, strip of more
fibrous o-serpentine with occasional sections of {¥-serpentine.
The mesh centres are isotropic with occasional [-serpentine
fibres.

In other textures sharp and clear-cut veilns of & -gerpentine
are rimmed by irregular fringes of o&-serpentine. An irregular
parting of magnetlte and 1isotropic serpentine separates the

¥ -serpentine fringes from the Y-serpentine fringe of the next
set (Plate 27). These ribbon mesh textures compare closely with
the close-packed parallel cross-Flbre veinlets l1lllustrated by
Coats (1968, Fig.3).

X-ray microbeam déterminations have ldentifled the o~
serpentine of the mesh centres as lizardlite wilth varying degrees

of orlentatlon. No clinochrysotile has been identified.

2 Bastlte Pseudomorphs

The presence of bastite after pyroxene indicates that
serpentinized harzburgites are fairly common In Area I. The
pseudomorphs have three characteristic shapes:- (a) cross sections
showing prism outline and possibly relict (110) cleavage (Plate
13); (b) longitudinal sections showing prism terminations and
the trace of the (110) cleavage (Plate 15); and (c¢) irregular
grains with rounded outlines (Plate 26),
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The bastlte pseudomorphs are clear, generally free of

magnetite grains and colourless to very light green. Under crossed
nicols they are seen to conslst of fibrous patches of of- and
§ -serpentine orientated parallel to the long axis of the

pseudomorph and with comparatively low and high birefringence
respectively. In elongate sections the Y-serpentine developed
along, and parallel to the longltudinal cleavage and also from
irregular partings across the crystal, The ¥-serpentine encloses
irregular patches of Wo-serpentine together with the occasional
pateh of l1sotropic serpentine. In cross-sectlons the arrangement
of 6~ and {¥-serpentine is far less regular, The &-serpentine
was determlned by X-ray microbeam studles to consist of lizardite
in type II orientation. (Appendix II)

In mesh~textured serpentine where the mesh centres have been
replaced by carbonate, bastite 18 not affected.

An electron mlcroprobe analysis of the serpentine 1in the
bastite in Plate 13 1s shown in Table V.3.

Table V.3. Electron microprobe analysis
of bastite serpentine (see Plate 13).

S10 40.86 S1 2.00 2.00

Al 83 .18 Al .01

Mg% ‘ 37.60 Mg 2.74

NiO .ig N1 .gé

FeO 5. Fe R

ca0 .12 Ca .o1{ 2.99

Co0 .02 Co .00

Cuo .02 cu .00

S .05 S .00 |

(Hp0) 12.25 OH 4,00
- 96,90 H 4,00

HoO has been calculated on the basis of two molecules for every
T oxygen atoms
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3 Amphibole Pseudomorphs

Bladed serpentine with feathery terminations, exhibilting
longltudinal cleavage and a cross-parting, is interpreted as
replacing amphibole (Plate 12). These pseudomorphs cross-cut all
other serpentinized constituents and the original amphibole
presumably formed late in the pre-serpentinization history of
the ultramafic body, possibly as the result of metamorphism.

The optical orientation of the serpentine minerals varies
consliderably. Gamma-serpentine develops on the outside of the
grains, along the longltudlnal cleavage and at right angles to
the cross-parting, enclosing centres of ol-serpentine and
occaslional patches of 1sotroplc serpentine. X-ray microbeam
studies show that the oa-~serpentine is lizardite in type I
orientation. Isotroplc centres are rare, but where they do occur
they are replaced by A-serpentine developing outward from the

§ -serpentine rims. Rarely the whole width of the crystal
consists of ¥-serpentine; from the appearance of these pseudo-

morphs Y¥-serpentine is replacing o-serpentine.

4 Summary and Discussion

The ultramafic rocks in Area I are serpentinized dunite and
harzburglte, with llzardite mesh texture after olivine and
lizardlte bastite after pyroxene. Neither antigorite nor clino-
chrysotlle have been observed optically or identified by X-ray
microbeam studies,

The relatlons between the serpentine minerals lizardite,

chrysotile and antigorite have been discussed on p.56 . The
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absence of chrysotile and antigorite indicates that the serpen-
tinization history has been simple, producing only lizardite
mesh textures. There has been no subsequent event to cause the
replacement of the mesh-textured lizardite by antigorite or
chrysotille,

Wicks (1969) has recognized a sequence of serpentine mineral-
ogy and textures from the Manitoba Nickel Belt indicating an
Increase 1n the complexity of the serpentinization history from
Manlbridge in the SW toward Thompson in the NE. This sequence
involves a change from lizardite mesh texture to lizardite-
chrysotile lnterlocking textures and chrysotile textures from
SW to NE (Fig.I.3). The Area I serpentinites, which outcrop
40 miles to the SW of Manibridge (Fig.I.3).consist of lizardite
mesh textures only and clearly fit into the sequence of serpentine

textures developed in the Manitoba Nickel Belt ultramafic rocks.

D SPINEL MINERALOGY

1 Introduction

Chrome spinels are not common in Area I serpentinites; those
observed show evidence of fragmentation and replacement. The
Splnels are both simply and multiply zoned, consisting of a
homogeneous magnetite rim around a hombgeneous chromlte or
ferritchromit core or around an exsolved, two phase, chromilte
core. The contact between the chromite and magnetite is sharp
whether the chromite 1s euhedral (Plates 37 and 19) or rounded
(Plates 34 and 38). Pentlandite frequently occur adjacent to
zoned spinels and may totally enclose them (Plate 37). In some

cases the spinel 18 replaced by an intergrowth of pentlandite,
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serpentine and magnetite (Plates 40 and 42)., The magnetite rim

of the zoned spinel may also enclose adjacent pentlandite (Plate
38). Sulphide and silicate minerals may occur at the sharp inter-
face between chromite and magnetite (Plates 20 and 37). The
continuous ferritchromit-magnetite compositlional zoning char-
acteristic of Area III has not been observed in Area I. Some

homogeneous s8pinels are wilthout rims,

2 Simply Zoned Spinels

Simply zZoned spinels contailn a core of homogeneous chromite
surrounded by a rim of magnetite. Simple zoning is rare and
generally observed in a spinel totally or partially enclosed by
sulphide (Plate 37). Electron mlcroprobe analyses of the core
of a simply zoned spinel (#1031) are shown in Table V.4 and

X-ray raster scans in Plate 44,

3 Multlply Zoned Spinels

The chromite cores to multlply zoned spinels in Area I are
surrounded by zones of magnetite and a member of the pyroaurite-
group of minerals (Plates 34 and 39). The appearance of multiply
zoned spinels, with frittered and scalloped contacts suggests
that they are derived from simply zoned spinels by the subsequent
development of pyroaurite within them. The composition of the

spinel phases 18 simllar to those of the simply zoned spinels,



Table V.4 Electron microprobe analyses of simply and multiply zoned spinels from Area I.

1 2 3 4 5 6 7 8

A1,03 11,74 10.11 .05 .05 24,28 .00 11.4% .62
Cry03 38.07 39.20 .78 .09 30.88 .31 38.09 - .32
10, .58 .54 .07 .09 .50 .06 .79 .02
Mgo 7.90 6.94 2,56 11 11.30 .90 5.93 .33
NiO .16 .16 .02 .27 .59 Lol .32 .35
FeO 21.51 22.70 27.09 30.61 18.07 29.61 24.33 30.30
Fey03 20.04 20.35 69.42 68.78 14.39 69,07 19.09 68.06

100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
cr/Cr+Al JTH 7T .86 1,00 .52 1.00 T4 .33
Fe3/Fe3rCr+Al .28 .28 .99 1.00 .18 1.00 .27 .98
Mg/lig+Fe? .34 .30 12 .00 46 .0k .25 .01

. Specimen 1031 - simply zoned spinel
Plate 37:- 1, centre of chromite core; 2, margin of chromite core; 3. inner portion of magnetite rim;

4, outer portion of magnetite rim,

Specimen W13 - multiply zoned spinel
Plate 343 Fig.V.1l:- 5. chromite core (average of 8 analyses); 6. magnetite rim (average of 5
analysesa).

Specimen 2246 - multiply zoned spinel
Plate 39:- 7. chromite core (average of 5 analyses); 8. magnetite rim (average of 3 analyses).

G1T
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chromite coro magnetite rim

T0

wt.%

1.0

5 wt%

(o) 40 80 120 160
microns

[UR—

Fig.V.l. Com ositional variation across a simply zoned splnel,
W13 (Plate 3 ), with a chromite core and a magnetilte rim, The
analyses numbers refer to analyses listed in Appendix V,

Table X. The mlcroprobe traverse is from the centre of the
grain outwards to one rim,
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4 Homogeneous Spinels

Homogeneous chrome splnels are rarely observed in Area I;
they have 1rregular outline and show evidence of fragmentatlon
around the margins where they appear to be replaced by phlogopite.
There is no surrounding rim of magnetite. Thelr composition 18
that of ferritchromit, although small fractures which extend
through the grains may be filled with magnetite or hematite
(Plate 36). The uniform compositlon 18 illustrated in Table V.5
and in the electron beam image photographs in Plate 45, Spinels
with incomplete magnetite rims (Plate 35) have chromite cores
of composition similar to that of homogeneous chromite (Table V.5);

they too are closely associated with phlogopite.

5 Exsolution Textures

The chromite cores of some otherwlse 8imply zoned spinels
show textures indicating exsolutlion of dark and light phases.
These exsolved cores are surrounded by rims of homogeneous
magnetite. The appearance of the exsolution textures variles from
grain to grain, but a crude zoning is apparent (Plates 19, 30
and 31). These zones are from the outslde inward:- (a) a zone of
magnetite surrounding the grain; (b) a narrow dark zone of chromite;
(¢c) a narrow zone of 1light ferritechromit enclosing patches of
dark chromite continuous with a reticulate network of similar
texture and (d) an extremely fine acilcular intergrowth of light
and dark phases. This intergrowth is too flne to permlt electron
probe analysis of individual phases but average composltlions are

obtained using a wide beam,



Table V.5 Electron microprobe analyses of homogeneous spinels and spinels with incomplete magnetite rims.

1 2 3 L 5 6 7 8 9 10

A1503 .60 5.20 4,94 1,73 A3 1.90 1.67 .00 1.24 1.19
Cry03 49.73 44,10 44,88 42,69 45.73 48,62 49.31 1.15 24.35 22,85
Ti0p .32 46 .51 .53 -l .22 .15 .03 .66 .80
#g0 5.06 8.25 7.67 7.82 67 1.08 1,01 .13 3.36 3.48
N10 at-] .07 .10 17 .13 .08 .00 .00 .61 .73
FeO 24,03 19.94 20,77 19.83 30.67 30,41 . 30.57 30.85 25.90 25.57
Fep03 20.15 21,99 21,13 27.23 22,12 17.70 17.34 67.84 43,88 45,39

100.01 100,01 100,00 100,00 99.99  100.01 100,00 100,00 100,00 100,00
cr/Cr+Al .99 .88 .89 .95 .99 .96 .96 1,00 K1) .ol
Fe3/FedrCr+Al .28 .30 .29 .37 .32 .25 .25 .98 .63 .65
1ig/Ng+Fe? .22 .36 .34 .35 .03 .05 .ol .01 15 .16

Specimen 980
specimen 2372
Specimen 2375

Specimen 1027

homogeneous 8D
homogeneous 8D

inel, 1 average
inel. 2,3 and 4

scan on core.

, left side, centre and right side of spinel.

simply zoned spinel with incomplete magnetite
of core, 8 centre of magnetite rim.

homogeneous BP

inel, 9 and 10,

avarage analyse

rim (Plate 35). 5 centre of core, 6 & 7 opposite margins

s of two spinels from same polished section.

QTT
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In the simplest stage of exsolutlon (Plate 19) euhedral
chromite (zone d) is composed of very fine intersecting aclcular
lamellae of dark and light phases. Traced outwards the direction
of one of the sets of lamellae becomes dominant and the exsolved
phases coarser and somewhat vermlcular in shape (zone c¢). The
outermost portion of the chromite remains as a homogeneous rim
(zone b), separated from the homogeneous magnetite (zone a) by
a sharp contact. Analyses of chromite and magnetlte are presented
in Table V.6.

In more highly exsolved spinels, the pattern appears more
complicated but the zonel structure is still recognizable (Plates
30 and 31). The chromite rim (zone b) presents a sharp outér
margin to the magnetite rim (zone a) and a slightly irregular
one to the inner zone c, Electron ﬁicroprobe analyses (Table V.8)
show that the dark phase in zone c¢ is chromite with an irregular
composition and the light phase in zone ¢ is ferritchromlt. The
fine two-phase intergrowth in zone d ylelds an intermediate
composition when analyzed with a wide beam. This may represent
the bulk composition bf the spinel prior to exsolutlon.

The continuous chromite shell may be broken by the magnetite
rim (zone a) cutting through the grain (Plates 31 and 41) or it
may be removed entirely (Plate 20), both of which result from
recementing a fractured chromite grain by magnetite.

The large chromite core in the spinel in Plate 38 exhibits
poor exsolution texture; the small one 18 homogeneous, The
composition of both is simlilar when analyzed by electron mlcro-

probe using a wide beam (Table V.T).



Table V.6 Analyses of phases in some exsolved splnels from

Specimen WT4T.
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1 2 3 b 5

A1,04 31.87 31.77 .00 11.45 .02
Cr203 30.19 29.28 .11 29.79 A1
T10o - - .09 .61 A1
MgO 14,36 15.35 77 7.06 1.13
N10 o11 .10 .02 .21 .00
FeO 15.19 13.66 29.84 22,58 29.31
Fep03 8.27 9.84  69.16  28.31  69.09
Cr/Cr+Al A5 oLl 1.00 .69 1.00
Fe3/Fe3+Cr+al 11 .13 1,00 .39 .99
Mg/Mg+Fe 57 .61 .03 30 .05

Spinel 1 (not i1llustrated):

Spinel 2 (Plate 19)

rim,

1 and 2 chromlte

rim; 3 magnetite

4 chromite rim to exsolved core;
5 magnetite rim,



Table V.7 Electron microprcbe analyses of fine
using a wide beam,

two phase

intergrowth (zone d) in exsolved spinels

747.6 747.8 T47.8 T47.9 47.9 T47.9 T47.9 T47.11

A1,04 4.83 4.83 3.54 L.74 3.13 4,75 4,18 4,31
Cry04 20,08 22,04 23.18 29,70 25.10 29,01 23.23 21,07
Ti0, .89 1.08 - 87 1,06 1,00 - -

Mg0 5.69 414 5.12 3.27 2.56 3.44 3.04 3.79
Ni0 .87 46 .58 .33 55 .56 .58 .88
FeO 22.67 25.49 23,60 27.04 27.59 26.56 26.94 25.49
Fey03 by 77 k.97 43,98 34,03 4o.oh 34.68 42,01 LERY |
cr/Cr+Al .78 .80 .81 .81 .84 .80 .79 .81
Fe3 /Fe3:CriAl .63 60 .60 A7 .56 .48 .58 .63
Mg/tig+Fes .26 .18 .28 .18 L4 .19 A7 17

et



Table V.8 Electron microprob

e analyses of phases in a zoned spinel wit!

h exsolved chromite core.

1 2 3 4 5 6 7 8 9 10 11 12 13
#1503 24,75 21.59 28.64 24,37 30.74 30.85 2,17 1.66 1.81 .00 4,52 6.10 4,02
Crpd3 29,66 30.93 28.20 30.51 30.28 31.60 17.18 15.86 15.64 .39 21,52 23.55 22,01
Tilo .31 .29 .15 .22 - - 1.29 1.10 .90 - 1.22 - -
59 11.61 10.24 15,33 1471, 12.93 13.16 2.47 2,75 2.18 1,09 4.86 3.97 3.83
vio .31 .07 a1 4 .11 Al 1.12 1.33 1.25 .03 1,00 1.10 1.28
) 17.91 19,70  13.07 13.24  17.20  16.88 26.86 26,10 27.07  29.36 23,80  25.36 24.99
Fe,03 15.60 17.18 1449 16.80 8.72 7.39 48.92 51.21 51.15  68.89 33,08  39.89 43,87
. 100.15 100,00  99.99 99.99  99.98  99.99 100.01 100,01  100.00 99,76  100.00  99.97 100,00
Cr/lr+dl .51 .55 A6 .52 46 L7 87 .89 .88 1.00 .81 .77 .83
ce3/te + A14CP .25 .23 .19 .22 11 .10 72 T4 JTH 1,00 .61 54 .62
v/ g+Fel .48 A2 62 .60 .51 .52 .11 .13 .10 .05 .22 .18 .17
1 ana 2 - L ST T Tan | ene o
7 tc @ - 1light tches inside rim

outer

1z
11 to 13- fine two phase 1

See Plate 31

magnetite)

rim - zZone &
ntergrowth - zone

d (bulk analyses using wide beam)

el



Table V.9 Electron microprobe analyses of magnetite from Area I.

1 2 3 4 5 6 7
A1,05 .00 .00 .02 .01 .09 - 67~ 1.30
Cry03 ,02 .02 .02 .36 A5 - .50- 5,00
T10, - .00 .03 .07 11 - .20- 4,20
MgO0 94 40 .35 .84 .88 - 2.85-15,10
Ni0 .01 .00 .00 .03 .09 - .09~ 8,14
FeO 29.60 30.42 30.50 29.73 29,62 31,03 -
Fe 03 69.20 69.16 69.09 68.98 68 .80 68.97 -

1- Magnetite grain WTA4T7

2 and 3- Magnetite grains W729

L4 and 5- median and arithmetic mean of 8 analyses of magnetite rimming chromite from
Area I (Tables V.3, Anal.3,4,6,and 8; V.4, Anal.8; V.8, Anal.l0; V.5, Anal,3 and 5.
6 - Theoretical composition of magnetite

7~ Range of trace element content of magnetite from ultramafic rocks given by

Frietsch (1970, Table 17).

gect
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6 Magnetite

Magnetite occurs as indiwidual gralns or aggregates withiln
mesh centres as well as rims to chrome spinels., It is normally
euhedral when occurring as individual grains. Analyses of

magnetite are given in Table V.9.

E SULPHIDES
1 Introduction

Sulphides are irregularly distributed through the ultramafic
rocks of Area I, the content varying from O to about 5%.
Pentlandite is the predominant nickel sulphide assoclated with
millerite and heazlewoodite and rare violarite and polydymite.
Chalcopyrite occurs in small amounts as an exsolutlion phase 1n
pentlandlite. Pyrite and pyrrhotite are rare,

Sulphide concentrations of variable magnitude (Fig.V.6)
occur in layers 25 to 40 feet thick in serpentinized dunlte and
peridotite. Between these layers the total nickel content of
the ultramafic rocks may drop to background, about .3% N1, and
gsulphides may be completely absent. There 18 no evidence of
gravity settling contributing to the sulphide concentrations.

The sulphldes occur in two grain slzes:- (a) coarse sulphldes,
pentlandite and mlllerite up to about 1.0 mm 1n size, occur
interstitially to serpentinized silicates, normally olivine. The
shape of the grains varies, some have euhedral outlines and occur
as discrete crystals, others are anhedral and interstitlal to
serpentinized olivine (Plates 28, 29 and 40); (b) fine sulphide

grains, down to about 2 microns in diameter, pentlandlte,



125

millerite, heazlewoodite, and rarely violarite and polydymlte
ape scattered through the ultramaflc. They occur with the coarse
sulphides but also in sectlons devold of coarse sulphide. The
shape of the fine grains 1s quite irregular, anhedral, scalloped
and vermicular shapes belng predominant. The filne sulphides
oceur in the following assoclations:- (1) within patches of
carbonate, talc or other secbndary minerals assoclated with
post-serpentinization events; (i1) within the serpentine minerals
of serpentinized and partially serpentinized olivine; (111) as
trains of grains, with magnetite, along the median parting in
mesh rims; (iv) as fine grains at the contact between chromite
or ferritchromit cores and magnetite rims to zoned spinels, and
(v) along cleavage planes 1in anthophyllite and phlogopite at

the contact between serpentinite and granlte.

2 Nickel Sulphides

a Pentlandlte

Pentlandlte (F@;Ni)gsgis the most common sulphide in Area I,
occurring as both fine and coarse grailns., The coarser grains
are normally interstitial to serpentinized olivine, resulting
in a characteristic cuspate shape (Plate 28): euhedral grains
also occur interstitially. All the grains are somewhat fragmented,
but this may have been enhanced as a result of polishing. Rarely
pentlandite occurs as part of a complex intergrowth, or 1ln narrow
late veins, with pyrrhotlte. Some pentlandite grains completely
enclo§e euhedral pseudomorphs which now consist of spongy or

vermicular pentlandilte, pentlandite and magnetite or pentlandite

and serpentine (Plates 40 and 42), The shape of the pseudomorphs
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closely resembles that of euhedral chromite or magnetite,
Electron microprobe analyses show that the rentlandite in the

pseudomorph 18 richer in Co relative to that in the surrounding
pentlandite.

m SBEHH ) X 1 1 m
28 30 32 34 36 38 40 42 44
wt. %

no.of analyses

© v 2 o0 O
3 T

Fe

. b

s [ 3 ) R Rl

32 34 36 38 20 22 24 26 28 30 32 34 36
wt. % Wt.’%

38

no. of analyses

1 1 Eﬂ 1 1 m
0O 1 23 465 6 T 8 0 10 2030
wt.% wt.%

pn In discrete gralns pn coexisting with po and py

Fig.V.2. Range of pentlandlte composition, Area I.
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The composition of the pentlandite in both the coarse and
fine grains i1s summarized in the histograms for Ni, Fe, Co, Cu
and 8 (F1g.V.2). The pentlandite 1s Ni rich, with an Fe:Ni ratio
between .57 and .94, averaging .69.

Pentlandite also occurs as part of a complicated sulphide
intergrowth with pyrrhotite and pyrite. Occasional narrow veins
of pentlandite and pyrrhotite cross-cut all other minerals. In
these associations pentlandite is Ni-poor having a Fe:Ni ratio
of about 1.15 (Fig.v.2).

The composition of pentlandite is clearly related to the
sulphlde minerals with which it is assoclated; it is Ni-rich

in association with nickel Sulphides, and Ni-poor in association

with iron sulphides.

b Millerite

Millerite (N1S) occurs as both coarse and fine grains., Under
crossed nicols the coarse grains appear polycrystalline. A few
analyses only are available (F1g.Vv.3); these indicate no marked
composlitional difference between milterite in Areas I and III

(compare Fig.IV.15).

LI S e s |

35 36 37 38

4 K Co _
2F T “ it K
o] [ ) F‘—] 3 ,{;‘-. 0 I 2

o 1 2 68 59 60 61 62 63 64 65
wt. %

no. of analyses

Flg.V.3. Range in millerite composlition, ALrea I.
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¢ Violarite

Violarite (Table V.10) i1s rare,occuring either as small
gralns or as an alteration of pentlandite and millerite
surrounded by phlogopite.

Table V.10. Electron microprobe analyses of violarite
from Area I

1 2

Ni 41,58 42,02

Fe 13.84 13.18

S 43,69 43,77

Cu .03 .05

Co .87 .98

100,00 100.00

1.Grain from w740-N12_08Feo.73000 0484 00

2.Grain from w74O~Ni2 10F€0 69C°O.0584.OO

d Heazlewoodite

Heazlewoodite (Ni382) Occurs as small grains scattered
throughout the sulphide-rich sections.The composition is
1llustrated in figure V.4,

a k i NI
2 "~ T
1 & - e “,, T T
g o - | G T T SR S 1
2 66 68 70 72 74
&
'CE 6 1 cu [ S
o b
c
4 o
2 f
o 3 T

h 26 28 30.
wt. %

Flg.V.4. Composition of heazlewoodite in Area I



Table V.11l Electron probe analyses of coexisting nickel and iron sulphides.

pyrite pyrrhotite pentlandite
Ni .05 .26 .21 4,33 .52 .15 31,96 30,16 26,60
Fe 47,36 44,03 4y, 12 58.75 60,08 61.03 33.44 33.42 35.99
Cu J14 0O .00 .00 A1 .00 .00 .75 1.60
Co .30 .70 .65 .10 .06 .00 .18 .16 45
S 52,14 55.01 55,02 36.82 38.93 38.82 39.42 35.51 35.35
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

621
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3 Iron Sulphides

Pyrite and pyrrhotite occur only rarely in Area I serpen-
tinites,but both are found at the base of one minerallsed sectlon
where they are intergrown with pentlandite.Analyses of these
phases are shown in Table V.ll.The iron sulphide 1s wilth one
exception low 1n nickel,whereas the coexlsting 'pentlandite is
iron-rich (Fig.v.2).

Late velns of pyrrhotite alone are also known,bearing a
distinet cross-cutting relationship to all other constituents.

Analyses are given 1n Table V.l2.

Table V,12, Electron microprobe analyses of pyrrhotite in late
veins,

Nj- 033 2'34

Fe 62.91 60.58

Cu 0.00 0.00

Co 0.19 0.00

\ S 36 .58 37.08
100,00 100,00

F DISTRIBUTION OF NICKEL AND SULFHUR

The total nlckel content of the serpentinites 1n Area I
lies between 0,1% and 2.0%,with a few scattered erratic higher
values;the mode is in the 0.3% to 0.4% class interval (Fig.V.5).
The distrlbution 1s markedly left skewed and 1in general the
nickel values are higher than average for dunite and serpentinite

(Table IV.5).
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Fig.V.5. Distributlon of total nickel in Area I serpentinites,
Data from three drill holes,

The simple relatlon between sulphlde and sllicate nickel
demonstrated for Area III (Fig.IV.12) is not apparent in Area I.
Sulphide nickel values vary between zero and about 2.0%, whereas
silicate nickel values vary between .05% and about .5% (Flig.V.6).
For total nickel values below about 0.4% there is a tendency for
sulphide and silicabte nickel to have an inverse relationship.
Above 0.4% there 1s no clear relation and the silicate nickel
tends to stay at a constant value relatlve to the sulphide nickel.

The distrlbution of sulphur in the ultramafic rocks of Area I
is shown in Filgure V.7. The modal value 18 1n the class interval
.1% to .2%, and the arithmetlic mean 1s .41%. These values indicate
that the sulphur content of the ultramafics of Area I 18 somewhat

higher than normal (see p.85).

G CONTACT METAMORPHISM AND METASOMATISM

Many of the contacts between the serpentlnlte and granlite
are faults, so that original relations are destroyed. A slgnificant
number of contacts are, however, marked by monomlnerallic selvedges

of blotlte, anthophyllite and talc between the granite and
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Serpentine. These sSelvedges are all narrow, never more than
about 1% inches in width, and frequently + inch or less; the
contacts are all sharp,

Monomineralic zones of'this type occur at contacts of ultra-
mafic rocks either as a result of amphibolite facies reglonal
metamorphism (Phillips and Hess, 1936; Read, 1934) or by the
intruslon of granite dykes 1lnto an ultramafic body (Larsen, 1928;
Greenwood, 1963). The productlon of zones from the intrusion of
granite pegmatite has been observed at the Manlbridge Mine
(location 4, Fig.II.2); (Coats and Brummer, 1971) and elsewhere
in the Manitoba Nickel Belt (Coats, 1966; Wilson et al., 1969).

Greenwood (1963, Figs. 1 and 3) has shown that anthophyllite
1s stable in the presence of water between about 680°C and 780°¢
at a total pressure of 4 kbars. Extrapolation of data to higher
pressures indlcates an increase hn these temperatures, and to
lower pressures a decrease., These temperatures are above the
stabllity range of serpentine, and anthophyllite only forms
within the stabillity range of serpentine at pressures around 1
kbar at high molar concentrations of CO, (Johannes, 1969).

At constant temperature and pressure which will exist during
reglonal metamorphism the formatién of the monomlneralic zones
necessitates a steep gradient in the activity of HEO (Greenwood,
1963). Reglonal metamorphism will result 1h the 1nltlal conversion
of the serpentinite to an assemblage of chlorite and amphibole
(0'Hara, 1967, Fig.4). Alternatively, the metamorphism may have
occurred prior to serpentinlzation. The activity gradient in Hy0

1s reduced if a thermal gradlent 1s present, a situation that

would exist along the margin of a dyke. In thls case anthophyllite
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would develop adjacent to the dyke down to the appropriate
temperature at which stage the reaction anthophyllite + vapour =
talc + forsterite will occur. Thus anthophyllite can be produced
locally l.e., along a dyke margin,without dehydration and con-
version of the whole serpentine body. These stability relations
lmply a zone of forsterite and talc between the serpentinite

and anthophyllite which may be reserpentinized on cooling.

It may be concluded that i1f anthophyllite forms as a result
of regional metamorphism producing pervasive high temperature,
then the whole serpentine body must convert to a higher temperature
assemblage., Anthophyllite may also form locally under the
Influence of a thermal gradient away from a gyke; the serpentine
beyond the range of the contact metasomatism 18 not affected.

An ultramafic rock contalning anthophyllite which formed
as a result of elther reglonal or thermal metamorphism may
sSubsequently be serpentinized. Amphiboles serpentinize readily
(Wicks, 1969; Francis, 1965) and those in Area I are entirely
serpentinized (Plate 12). Thus, 1t can be concluded that the
anthophyllite selvedges developed subsequent to the serpentinization.

Cleavage in the serpentinite 1s occasionally truncated by
the monominerallc selvedges. In one serpentinite fragment, cleavage
is truncated by the intrusive contact and intruded by fine velns
of the granlte.

It 18 concluded that in Area I, these selvedges have been
formed due to the post-serpentinization intrusion of granitic
dykes.

In the Manibridge mine, (Fig.I.2), intrusive pegmatite dykes
up to 50 feet in width intersect the ultramafic body to produce
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similar contact zones (Coats and Brummer, 1971, p.159) suggesting
that the whole body has been shattered and invaded by the granite
pegmatite (Wicks, personal communicétion, 1972).

Phlogopite 1s ubiquitous in Area I serpentinites. It occurs
as colourless to light green euhedral crystals throughout the
serpentinites but is concentrated slightly towards the margins
of the bodies. It 1s frequently closely assoclated with spinel
which lacks a magnetite rim (Plate 36). In other examples the
rim 1s incomplete and appears to have been disrupted (Plate 35).
The margin of the chromite adjolning the phlogopite frequently
shows signs of intergrowth, (Plates 36 and 45). The margin of
the chromite illustrated in Plate 45 1s fragmented, resulting in
a chequer-board texture with fragments enclosed by phlogopite.
Homogeneous chromite rimmed by magnetite (Table V.3) but not
assoclated with phlogoplte contalns more A1203 than chromlte
assoclated with phlogopilte.

Tt 18 shown in Chapter VII that the magnetite rim results
from serpentinization; hence, if the magnetite rim 1s disrupted
by phlogopite, it must be post-serpentinization.

Tt 18 difficult to determine the phlogopite distribution
in diamond drill core but 1t appears to be developed in contact
zones. It 18 certainly not present in uniform amounts and its
presence 1is reflected by the bulk composition of the serpentinltes
(Table V.1).

Tt 1s concluded that phlogopite develops at a late post-
serpentinization stage probably assoclated with the intrusion of
the granitilc dykes.
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H SUMMARY

The serpentinites of Area I, originally dunite and peridotite,
are lensold 1n shape and have been intricately faulted and sliced
along with the granite country rocks west of the metavolecanic and
metasedimentary units (Fig.II.l).

The ultramafic rocks are in an advanced stage of serpentini-
zatlon, but patches of fresh olivine are common, Mesh-textured
Serpentine pseudomorphs the olivine and bastite the pyroxene,

Some serpentinized amphibole 18 also present, Only lizardite has
been 1dentified in the Sserpentine textures; clinochrysotile and
antlgorite have not been observed, Brucite has not been recognized.
Chrome spinel is either homogeneous or exsolved into two phases,

It has a variable composition and is usually surrounded by a
magnetlte rim that formed during serpentinization. Continuously
zoned ferritchromlt rims have not been observed. The primary
S8llicates appear to have had an interlockilng texture and relict
cumulus texture is far less common than in Area III. Phlogopite

and chlorite are common post-serpentinization minerals.

Pentlandite, millerite and minor heazlewoodite, violarite
and polydymite are lrregularly distributed throughout the serpen-
tinlte., The sulphide mineralogy is secondary, but coarse pent-
landite and millerite occur interstitlally to serpentinized
ollvine with a texture suggestive of replacement of primary sulphide,
Flne-grained pentlandite, millerite and heazlewoodite probably
formed during serpentinization. There is no evidence that gravity

concentration has operated in the formation of the coarse

sulphides,
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VI COMPARISON OF SERPENTINITES IN AREAS I AND IIT

Data on the serpentinites in Areas I and III have been
presented in Chapters IV and V. This data is now summarized
(Table VI.1l) and conclusions drawn about the geological history
of the respective serpentinites.

The ultramafic rocks in Area III are serpentinlized dunlte
with lizardite and clinochrysotile mesh textures (after cumulus
olivine) partly replaced by antigorite. Accessory chromite 1s
rimmed by ferritchromlit which varies contlnuously in compositilon
towards magnetite. Sulphldes are scarce; secondary millerite
formed during serpentinization predominates. Antlgorite is inter-
preted as resulting from medium to low-grade metamorphism sub-
sequent to serpentinlzation.

The wall-rocks are garnetiferous quartz-mica schist, plagloclase
amphibolite and tremolite-chlorite schlst in the epildote-amphlbolite
facles of metamorphism.,

Mineral assemblages on elther slde of the contact are con-
sistent with equllibration between the serpentinite and wall-rock
as a result of low- to medium-grade metamorphilsm.

It can be concluded that the ultramafic was reglonally
metamorphosed after serpentinization to the epldote-amphlbolite
facies.

Post-serpentinization and post-metamorphism CO2 metasomatlsm
has obscured much of the contact relationshilp.

No contact metamorphlc aureole has been observed in the wall-
rocks. This, taken in conjJunction with the disrupted nature of the

serpentinite, suggest tectonic emplacement rather than magmatilc
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emplacement, However, the serpentinlte 18 not sheared except at

the contacts and there arén%tructures indicatlve of pre-serpentini-
zation deformation. This is interpreted to mean that if tectonic
emplacement occured then the margins of the ultramafic were able

to absorb all the stress so as to preclude all iInternal deformation.
It may be that the talc evident in the talc-carbonate schist
provided the horizon along which all movement occured.

The ultramafic rocks in Area I are serpentinized dunite and
harzburgite with lizardite mesh textures after olivine and
lizardite bastite after pyroxene. Antigorite and chrysotile have
not been observed. Relict chromite has a varilable composition
indicating a complex history, prior to serpentinization. Chromite
has a magnetite rim but ferritchromit has not been observed.
Sulphides, principally millerite and pentlandite are common, wilth
textures suggesting that they replaced primary (magmatic) sulphides.

The serpentinites are in places heavlly sheared and inter-
mingled with country rock. The contacts are marked by selvedges
of biotite-anthophyllite and talc, which are interpreted to result
from the late intrusion of granitic dykes. Phlogopite, abundant
towards the contacts, 1s also a result of late metamorphlsm.

Serpentinites with characteristics of those in Area I are not
found in Reservation 34 outside of Area I. The remaining serpen-
tinites all have the characteristics of those in Area III.

The Area III serpentinites which are enclosed in supracrustal
rocks are poor in N1 and have been metamorphosed to the epldote-
amphlbolite facies subsequent to serpentinization. The Area I

serpentinites contain a greater amount of N1, are emplaced
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in granitic rocks and have undergone local metasomatism but not
regional metamorphism subsequent to serpentinization.-

The serpentine textures in Area I (Plates 26 and 27) are very
similar to the sub-rectangular mesh textures and the close spaced
sub-parallel veinlets of fibrous serpentine 1llustrated and
described by Coats, (1968) as two of the common serpentine textures
cf the Manltoba Nickel Belt. The mesh texture 1llustrated in Plate
26 is regarded by Wicks (personal communication, 1972) as typical
of Maniltoba Nickel Belt serpentinites.

Area III serpentinltes, contalning lizardite-chrysotile mesh
textures replaced by antigorite, do not fit into the sequence of
serpentine mineralogy established by Wicks (1969)(Fig.I.3), which
serves to emphasize thelr distlinct nature from the Manitoba Nickel
Belt-type serpentinites. If Area III serpentinites are to be fitted
Into the Manitoba Nickel Belt sequence of serpentinites on the basis.
of mineralogy and textufe, then they would be expected to outcrop
to the NE of 1ocationf1, Figure I.3, as they contain antigorite in
addition to lizardite-chrysotile mesh textres. The fault mechanism
that would have to be postulated to accomplish thls 18 unreasonable.
It is more lilkely that they have a different origin entirely; their
wall-rocks are consistent with their belng part of an Archaean
greenstone belt and it 18 possible that a portion of the Cross
Lake sub-Province extends beneath Reservation 34 (Fig.III.1l).

It 18 clear that Area I serpentinites closely resemble those
from the Manitoba Nickel Belt and that they differ in mineralogy,
texture and evolution from those in Area III. Thus wlthin a short

distance of each other are representatives of two different groups
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Table VI.l, Salient differences between Area I and III
ultramafic rocks.,

AREA I AREA IIX

Protolith Dunite and herzburgite Dunite

Serpentine Mesh-textured serpentine with | Mesh-textured serpentine with
mineralogy lizerdite rims end centres. lizardite centres end
lizerdite-clinochrysotile rims,
Antigorite (end minor chlorite
end tremolite) replaces the
mesh-textured serpentina.

Spinel Chromite w’th & veriable but Chromite with forritchromit

mineralogy homogeneous composition or a alteration rims.Megrotite may
tuwo-phasa axsolution taxture occur at the oukter mergin of
surrounded by megnetito rim2. | somo rims and as discrate
Magnetite olso occurs 3 groins in the 2erpontinite.

discrete grains,

Sulphidss Coarse interstitial grains of | Minor millerite and pyrite as
pentlandite,heazlewoodite end | fine disseminated grains.
millerite eppersntly replecing
a primery sulphide.fFine diss-
eminated grains of millerite,
heazlewoodite end pentlandite.
Violerite,pyrite,pyrrhotite
and chalcopyrite also occur,

Contect Anthophyllite 2 telc end Obscured by later contsct
metamorphism | biotite as selvedges seperat- | metesomatism,
ing serpentinite from late
granite dykes,

Contect nil Talc-carbonate alteration.
metasomatism

Country-rocks| Granite,gneissic grenite with |Argillite,quartz-magnetito
minor emphibolite.Amphibolite |schist,plegioclase-amphibolite
facies of metamorphism, and tremolite-chlorite schist,
Epidote-emphibolite facies of
metemorphism,

Ni-content Very variable from 0.2% to 2.0%|About .22% totel Ni,which
total Ni. corresponds to the average Ni
content of dunite.
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of ultramafic rocks.

In Chapter VIII the zoning in the chrome spinels in both

areas 1s examined in the light of these conclusions.
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VII COMPOSITIONAL VARIATION IN CHROMITE

A INTRODUCTION

Spinels from Reservation 34 exhibilt zoning and inhomogeneities
involving chromite, ferritchromlt and magnetite. In chapter VIII
these features are used to interpret the geological history of
the serpentinites and 1t 18 therefore necessary to discuss the
spinel group of minerals from the point of view of thelr occurrence
in ultramafic and mafic rocks. Compositional trends due to magmatic,
late magmatlc and post-magmatic crystallization are revliewed in
order to interpret the observed zonling 1n chromite from Reservation
34,

The chapter 18 a summary, a dilscusslon and an interpretation

and
of data reviewed from the literature/presented in more detail in

Appendix I.

B THE SPINEL GROUP OF MINERALS

The splnel group of minerals, of general formula R2+R3+04 is
divided into the spinel seriles, the magnetite serles and the chromlite
serlies, depending on whether the trivalent cation i1s Al, Fe or Cr
respectlvely. The type structure is that of the mineral splnel,
MgAlQOM, which 18 cublc close packed and has elght formula units
per unlt cell. Extensive solld solutlion between end members,
variations in cation coordination and cation deficlent structures
occur in all spinel group mlnerals.

A convenlent means of representing the spinel group minerals
is by a triangular prism (Stevens, 1944), The triangular faces

represent the divalent oxldes MgO and FeO, and the three prism
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axes the trivalent oxides Fe203, Cr203 and A1203 (Fig.vIII.4).
Thus the six important end members are represented by the corners
of the prism; these are,wlth their mnemonic abbreviations:

FeCrp0y ferrochromite (chromite) FC MgCr,0, magnesiochromite MC
FeA1204 hercynite FA MgAlp0) spinel MA

FeBOM magnetite FF MgFegou magnesioferrite MF

Spinel compositions may be represented by three types of planar
projection from the prism devised by Stevens (1944), (Fig . VIII.4).

Experimental work indicates extensive solid solution between
end members of the spinel group at about 1300°C (Ulmer, 1969;

1970), a temperature at which Spinel might crystallize from an
ultramafic crystal-liquid mush. Limits of solid solution at lower
temperatures are less well known., There is a mlscibllity gap
between magnesioferrite and spinel (S.S.) at 1250°¢, (Kwestroo,
1959), and between magnetite and hercynite below 860°C (Turnock
and Eugster, 1962), Stability of Spinel group minerals varies
with fo, (Ulmer, 1969).

Catlon deficient Structures, resulting from a replacement of
three divalent cations by two trivalent cations, are more numerous
in synthetic than in naturally occurring spinels (Ulmer, 1970,
p.264). The negligible departure of natural chromite from the
ldeal formula has been demonstrated by Irvine (1965, p.650).

Ferritchromit 1s a term first used by Spangenberg (1943) to
describe highly reflecting borders to chromite in Some serpentinized
ultramafic rocks. These borders are depleted 1n MgO and A1203
compared to the chromite core, and thus ferritchromit describes
an Al- and Mg-poor chromite, It does not represent a mineral of

specific composition,
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C LITHOLOGICAL ASSOCIATIONS OF CHROMITE,MAGNETITE AND FERRITCHROMIT

Chromite 1s an early crystallizing mineral in ultramafic rocks,
characteristically associated with olivine 1n peridotites. It is
also found in pyroxenites though there 1s a tendency for chromite
and pyroxene to be mutually excluslve. Chromite occurs in chromitite
segregations, or as an accessory mineral.

Magnetite is normally assoclated with the later products of
differentiation: gabbro, anorthoslte and basalt. It also occurs
as a secondary mineral resultling from various oxldation processes,
including serpentinization. The separation in both space and time
of magnetite and chroemite has been verifiled experimentally by
Hi1l (1969), and theoretically explalned by Irvine (1967, Fig.3).

Ferritchromit has been described only as a zone around
chromite and not as discrete crystals. Flve of the chromite
analyses listed by Stevens, (1944, Fig.4) are ferritchromit but

no further information is given.

D ACCESSORY CHROMITE AS A PETROGENETIC INDICATOR

The use of chromlite as a petrogenetic indicator 1s based on
~a correlation of geologic environment with compositional changes
in chromite. Thayer (1970) and Irvine (1967) have distinguished
the compositional fields of chromite from layered and Alpine-type
ultramafic intrusions (Fig.VII.l, VIII.2); Irvine (1967), from
ultramafic nodules in basalt (Fig.VIII.2); and Aumento and Loubat
(1971), from Mid-Atlantic Rldge serpentinites (Fig.VIII.2). More
information 1s available on the composition of layered or podiform
ore chromilte than on accessory chromite from the enclosing ultra-

mafic rock. Chromite segregations have not been observed in the
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MgO+FeO

cr203 Ale;,
wt. %.

Compositional variation 1n chromite from ultramafic
rocks. All iron plotted as FeO.

Chromite associated with settled plagioclase from the
Fiskenaesset and’'Sittampundl Complexes.

Chromite associated with settled orthopyroxene from the
Bushveld Complex,

Chromlte assoclated with settled olivine from the
Bushveld Complex, the Great Dyke, the Stillwater
Complex and from eastern Sierra Leone.

Chromite assoclated with anorthositic gabbro from the
Bushveld Complex.

Source of data:-

Bushveld Complex-van der Walt, 1941; Cameron and
Emerson, 1959; Cameron and Desborough, 1969.

Fiskenaesset Complex-Ghisler and Windley, 1967.

Great Dyke-Worst, 1960.

Sierra Leone-Dunham et al., 1968.

Sittampundi-Subramaniam, 1956.

Stillwater-Beeson and Jackson, 1969.

The additional data to show the extended field of
chromite composition from orogenic type ultramafic
rocks, and ultramafic nodules in olilvine basalt® have
been derived from Stevens, 1944; Ross, Foster and
Myers, 1954; Green, 1964; Frisch, 1971).

*(indicated by a dashed line).
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serpentinites of Reservation 34, If the existing data on chromite
is to be used to interpret the geological history of Reservation 34
serpentinites, it 1s necessary to establish that accessory chromite
displays the same compositlional trends as segregated chromite in
the same ultramafic body.

Thayer (1970) has plotted analyses of ore and accessory
chromite from the Kempirsai Pluton (Pavlov and Chuprynina, 1967)
and in this case the compositional trend of the two is simllar.

The writer has plotted analyses of both ore and accessory chromlte
from Alpine-type intrusions in SW Turkey (Engin and Hirst, 1970)

and these are found to follow a similar trend (Fig.VII.l). Accessory
chromite from the Western Bushveld (van der Walt, 1941) the Eastern
Bushveld (Cameron and Emerson, 1959) and the Great Dyke (Bichan,
1969; Appendix V, Table XI) have also been added to the variation
diagram; the trend apparent from the ore chromite 1s contlnued or
exemplified by the accessory chromlte (Fig.VII.1). Thus, in an
ultramafic body with no chromite segregations, composltional

trends of accessory chromite are comparable to those from ore

chromlite, allowing the use of accessory chromite as a petrogenetic

indicator.

E COMPOSITIONAL VARIATION IN MAGMATIC CHROMITE

Variation diagrams to distinguish fields of chromite from
various types of ultramafic intrusion have been devised by Thayer,
(1970), Engin and Hirst, (1970) and Irvine, (1967; 1965). These
diagrams show that chromite from different types of ultramafilc
rocks have distinect, although sometimes overlapping, flelds of

composition. Thayer's dliagrams also 111ustrat¢ different
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compositional trends for chromite from stratiform and podiform
chromitites,

In chromite from stratiform complexes total Fe and A1203
increase with decreasing Cr203; in chromite from podiform and
other intrusions, total Fe remains constant, and A1203 Increases
rapidly with decreasing Cr203. The compositional trend for
chromite from stratiform complexes (Fig.VII.1) also reflects a
differentiation trend: chromlte from the Great Dyke 1s associated
with settled olivine, from the Bushveld Complex with settled
olivine and pyroxene and from the Fiskenaesset Complex with settled
Plagloclase. The same trend is apparent on a ternary plot of
Alp03-Crp03-(total FeO + Mg0) to which the compositional field
of chromite from non-stratiform intrusions has been added
(Fig.vII.2),

These trends are recognlized in individual intrusions. van der
Walt (1941) showed the Cry03 content of chromite in the Western
Bushveld to decrease with elevation in the layered Series; this
decrease 18 compensated by an increase in A1203 in the lower seams
and Fe203 in the upper (Irvine, 1967, p.87). Chromite from the
Hartley Complex of the Great Dyke of Rhodesia (Worst, 1960,

Table 30) shows systematic inverse relations between Cr203 and
total iron, while A1203 tends to remain constant. The trends in
chromlte composition in non-stratiform intrusions are not always
easlly related to coexlsting mineralogy. Other factors such as
pressure (Green, 1964) affect Al-content of the spinel. However,
in New Caledonia, the main perldotite mass is cut by dunite which

is transitional in the upper section to noritic gabbro and
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anorthosite., There is a rise in A1203 content of the chrome spinel
in passing from dunite through the pyroxene- and plagioclase~
bearing rocks of the transition zone to gabbro and anorthosite
(Guillon and Lawrence, 1971, p.425).

Lapham (1964) notes that spinel in dunites of the Mayaguez
Serpentinite 1s Cr-Fe rich whereas spinel in augite harzburgite
1s Mg-Al rich.

Early chromlte from the Makaopuhl Lava flow, Hawalil (presumably
a xenocryst from an ultramafic body shows increasing A1203 with
decreasing Cr203, a trend interpreted as of primary magmatic
origin (Evans and Moore, 1968). Thayer (1970) showed that the
increase 1in total Fe with decreasing Cr203 which was such a
noticeable feature of chromlte from layered intrusions is only
8light in the case of podiform deposits from orogenle ultramafic
bodies (Fig.VII.1l). Chromite from partially serpentinized
peridotite, harzburgite and lherzolite from SW Turkey (Engin and
Hirst, 1970), conform to this (Fig.VII.l). However, van der
Kaaden's (1959) variation diagrams of ultramafic rocks in the
same general area suggest a very slight decrease in total Fe, an
increase in A1203 and an irregular but slight decrease in MgO
with decreasing Cr203. It 1s reasonable to conclude that there
18 an 1ncrease 1n Fe and Al with decreasing Cr, but not necessarlly
both together, This i1s apparent on the variation diagram in
Flgure VII.2 as a trend away from the Crgo3 eorner towards the
(MgO 4+ FeO) - A1203 boundary. The fact that either Fe or Al
increases may be due to the fact that in the hercynite-magnetite

series Fe or Al enrichment is dependent on £fO, (see Appendix I).
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Trends involving Tio2 are not consistent and to sSome degree
depend on whether Ti occuples a divalent or trivalent site in the
crystal lattice (Appendix I). A tendency for TiO, to increase with
continued magmatic crystallization 1s expected by analogy with
lunar spinels (see below) and terrestrial chrome spinels included
as xenocrysts in basalt. Hill (1969, Fig.16) has observed
experimentally an increase in T102 with decreasing Cr203 although
the trend 1s very slight in the chromite compositional fileld as
compared to the magnetite fleld. No clear relation between T10o
and Cr203 could be found in the Great Dyke (Worst, 1960; Bichan,
1969) or in the Rhum intrusion (Henderson and Suddaby, 1971),
although locally it 1s possible to demonstrate an increase 1n
TiO2 with decreasing Cr203. In the Makaopuhi Lava lake, Hawall,
the trend of markedly increasing Tio2 wlth decreasing Cr203 is
only apparent at a comparatively late magmatic stage when early
crystallized chromlte 1s re-equilibrating to an ulvospinel-
magnetite solid solutlon while enclosed in a basaltic magma.

Henderson and Suddaby (1971) have presented evidence from
the Rhum ultramafic intrusion for a magmatic alteration whereby
olivine and plagloclase react with interstitial liquid to produce
spinel (MgAlpy0Oy) and liquld. The spinel enters into solid solution
with previously formed chramlte to produce plcotite. The compositlion
of these spinels has been plotted in Figure VII.3. Spinels 13 and
15% are enclosed by olivine crystals and insulated from further

magmatic reaction; they may be taken as being representative of

¥The numbers refrer to the analysls numbers glven by Henderson and
Suddaby.
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Figure VII.3-Explanation

The field of chromite from layered and Alpine-type intrusions
1s based on Thayer (1970,f1g.2) but generalised te include the
writer's data presented in figure VII.1.
Primary and altered chromite from the Makaopuhi lava
© % flow (Evans and Moore,1968),

a p Primary and altered chromite from Apollo 12 basalts
(Haggerty and Meyer,1970). :

PR o Primary and altered chromite from Apollo 12 basalts
and gabbros (Reid,1971).

Chromite from the Rhum layered intrusion (Henderson
° and Suddaby,1971).The numbers refer to the authors'
analyses from which the data points were plotted.
o Chrome spinel from transition basalts,British Tertilary
Volcanle Province (Ridley,1972).
The chromite is surrounded by,or altered to,a Ti-rich phase
(except that from the Rhum intrusion No.8 3 to 15).Ti1 18 not
a variable in the diagram nor does 1t have a spinel structure
and so the variation diagram does not entirely represent the
compositional change.The zoning 18 the result of the
substitution Ti-%(Mg,Fe2+) for 2(Cr+4Al);at an advanced stage
of substitutlion the mol.% Alx0g /A12034-Cr2034-Fe203 fluctuates
and becomes meanlng less because of the small quantitiles
involved.For this reason the most Ti-rich phases have not been

plotted on the diagram utilising this ratio as a variable,
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resulting from magmatic and late magmatic reactlons.

(The explanation 1s on the faclng page).
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the original chromite composition, Chromites 12 and 14 are partly
enclosed by olivine and have undergone some later reaction. The
remaining chrome spinels have undergone the reaction outlined above
that involves an increase in Mg gnd Al and a decrease in Cr and Fe,
The trend of these chromites 1is parallel to and extends that of
the Alpine - type intrusions on both diagrams of Figure VII.3.
The overall trend is towards Spinel, MgAlgou.

Ridley (1972) has described chrome Spinels from basalts in
the British Tertiary igneous province where the eruptive rocks
are generally regarded as related to the Intrusive rocks, of which
the Rhum layered intrusion is one example (e.g., Hatch, Wells and
Wells, 1961). Note that the core of a chrome 8pinel from one of
these basalts falls along the extension of the compositlonal trend
of the chromite from the Rhum layered intrusion (Fig.VII.S).

Chromlte may undergo magmatic corrosion resulting in the
removal of MgO and A1203 with the conéomitant production of
8ilicates, notably byroxene, anorthlte and olivine (Thayer, 1956,
p.42; 1946, p.206). Zoning has not been recorded in corroded
Spinels. A similar reaction has been postulated by Ridley (1972)
whereby at a late magmatic Stage and at 'low' temperature
aluminous chromite reacts with liquid to produce Al-poor chromite
and plagioclase, Ridley's results are avallable only in abstract
form; 1t 1s not clear whether this reaction produces zoning of
the spinel. The compositional trends would be in the reverse
direction to those depicted in Figures VII.l and VII.Z2.

Zoning has not been recorded in primary magmatic chromite

in unserpentinized ultramafic rocks (Henderson and Suddaby, 1971;
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Beeson and Jackson, 1969; Thayer, 1969; Golding and Bayliss, 1968;
Jackson, 1963). A microprobe scan by the author across an
accessory chromite in the Great Dyke, Rhodesia, simllar to the

one shown in Plate 32 , showed that the composition was constant
(Table XI, Appendix V).

The following conclusions are drawn from the above data
concerning the compositional variation in chromite resulting from
magmatic crystallization:- (1) primary chrome spinels are
homogeneous in composltion; (2) early-formed chrome spinels are
enriched in Cr203 whereas late-formed spinels are depleted in
Cry03 and enriched in AlpyO3 and FepO3; there may also be a slight
increase in Ti0,; (3) the compositional fields of chromite from
layered intrusions, Alpine-type intrusions, ultramafic nodules and
Mid-Atlantic ridge serpentinites are distinct though overlapping;

(4) chromite in layered and Alpine-type intrusions have divergent

compositional trends,

F ZONED CHROMITE RESULTING FROM LATE MAGMATIC REACTIONS

1 Ultramafic Nodules in Basalt

zoning 18 recorded in chromite in ultramafic nodules enclosed
as xenoliths in alkali basalt (Frisch, 1971; Mulr and Tilley, 1964 ;
White, 1966). The opaque highly reflecting margins are depleted
in Cr and Al and enriched in total Fe relative to the dark chromite
core (Table VII.1l). The microprobe traverse of a chromite graln
in an ultramafic nodule from Lanzarote in the Canary Islands
(Frisch, 1971) shows that the altered margln has the composition
of ferritchromit. The compositlional variation between core and

rim 1s shown in Table VII.2 and in figures VII.4 and VII.5.



Table VII.1 Summary of the relative changes of rﬁa,jor oxid

ferritchromit rim of zoned spinels.

es between the chromite core and

CHROMITE FROM ULTRAMAFIC CHROMITE IN OLIVINE ; 2 .
INCLUSIONS IN BASALT.(3) PHFNUCRYSTS IN BASALT.(6) CHROMITE FROM SERPENTINITES.(17) i
core richer rin richer core richer rim richer’ core richer rim richer no chenge

1,3,4,6,7,8,13

Al03  ||9,25- 8,12,14 17,19.20,21.24 Al,05
Fe0 a3 4,10 1,3,17 fFed
F8203 8 103'10n17|20 78203
Totel Fel 9,18,25 , 2,8,11,12,26. 1,14,19,2,22, Totel Fo
Mg0 2,8,12,26. 1,3,4,6,7,10,13 Mq0
g 9 2,8, 14,17,19,20,21. s
Cr 04 9,18 2,8,11,12,26 3,6,17,20,24‘l"-s.d.7.1s,'19,24_ 7,14,17,21 Cry05
Ti0, 9 2,8,11,12,26 17 3 7107
n0 9 17 10 MnO
Ni0 9 . . 239,10,15,17,20 14 NiO
510, 9 10,14 510,
S 14 14 S
Vo0s 9 V203
Zn0 9 8 Zn0

1 Amin,1948 10 Colding end Bayliss,1968 18 Muir end Tillaey,1964 )

2 Bebkine,1965 11 Gunn,st al.,1970 19 panagos end Otteman,1966

3 Beeson and Jackson,1969 12 Haggerty end Meyer,1970 20 Simpson and Chemberlein,1967

4 Den Tex,1955 13 Horninger,1941 21 Spengenberg,1943

5 De Wesl and Hiemstrse,1966 14 Lepham,1964 22 Stephsnson,1940

6 De Wi jkerslooth,1943 15 Mihalik and Hiemstra,1966 23 van der Keedan,1970

7 Engin end Aucott,1971 16 mihelik end Sesger,1968 24 Weiser,1966,1967

8 Evens end Mooro,1968 1?7 miller,1953 ' . 25 UWhite,1966

9 Frisch,1971 26 Wright,1967

e
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Table VII.2 Analyses of chromlite and associated ferrit-
chromit from zoned spinels.

n

1 2 3 5 6 7 8
Chromite
L0l 18.60 19.30 10.97 31.80 24.17 13.00 30.60 10.70
Cro05| 47.10 46.50 54.49 34.10 36.41 56.62 32.00 36.60
T10, .71 .72 .26 .10 .00 - .30 4,30
Fe,03 2.10  1.42  3.62  6.30 12.84 - 7.40  14.90
FeO 19.70 21.10 19.68 7.70  2.55 18.22" 17.10 26.30
Ngo 10.00 9.20 9.52 16.50 18.90 12.16 12.70  7.00
N10 - - .05  0.00 - - .18 -
Va03 - - - .10 - - - -
Mno - - .29 .20 - - .20 .27
cao - - .31 .10 - - .01 -
S10, - - - .70 - - .09 -
Zno - - - - - - .25 .20
98,20 98.24 100.01 97.60 94.87 100.00 101.00 100.27
Ferritchromit
A0, 3.10 6.60 2.5 20.20 11.B% 2,50 19.60  3.60
Or,05| 42.00 53.70 54.84 44.80 39.00 62.53 32.00 15.50
T10, 1.04 .72 .30 .10 .00 - Lo 18.40
Fe05| 22.40  8.40 13.62 15.40 31.21 - 19.00 14,10
Feo 30.16 32.10 21.7% 6.60 3.46 26.53° 17.20 43.90
NMg0 2.10 1.68 5.87 11.50 10.86 8.42 11.30 2.80
N10 - - .09 - - - .24 -
Va03 - - - .10 - - .18 -
Mno - - Ly .20 - - .21 .27
ca0 - - .35 10 - - .02 -
S105 - - - .20 - - .10 -
. 2Zno - - - - - - Ol .17
100.80 103.20 99.66 99.20 96.38 100.01 100,30 98.74

"Columns 1 to 6 contain analyses of chromite and ferritchromit from

serpentinites;column 7 from an ultramafic nodule in basalt;and

column 8 from a Xenocryst in basalt,+* indicates total iron.

Col.l and 2,Stillwater Complex (Beeson and Jackson,1969);col.3,

Webster-Addie Complex (Miller,1953);col.4,Coolac serpentinite
(Golding and Bayliss,1968);col.5,Barramla serpentinite (Amin, 1948);
col.6,Andizlik-Zimparalik area(Engin and Aucott,1971);col.7,Lanzarote

(Frisch,1971);col.8,Makaopuhi lava flow (Evans and Moore,1968).
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FeO+MgO

closed symbol chromite

open symbol ferritchromit

S e e e — o — —

crzoa

A|203
wt.%

1. Lanzarote, Canary Islands éFrisch, 1971)
2 Barramla, Egypt (Amin, 1948)

3 Stillwater, Montana (Beeson and Jackson, 1969)

4 wWebster-Addie Complex, N. Carolina (Miller, 1953)

5 Andizlik-Zimparalik, Turkey (Engin and Aucott, 1971)
1
P

Chromite from dunite nodule
5 Chromlte from serpentinite

Fig.VII.4, Ternary variatlion dlagram to 1llustrate the composition-
al trend of ferrltchromit alteration (Plotted in welght percent).

The fleld of chromite from ultramafic intrusions is taken from
Fig.VII.2,
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Zoning 1n chromlte from these nodules 18 not ubiquitous; the
wrlter has made a mlcroprobe traverse across a chrome 8pinel from

a dunite nodule 1n basanite lava from the Grand Canyon (Best, 1970)

and found it to be homogeneous.

2 Alkali Basalt

Chromite 1s found enclosed in olivine and orthopyroxene
phenocrysts in alkall basalt. It may be unzoned (Wright, 1967),
but more frequently it is zoned in a manner simllar to that
described for chromite from ultramafic noduies (Tables VII.1 and
VII.2) (Ridley, 1972; Evans and Moore, 1968; Babkine, 1965).
Chromite occuring in the groundmass of these rocks 1s frequently
rimmed by ulvospinel or titanomagnetite which also occurs as
discrete crystals in the groundmass (Gunn et al., 1970; Wright,
1967).

3 Lunar Basalts and Gabbros

Chrome spinel 1n lunar basalts is often surrounded by chrome
ulvospinel of variable composition which in turn is surrounded by
homogeneous 1lmenite (Haggerty and Meyer, 1970) or by an ulvospinel
only (Reid, 1971), Chrome spinel in lunar gabbros varies smoothly

in compositlion from chromite cores to ulvospinel rims (Reid, 1971).

4 Discussion
Where chromite grains have been in contact with basalt magma
they normally become zoned towards a titaniferous magnetite or an
ulvospinel, Only rarely does ferritchromlt occur between the core
and the Ti-rich phase, This zoning 1s a result of the substitution
of T1 4 (Mg,Fe) for 2(Cr + Al). The Al,05 content decreases with
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decreasing Cr203 content so that in the variation diagram involving
Al503 (F1g.VII.3) the trend is a variance with the magmatic trend
because Cr and Al are not replaced by Fe3+. This trend is clearly
i1llustrated for spinels from the Makaopuhi lava flow (Evans and
Moore, 1968) from British Tertilary basalt (Ridley, 1972) chromite
from some lunar rocks (Reid, 1971; Haggerty and Meyer, 1970).
Two chromites from an olivine cumulate in the Rhum layered intru-
slon (Henderson and Suddaby, 1971, analyses 1 and 2) that have
reacted with trapped pore fluid follow the same trend.

In the variation dlagram in which total Fe is a variable
(F1g.VII.3) the change to the Ti-rich spinel phase shows an

Increase in Fe2+

8o that the compositional trend of chromite from
layered intrusions is continued.

Chromite grains within ultramafic nodules, olivine or ortho-
pyroxene phenocrysts 1ln basalt tend to be surrounded by a zone
wlth progressively decreasing amounts of A1203 and Cr203 and in-
creasing Fe203 towards the rim, thus approaching the composition
of ferritchromlt. This impliles migration of elements through the
surrounding silicates, In some cases chromite enclosed in olivine
1s surrounded by a Ti-rich phase in addition to ferritchromit
(Gunn et al., 1970).

It is concluded that chromite immersed in basaltic magma is
surrounded by a rim of a Ti-rich spinel which i1s the stable
crystallizing phase from that magma. Chromite insulated within
sillicate minerals from direct contact with the magma undergoes

alteration whereby Al, Mg and Cr diffuse outwards and Fe, and

sometimes T1 diffuse Inwards to alter the chromite to ferritchromit.



161

This type of alteratlon 18 also evident in some spinels 1n direct

contact with magma.

F ZONED CHROMITE IN SERPENTINITES

The simplest type of compositional zoning in chromite results
from the formation of a rim of magnetite around a core of chromite.
This has been observed 1n Casper Mountain, Wyoming (Stephenson,
1940); in the Red Lodge district, Montana (James, 1946); New
caledonia (Maxwell, 1949); the Ablitibl area, (MacRae, 1969); the
great Dyke, Rhodesia (Plate 32) and in serpentinites dredged from
the Mid-Atlantic Ridge (Aumento and Loubat, 1971, p.649) and the
Palmer Rldge (Cann, 1971, p.613). There is no aluminous silicate
assoclated with the alteration which has been correlated with the
"Buckskin weathering" type of serpentinite, commonly enclosed by
low-grade, unfoliated, metamorphic rocks (Thayer, 1956, p.653).

The chromite 18 homogeneous and surrounded by narrow selvedges
of magnetite, with which it may or may not be in direct contact.
Magnetite may line fractures through the chromite and also occurs
as discrete grains throughout the serpentinite. The boundary
petween the chromite and magnetite 18 compositionally sharp and
optically visible due to the higher reflectlvity of the magnetite.
This type of zoning 18 an additive process involving the deposition
of magnetite, released on serpentinization of silicates, around
the margins of chromlte grains, Extremely sharp margins and corners
of chromite beneath the magnetite rim (Plate 32) indicates that
there has been no replacement of chromite,

Alternatively chromlite in serpentinites may be surrounded by

ferritchromit (Poitevin, 1931; Horninger,1941; Spangenberg, 1943 ;
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de WijJkerslooth, 1943; Amin, 1948; Miller, 1953; Lapham, 1964;

den Tex, 1955; Welser, 1966, 1967; Panagos and Otterman, 1966;
Mlhalik and Hiemstra, 1966; de Waal and Hiemstra, 1966; Simpson
and Chamberlain, 1967; Golding and Bayliss, 1968; Beeson and
Jackson, 1969; Engin and Aucott, 1971). An aluminous silicate is
Invariably assoclated with ferritchromit. The alteration is
correlated with the 'verde antique' type of serpentinilzation
characteristic of folilated rocks in the greenschlst and amphibolite
facles of metamorphism (Thayer, 1956, p.693).

Chromlte assoclated with the 'verde antique' type of ser-
pentinization 18 rounded and optlically zoned with the margins
having a hlgher reflectivity than the core. The dark chromite core
is homogeneous and passes with a sudden compositional change to
light ferritchromit which then grades to magnetite at the rim
(Plate 22), MgO and Aly05 are invariably depleted and FeO and
Fe203 enriched 1in the rim;Cr203 fluctuates erratically and may
be enrichéd, depleted or remailn constant; T102 increases or remains
constant (Table VIL1l). The alteration occurs in two stages in
which the first 1s an immediate loss of MgO and A1203 to yleld
ferritchromit and the second a more gradual decrease in MgO and
Cr203 to change the composition of the ferritchromit towards
magnetite. The presence of magnetite in the outer portion of the
zoned spinel is rarely recorded (Table VII.2). The trend of this
alteration of Thayer's (1970) varlation diagrams (Fig.VII.5) and
on a (MgO 4 FeO)—Cr203-A1203 ternary plot (Fig.VII.4) is markedly
different from compositional variations due to magmatlic stages of

chromlte crystallization.
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The evldence suggests that the alteration of chromite to
ferritchromlt is a replacement process in which FeO and Fe203
replace A1203, Mg0 and to a lesser degree, Cr203. Photographs of
zoned chromites (Miller, 1953; Golding and Bayliss, 1968; Beeson
and Jackson, 1969; Simpson and Chamberlain, 1967; this thesis,
Plates 22, 23, etc.) with well rounded cores and rims support
this view, If the process was addlitive, that is, ferritchromit
was crystallizing around chromite, then angular outlines similar
to those lllustrated in Plate 32 would be expected. Furthermore,
1f ferritchromlt were a stable crystalllizing phase diliscrete,
interstitlal crystals of ferritchromit in the serpentinite would
be expected; they have never been recorded.

The compositional trend of ferritchromit alteration is away
from the fields of primary magmatlc chromite from ultramafic rocks
and is in contrast to the trend characteristic'of the magmatic
phase of chromite development (Figs. VII.4 and VII.5, data points
2,3,4 and 5). The trend of ferritchromit alteration, that is,
increasing total iron, decreasing A1203 with little varlation of
Cr203, is the same for chromlte of widely different composition.

G ARTIFICIALLY HEATED CHROMITE

Compositional zoning has been described from a used refractory
brick consisting of 40% magnesite and 60% raw chrome ore (Berry,
Allan and Snow, 1950). Adjacent to the cold face of the brick the
chromlte develops a retlculate network of a highly reflecting
constiltuent, probably Fe203. Inwards from the cold face a
crystallographically orientated lntergrowth of a highly reflecting
material develops Inside the chromite, whille the margin is
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surrounded by a lacey fringe of a highly reflecting material. As
the fringe becomes better developed, the intergrowth dilsappears
and the chromite develops a grey centre with a lacey fringe.
Immedilately adjacent to the hot face the chromlte becomes a more
uniform and complex solid solutlon with a dark rim. Chemlcal
analyses show that in passing from the cold to the hot face the
chromite becomes depleted in MgO, A1203 and Cr203 and enrlched
in Fe203. The authors conclude that MgAl,0y 1in the chromite 18
more soluble than MgCrQOA in the silicate matrix.

Silicate and direct bonded chrome-periclase refractory bricks
show euhedral or angular secondary Fe-rich spinel as rims on
chromite or as discrete crystals in the groundmass (Padfield et al.
1967). The secondary spinel may be separated from the chromite
core by a line of irregular pore spaces. The formation of the
secondary spinel causes expansion 1in bricks.

Brownell (1942) heated chromite from the Bird River sill,
Manitoba, to 700°C and observed an exsolution phase which he
assumed was hematite. Galt (1964) investigated this phenomenon
further, heating specimens in alr from 12 to 144 hours at 1000°C.
Hematite exsolved in a Widmanstatten pattern, initially at the
rims, but subsequently extending to the centre of the chromite.
The Bird Rilver chromite is altered; a highly reflecting Fe-rich
phase surrounds, and penetrates through a chromlte core. A homo-
geneous chromlite from the Great Dyke of Rhodesia, similar to that
111lustrated in Plate 32 was heated for 6 weeks in air at 900°C.
It exsolved into two phases (Plate 33) with a zonal arrangement

that resembles that for the naturally occurring spinels (pl18).,



Electron probe analyses showed that the dark phase was enriched

in A1203 and MgO compared to the light phase,

H ZONED DETRITAL CHROMITE

Detrital chromite grains with more highly reflecting borders
than cores occur 1n the Basal Reef of the Wiwatersrand System
(Mihalik and Saager, 1968). The borders contailn more Fe, and
sometlimes more Cr, but less Al and Mg than do the cores, and are
intensified by adjacent radioactive uraninite. The authors conclude
that at least some of the chromlte heterogenelty resulted from
alteration 1n the sedimentary environment.

Radloactive haloes have been described from chromlte grains
in the Elsberg Reef in the Orange Free State (Ramdohr and
Schidlowski, 1965), but no chemical data are supplied.

Chromite gralns in a Trlasslc conglomerate near Grenoble,
France, have altered margins whereas those in a Carboniferous
conglomerate do not. Grains in both conglomerates are supposed to
have been derived from the Belledonne ultramafic body which con-
tains chromite with altered borders. This led den Tex (1955) to
suggest that the alteratlon of the chromlte occurred after con-

solidation of the sediment and hence of the Belledonne ultramafilc

body.

I SUMMARY AND DISCUSSION

Chromlite 18 assoclated with perldotite, and magnetite with
the later products of differentiation, gabbro and anorthosite.
The two are rarely found together as primary magmetic minerals.
Ferpritchromlt occurs as a zone around chromlte 1n both serpentinilzed

and non-serpentinized ultramaflic rocks and in some other rocks.,
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Chromites from rocks of differing origln occupy distinct flelds
in compositional variation dlagrams and can be used as a petro-
genetic indicator.

Varlious compositlonal trends of chromite may be recognized and
are due to (1) primary magmatic crystallizatlion of chromite; (2)
late magmatic reactlons and (3) post-magmatlc reactions.

The magmatic trend involves an increase in Al,0, and sometlimes

273
Fezo3 wlth decreasing Cr203. In stratiform intrusions the lncrease

of both Al,03 and Fey03 with decreasing Crp0O3 18 marked (Fig.VII.3).
- In Alpine-type intruslons the increase of A1203 with decreasing
Cr203 1s more marked than with stratiform intrusions, but total

Fe tends to remaln constant or even decrease slightly (Fig.VII.3).
The decrease in total Fe 18 more pronounced in chromlte from the
Rhum ultramafic where a late magmatic reaction has resulted in

an increase in A1203 and MgO with a decrease in Cr203 and total

Fe (Fig.VII.3). Magmatic chromite i1s homogeneous and both segre-
gated and accessory chromite follow the same compositional trends.

The late magmatic trend involves the crystallizatlon of a

titanium oxide, titaniferous magnetite, ilmenite or ulvospinel
around a chromite core lmmersed in a basaltlic magma. The titanium-
rich oxide 1s the stable oxlde phase crystalllizing from this
liquid, rimming the chromite and forming discrebe crystals in the
groundmass, Some sequentlal zoning results from the substitutlon
of T1 4+ (Mg,Fe) for 2(Cr 4 Al) but because Ti 18 involved the
compositional variation i1s not properly represented on the normal
spinel variation diagrams, The decrease of A1203 wlth decreasing
Crp03 leads to a distinct trend on the variation diagram (Fig.
VII.3).
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The most simple post-magmatic compositional trend involves

the deposition of a magnetite rim around chromite in serpentinites
that are unmetamorphosed, or of low grade only (Buckskin-weathering
type of serpentinites)., The magnetite forms from Fe released on
serpentinlzation of the silicates and rims chromite grains (Plate 32).

Ferritchromit rims of varying composition are found around
chromite 1in certain serpentinites, refractory bricks, detrital
chromite and in ultramafic nodules, The ferritchromit compositional
trend shows a decrease of A1203 and an increase of Fe203 at
constant Cr203 composltion followed by lncreasing FeO and Fe203
with decreasing MgO and Cr203.

Chromite, surrounded by rims of ferritchromit which vary
continuously 1n compositlon towards magnetite, 1s associated with
an alumlnous silicate in serpentinites frequently enclosed by
rocks metamorphosed to the greenschist or amphibdlite facles
(verde antique-type of serpentinite),

The compositlonal trend resulting from ferritchromit altera-
tion 1involves a loss of A1203, initially with 1little or no loss
of Cr203, and a galn in Fe203. The compositional trends are in
marked contrast to those established as magmatic,

Many authors ascribe the formation of zoned chromites of the
verde antlique assoclation to the process of serpentinization
(Spangenberg, 1943; Amin, 1948; Miller, 1953; Lapham, 1964; de Waal
and Hiemstra, 1966; Golding and Bayliss, 1968; Beeson and Jackson,
1969). Others suggest that the alteration occurs subsequent to
serpentinization (de Wijkerslooth, 1943; Den Tex, 1955; Engin
and Aucott, 1971). Occasionally the suggestion 1s made that it
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may be a late magmatic reaction (Simpson and Chamberlain, 1967).
Tt would appear that serpentinization alone is not suffilcilent to
cause zoning in the spinels because the buckskin-weathering-type
of serpentinization produces a rim of magnetite around chromite
but no intermediate zone of ferritchromit (James, 1946; Maxwell,
1949; Golding and Bayliss, 1968; MacRae, 1969; Aumont and Loubat,
1971 and this thesis (Plate 32). Furthermore, the type of zoning
found in chromite associateéd with the verde antlque-type of
serpentinization is very simllar to that found in chromite 1n
xenoliths and xenocrysts in basalt, in refractory bricks and
possibly in sedimentary environments.

The production of ferritchromit in amy of these environments
involves the loss of MgO and A1203, a common factor in all cases
being an elevation of temperature. Homogeneous, magmatic chromite
will form at an £O, between 1075 and 1077 atm.(Ulmer, 1969),
temperatures from about 500°C to 1300°C and probably high pressure.
If an ultramafic rock containing such chromite 1s emplaced at a
higher level in the crust, in an environment of lower temperature
and pressure but higher fOy, 1t may be metastable. The reaction
to produce the spinel stable under the new conditions 1s inltilated

by an elevation of temperature.

J CONCLUSIONS

Trends of ferritchromlt alteration 1in serpentinites are quite
distinct from compositional trends due to magmatic and late
magmatic reactions. It is concluded that the formation of ferrlt-

chromit around chromite is unlikely to be due to a magmatle reactlon.
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Ferritchromit alteration is not confined to chromite in
serpentinites but 18 found 1n non-serpentinized rocks that have
been subjected to elevated temperature subsequent to the formation
of the chromite., Furthermore, serpentinltes in which ferritchromlt
alteration 18 found are assoclated with low-grade metamorphic
wall-rocks. Many serpentinites do not contain chromite with
ferritchromit alteration rims; 1nsteadlthe chromite is surrounded
by a rim of magnetite. Such serpentinites are assoclated with
unmetamorphosed wall-rocks, It 18 concluded that serpentinizatilon
is 1tself not sufficient to produce ferritchromit. An elevation
of temperature in a rock containing pre-existing chromite appears

to be necessary for the formation of ferritchromit.
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VIII DISCUSSION OF THE SPINELS IN AREAS I AND III

A INTRODUCTION

The detalls of the spinel mineralogy in Areas III and I have
been presented in Chapters IV and V respectively. The chrome
spinels in Area III are always zoned and consist of a homogeneous
chromlte core surrounded by ferritchromit varylng in composition
towards magnetite. The chrome spinels in Area I are also zoned,
but the chromite core, which may be homogeneous or exsolved into
two phases, 1s surrounded by magnetlte., Homogeneous chrome spinel
also occurs, The origins of these features are now discussed in

the light of the data presented in Chapter VII.

B CHROMITE CORES IN AREA III

The composition of chromite cores from spinels in Area IIT
lies entirely within the field of chromite from layered intrusions,
or overlapping the flelds of layered and Alpine-type lntrusions
depending upon the diagram used (Figs.VIII.l and VIII.2). The
composition (Fig.VIII.l) also falls beyond the field of chromite
assoclated with dunite (from the Great Dyke) but within the fileld
of chromite associated wlth peridotite (from the Stillwater
Complex ) and pyroxenite (from the Bushveld Complex). This 1s at |
first sight anomalous because the ultramaflc rocks of Area III are
almost entirely serpentinized dunite., It has already been shown
that accessory chromite liles 8lightly further along the variation
trend than does segregated chromite from the same body (Fig.VII.l).
Thus the accessory chromite from Area III 18 of a composition

conslstent with 1ts assoclatlion with dunite,



171

= 70
EXPLANATION ‘\
(76}

Number of analyses

70

Kempirsai Segregated (76)
O Kempirsai Accessory (18)

o
<
I
|
S
e

O light grey cores l
o dark grey cores \
1
_i

50 -

MOL PERCENT Al;0;/Cry0,+A1,0;+Fez03

40 {-

o

Stillwater (97), Montana o) ‘|

30— 30
N 7 'i' b High Cr (4
h N / Caribbean High Cr (4)

|
~ [} s
~L Ry _
L W Kempirsat High Ci (81}
4 - ) ) ; / |

T

20 1~ 20

WEIGHT PERCENT TOTAL fe

iy
~
Caribbean, High Al (24) Caribbean High Cr ()™

20 30 40 50 60 70
P ERCENT_cfzp 3

Fig.VIII.l. Composltlions of chromite cores from zoned splnels in
Area III (Table IV.3) compared to compositional fields of chromilte
from podiform and layered intrusions. The data is plotted on a
variation dlagram devised by Thayer (1970).




172

MC T T v T FC mMF T T T T FE
R . 8} -
6 ‘o g
- 6} ] S 6t .
; :
u . . 4
3 5
o 4 o\ At 4
()
Lo
2+t 1 2t ]
MA R E—— FA N(CA) F(CA)
8 6 4 .2
Nig/Mg+Fe - Mg/Mg+Fe
composition of chromite from
layered Intrusions = "~ -T T TTTTT
Alpine-type Intrusions irvine,1967
uitramafic nodules = — —
Mid-Atlantic rldgerse;_r_pentlnlters Aumento and Loubat, 1971

dark grey cores o
Area il Areal o

light grey cores o

Flg.VIII.2. Compesitional variation dilagram of chromlte cores
from zoned spinels in Area I (Table V.4, cols. 1, 2, 5 and 7)
and Area III (Table IV.3). The derivatlon of the plots 1s shown
in figure VIII.A4.



173

For the following reasons the dark grey chromite cores to

the zoned spinels are interpreted as rellcs of the original
magmatic chromite:- (1) the cores are homogeneous in composition,
a feature that appears to be characteristic of primary magmatic
chromite (p.156 ).(Slight compositional variations that do occur
are between, not within, grains); (2) the composition falls
within the fleld of chromlte from layered intrusions where it
overlaps the field from Alplne-type intrusions (Flgs.VIII.l and
VIII.2),

Where sllight compositional differences occur between the
homogeneous grains total Fe and A1203 Increase slightly with
decreasing Cr203 a trend characteristic of the magmatic phase
of chromlte development (p.151 ). The variation in Cr,0; content
1s small (Table IV.3) hence it would be unwise to place too much

relilance on this relation.

The light grey chromite cores may also be original chromlte;

they are homogeneous and fall within the compositional fleld of
chromite from layered intrusions (Fig.VIII.1). Light and dark
grey cores differ mainly in MgO and FeO content. Studles of
Sllicate-oxlde systems have shown that the trend of FeO or MgO
enrichment in spinel is determined by fop, (Ps252). The slight
compositional differences between these chromites may be attribu-
ted to fluctuating fo, at the time of crystallization. On the
other hand the compositional variation for the light grey chromlte
core shows a reversal compared to the dark chromite cores, Ti0,,
Mg0O, FeQO and A1203 decrease with decreasing Cr203. The range in

Cr,03 content 1is again small (Table IV.3) and any interpretation
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must be cautlous, However, the trends between the light grey
cores are simllar to the trends in the ferritchromit rims suggesting
a post-magmatlc process may have operated,

Irvine (1965, Fig.ll) has devised theoretical fo, isobars for

2
spinel series solid solutions in equillibrium with olivine and
orthopyroxene (Fig.VIII.3 a & b). Orthopyroxene was rare in the
Area III ultramafic rocks; nevertheless, the data may be used to
gain an indication of the fo, at which the chromlte crystallized.
The dark grey chromite contains about 15% A1203 and lles near
the MF-FF-FC-MC face of the spinel prism; 1t must therefore lile
between the contour for Cr~free and Al-free spinel at any one
fo, but slightly nearer the contour for Al-free spinel (Flg.VIII.
3b). This places the chromlte approximately on the -1 iscbaric
surface, Now the figures on the isocbars, when added to 1ogloKm,
estimated to be about =7 at 1250°C (Irvine, 1965, p.669), give
1og10f02, indicating that the chromite crystallized at an f02 of
the order of 1070 atm.. This value 1s in accordance with that to
be expected for melts at these temperatures (MacLean, 1969, Fig.
13). In the system MgO-FeO-Fe,03-810,, the assemblage olivine,
pyroxene spinel and liquld does not occur below fo2 = 10'7 atm.,
though the assemblage olivine and spinel does (Ulmer, 1969, p.120).
The light grey chromite cores have a slightly different
composition belng depleted in MgO, 1lndlcating (Fig.VIII.Bbj that
they crystallized at a slightly lower f°2‘ It 18 known from
experimental evidence that splnel that crystalllzes wlth decreasing
fo, becomes depleted in MgFe,0y and enriched in Feg 0y (Appendix I)
(Spiedel & Osborn, 1967). This 1s a further indication that the
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Table V.4) and III (Table IV.3) added.
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light grey chromite cores are also originally magmatic in origin.
Thus 1t 18 concluded that the dark grey chromite cores re-
present, and the light grey possibly represent, original magmastilc
chromlte. The chromite is thus the only remnant of the primary
mineralogy of the ultramafic rock which could be part of a dis-
rupted layered intrusion,
These conclusions support the evidence presented in Chapter

IV that the Area III serpentinltes were derived from cumulates.

C FERRITCHROMIT RIMS TO CHROME SPINELS IN AREA III

1 Discussion

Ferritchromlt rims surround}chromite in Area III only. These
rims are separated from chromite by a sharp compositimal boundary,
beyond which the ferritchromit varies continuously in composition
towards magnetite. The composition of magnetlite may not be reached.

The ferritchromit-magnetite rims are interpreted as an
alteration of an original (magmatic) chromite rather than the
addition of a new spinel phase around the original chromite for
the following reasons:- (1) the rounded shape of the grey cores
indicates an alteratlon process affecting a pre-existing graln
from all directlions. Chromlite gralns in ultramafic rocks tend
to be euhedral, or at least to show some evlidence of crystal faces;
the additién of a new bhase would leave the euhedral outline
intact, as in Area I (Plate 19), but no such outlines have been
observed in Area III spinels, The boundary between feé}itchromit
and magnetite 1s gradational, and concentric to the core. In
occurrences where magnetlte or hematlte has been added to the

rim of a chromlte grain, angular outlines and corners of grain
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fragments are preserved beneath the added portion (Plate 32).

(2) The lack of silicate and sulphide minerals at the boundary

of ferritchromit and chromite suggests that as presently siltuated
the cqntact does not represent an orlginal mineral interface, Some
zoned chromites do however contaln a concentric zone of silicate
inclusions within the ferritchromit rim (Plate 23), the signifi-
cance of which 1s discussed on p.192, (3) The chemical gradients
whereby A1203, MgO and Cr203 in the ferritchromit decrease

towards the margin of the grain and FeO, Fe203, TiO2 and NiO
increase towards the margln suggest movement of these oxides &l ong
compositional gradients (Fig.IV.8). That 1s iron, NiO and TiO,
diffused inwards and replaced A1203, MgO and Cr203 which diffused
outwards. The A1203 18 fixed in antigorlite which in Area IIX
contains over 3% Al,O3 (Table IV.3).

If the ferritchromit 1s then an alteration of chromlte, at
what stage i1n the history of the ultramafic rocks did the alter-
atlion occur? Compositional alteration could possibly occur (a)
during the magmatic stage, (b) during serpentinization and (c)
during regional metamorphism either before or after serpentiniza-
tion, All three have been suggested in the literature as respon-
sible for ferritchromlt alteration (see discussion, p.166),

Ferritchromlt alteration 1s lllustrated in the spinel prism
(F1g.VIII.4). Chromite of composition p is surrounded by ferrit-
chromit that 18 non-aluminous chromite, of composition p'; the
ferritchromit then changes composltion toward magnetite along the
path p'd., The compositlonal change p-p'~d may be represented on

projections from the prism by the paths a-a'-d for the type A
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projection, b-b'-d for the type B and c-c'-d for the type C.
Compositional variatlon across a zoned chromlte (W269)
plotted on types A & B projections 18 ghown in Fig.VIII.5. Type

C projectlon nas not been used; instead a wt.% ternary plot
of Crp03-Alp03-(Mgo + FeO) which gives a simllar variation curve
nhas been employed (Fig.VIII.60), because trends 1n chromite com-
position have been established using this plot (Figs.VII.2 and
VII.t). These dlagrams emphasize two polnts; firstly, that
ferritchromit falls outside the compositional field of magmatlc
chromite and has a compositional trend opposite to the magmatlc
tpend of chromite; gsecondly, the very rapld compositional change
from chromite to ferritenromit. This suggests the instability of
Al-chromite under the conditions at which ferritchromit formed.

compositional variatlon 18 also plotted on Thayer's (1970)
variation dlagrams (Fig.VIII.7 and VIII.8). These emphasize not
only the divergent compositional trends of ferritchromit and
_chromite but the divergent trends of ferritchromite and late
magmatlc alteration of chromlte.

Thus the compositional evidence suggests that the ferrit-
chromit 1s not a consequence of magmatlc reaction. This conclusion
gains support from the fact that homogene ous grains of ferrit-
chromit have not been observed in Area III serpentinites. Grains
without chromlte cores are cryptically zoned, 1ndicating deriva-
tion from chromlte. Homogene ous chromlite occurs as core to the
gpinels and homogeneous magnetite grains occur throughout the
serpentinlte. This suggests that chromite and magnetite but not
ferritchromlt were, at different tilmes, stable crystallizing

phases.
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If the alteration of the chromite is the result of serpen-
tinization only, it remains to be explained why so many serpen-
tinites do not contain chromlte with ferritchromit rims and
furthermore why ferritchromit occurs around chromite in environ-
ments other than serpentinites. The evidence from the literature
survey (Chapter VII, and Appendix I) clearly indicates that
Serpentinization itself is not sufficient for the formation of
ferritchromit., The formation of Secondary magnetite during
Sserpentinization does however result in magnetite forming both
rims to chromite and discrete grains throughout the serpentinite.

This leaves only the third pbssibility that the ferritchromit
may result from regional metamorphism of chrome Spinels,

Irvine (1965) constructed theoretical equipotential surfaces
within the spinel prism on which chemical potential, or free
energy, of the oxide pairs MgO-FeO and any pair of the trivalent
oxides, A1203, Cr203 or Fe203 differ by a constant amount. The
individual chemical potentials become fixed 1f the spinel is in
equilibrium with olivine and orthopyroxene, a refinement that
cannot be made here because pyroxene 18 absent from the Area IIT
ultramafic rocks. Irvine derives these equipotential surfaces
from a theoretical reaction

AMa0y + BNyO) = AN,O) 4+ BMoOpeeennnnasnl
where the equilibrium constant K will vary accordlng to the
1dentity of the divalent cations A and B and the trivalent catlions
N and M. The production of ferritchromit from chromite involves
the elimination of MgAlzou; ir FeCr204 is taken to represent

ferritchromit then the alteration can be represented by the



equation
MgCrEOM + FeA1204 = MgA1204 + FeCrBOM..........E
In K for this reaction is estimated at 3 (Irvine, 1965), and hence
the general equipotential curves corresponding to In K = 3
(Irvine, 1965, Fig.7) may be labelled for Mg-FeStand Cr-Al
equipotential surfaces. This corresponds to a type A plot of
Cr/Cr 4+ Al against Mg/Mg + Fe2*. The spinel compositional varia-
tions have been plotted on this diagram (Fig.VIII.9) and they
follow closely the Mg-Fe2+ equipotential surfaces until A1203
is elimlnated. After this, variation in the Mg/Mg + Fe2+ ratio
moves the spinel composition towards magnetite. This variation
is on, or closely parallel to the MC-FC join. (Compare path
a-a'-FC in Figure VIII.4). This stage may be represented by the
equation
FeCrp0) + MgFep0) = MgCro0y + Fe304eeeeesssss3

In terms of the general case, equation 1, the equipotential
surfaces for Cr—F‘e3+ and Mg—Fez*'may be derived, The projection
that represents these varlations is a type A plot (Fig.VIII.1O).
In this case the spinel also tends to follow the Mg—Fe2+'equi~
potential surface,

Thus the varying ferritchromlt compositions all lie along a
surface on which the difference 1n chemical potential between
Mg and Fe2+ 1s constant. They do not lle along surfaces in which
the differences in Cr-Al or Cr'—Fe3+ chemical potential is constant.
This suggests that Mg and Fe2+ were buffered during the formation
of the ferritchromit. The serpentine minerals comprising the

silicate phase of the rock would, along with an aqueous fluid
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phase, buffer Mg and Felt during alteration. Cr and Al are not
present in the silicates, except for extremely small smounts,
and cannot buffer the Cr and Al in the splnels so as to maintain
constant differences in chemical potential, Fe3+ in the spinel
would also be buffered by silicate minerals and the fluid phase,
but since Cr and Al are not, the composition cannot follow
equipotential surfaces for these elements, Cr, Fe3'+ and Al could
only buffer chromite formation during the magmatic stage.

Spinel compositions near the parent chromite and the secondary
magnetite (Fig.VIII.10) tend to lie off the equlpotential surface
on which the intervening ferritchromit is located., This indicates
that ferritchromit formed when neither chromite nor magnetite was
the stable spinel phase, and thus as a reaction between magnetite
and chromite producing a spinel stable under the existing condi-
tions,

Specimen W269 illustrates the alteratlion in an early stage
(Fig.VIII.lO, VIII.Q and VIII.?). The composition of the spinel
phases tends to be near magnetite or chromite with few analyses
of intervening ferritchromit. The polnts are only poorly aligned
along fhe trace of an equipotential surface. The data points in
the other specimens, w84, 89 and 91 (Fig.VIIL10, VIII.O and
VIII.8) are more evenly distributed throughout the whole range
of ferritchromit composition and are closely colncldent with an
equipotential surface., Specimen W9l contailns no magnetite, has
the largest compositional gap between the chromite and the
ferritchromit, and the least range in ferritchromit composition.

Thus 1t appears possible that ultimately the ferritchromit could



189

become homogeneous.,

Irvine (1965) has also constructed theoretical isobaric
surfaces for fo, within the spinellprism (Fig.VIII.11l) on which
the ferritchromit compositional trend for Area III spinels is
nearly coincidental with such a surface for an Al-free spinel,
Examination of Flgure VIII.3 showe that an aluminous spinel must
projeét abové?isobar for the continuous solid solution at the
same pressure and temperature, The parent chromite falls below
the isobar on which the ferritchromit alteration plots. This
indicates that the chromite core and the ferritchromlt rim did
not form on the same i1sobaric surface and suggests that 1t formed
at a lower fo, than the ferritchromit alteration., The fop of the
chromite formation has been estimated at 10~7 atm (p.175), but
the f02 of the ferritchromlit cannot be estimated due to the lack
of thermodynamic data (Irvine, 1965). The magnetite also plots
off the ferritchromit isobaric surface, because 1t too formed
under different conditions to the ferritchromit. Tt will be
Shown in the next section that the magnetite rims in Area T
chromite formed as a result of the iron released during ser-
pentinization,

Thus all the evldence indicates that chromite and magnetite
formed under different conditlions but at different times and
ferritchromit formed subsequently to either under different con-
ditlons again. In Chapter VII evidence was presented to show
that ferritchromit forms from chromite under the influence of
rising temperature. The complex serpentine mineralogy in Area IIT

has already been interpreted as resulting from regional
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metamorphism of a serpentinite,

It 1s therefore concluded that the ferritchromit formed ako
as a result of the regional metamorphism which promoted a reaction
between a chromlte core and a magnetite rim in a serpentinized
ultramafic,

In other words magmatic chromlte, whose range of composition
has been clearly outlined (Figs.VII.l and VIII.2) is metastable
when removed from the pressure, temperature and f02 conditions
prevalling at the time of i1ts formation. Elevation of temperature
promotes the formation of ferritchromit which has a composition
stable under the new conditions of temperature, pressure and foz.
In regional metamorphlism of a serpentinite a reaction between
chromlte and magnetite leads to the formation of ferritchromit.
Ferrltchromit also forms around chromite in environments where
no magnetite rim was present, for example fresh dunite nodules
in basalt (pages 157 and 160). In this case inward diffusion of
Fe must have been derived from a source other than magnetite.

It 18 also concluded that the concentric zone of silicate
inclusions found in some spinels (Plate 23 and p. 181), marks the
original boundary between chromite and magnetite. The reaction
between magnetite and chromite to produce ferritchromit obscures
the origlnal composhtional boundary, leaving the 'marker horizon'
Intact. It 1s also reasonable to suggest that the pyroaurite-
group mineral found as a zone in multiply zoned spinels 1s some-
how derived from silicate inclusions originally at a chromite

magnetlte interface,
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2 Summary and Conclusions

The arguments for the metamorphic origin of ferritchromit
in Area III presented above may be summarized as follows:~

(1) Chromite cores to zoned 8plnels have a composition
conslstent with a magmatic origin.

(2) Ferritchromit is an alteration of, and not an addition
to, a magmatic chromite grain.

(3) Compositional trends of ferritchromit alteration are
very different to compositional trends resulting from magmatic
and late magmatlc alteration,

(4) Magnetite rims form around chromite during serpentiniza-
tion.

(5) Serpentinization itself 1s not sufficient to form
ferritchromlt; not all serpentinites contain ferritchromlt and
those that do may frequently be shown to have been metamorphosed.
Ferritchromit rims to chromite also occurs in refractory bricks,
ultramafic nodules in basalt and other environments where an
elevation of temperature has occured subsequent to the iniltial
chromite formation.

(6) The silicate mineralogy of the serpentinites and wall-
rocks in Area III shows them to have been reglonally metamorphosed
to the epidote—amphibolite facles,

(7) It is concluded that ferritchromit formed during
regional metamorphism of a serpentinite as the result of a
reaction between primary chromite grains and magnetite rims

produced during serpentinilzation,

D MAGNETITE RIMS ON CHROME SPINELS IN AREA I

The chrome spinels 1n Area I are all surrounded by rims of
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magnetite which for the followlng reasons are interpreted as
having been added to a homogeneous oOr exsolved chromite grain:-

(1) Euhedral outlines of primary chromlte are preserved
beneath the magnetite (Plates 37 & 19).

(2) The interface between chromite and magnetite is sharp
and often marked by small inclusions of silicate (pPlate 34) or
sulphide (Plate 20), indicating a time gap, separating the
formation of magnetite and chromite.

(3) The magnetite rim is always homogeneous; the chromite
core is also homogeneous except in the case of the exsolved
spinels, There i1s no compositional gradient between thé two.

(4) Small euhedral magnetité grains are present throughout
the serpentinite.

(5) The magnetite forming the rims on the two-phase spinels,
cuts cleanly across the exsolutlon textures (Plate 31) and may
enclose disrupted fragments with exsolution textures (Plate 41).
The primary chromite had crystallized, exsolved and subsequently
fractured before the formation of the magnetite.

(6) Magnetite is not a primary mineral in ultramafic rocks
(see p.l145), Serpentinization of primary iron-bearing silicates
releases Fe, in excess of the small amount that can be accom-
modated in serpentine, which is usually oxldized to magnetite.

The serpentine mineralogy indicates that the serpentinization
history has been simple. There has been no subsequent 'event' to
modify the pervasive lizardite mesh texture. The presence of

homogeneous magnetite rims supports this interpretation.
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E CHROMITE CORES IN AREA I

The homogeneous chromite in Area T occurs either as cores
to simply and multiply zoned 8pinels or as homogeneous 8plnels
with no, or only fragmentary, magnetite rims. They exhibit a
diverse composition which displays a linear trend (Fig.VIII.12).

The chromite cores to 8imply and multiply zoned Spinels
are closest to the compositional field of magmatic chromite,
while the chromite without magnetite rims is furthest away and
has the composition of ferritchromit. This trend 18 explained 1if
chromite whose composition is that of W13 loses A1203 and MgO,
resulting in a relative op absolute gain in Cr203 and Fe203.
There is evidence that this cou1d>be a late magmatic reaction;
such reactions involving loss of A1203 and MgO from chromlite and
production of plagloclase have been described on P. 156, This
reaction will reverse the compositional trend of the earlier
magmatic stages of chromite crystallization, The homogeneous
nature of the resulting chromite and the variation of Cr203
content also Suggest that the reaction is magmatic., However this
late magmatic trend is not well established by chemical analyses
and until further documentation 1is avallable the possibillity
that it 1s post-magmatlc must be considered, Since some chromite
In Area I has the composition of ferritchromit, the possibility
arises that it orlginated by homogenization of g zoned spinel
consisting'of a magnetite or ferritchromit rim and a chromite
core, This implies the posslbllity of an early serpentinization
in Area I, prior to the serpéntinization responsible for the

magnetlte rims around homogeneous and two-phase chrome Spinel,
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The homogenization of artiflclally zoned spinels at high
temperatures has been observed in refractory bricks (p.l64), and
the possibillity that ferritchromit rims in Area III are tending
to homogenize has been noted (p.189).

The least altered spilnels in Area I crystallized at an
fo, of 1077 atm. (p.175). In the system MgO-FeO-Fe,05-S10, the
assemblage ollvine, pyroxene, spinel and liquid becomes stable
above an fo, = 10-7 atm.; the Area I serpentinites all contailn
relict pyroxene, in contrast to the serpentinlzed dunite of
Area III that have crystallized at a slightly higher fo2°

The exsolved chromlte cores, which have been observed from
one short section of drill core, are not easy to interpret. The
composition of various phases is shown in Fig.VIII.5. The
exsolutlion involves separation into a dark Al-rich phase and a
light, Al-pocr, ferritchromit phase (Fig.VIII.13). This separa-
tion must have been achleved prior to the depositlon of the
magnetite rim_produced during serpentinization (Plate 31).

Bulk analyses of the fine two phase intergrowths of the type
shown in Plate 31, determined using a wide beam on the electron
mlcroprobe, have the composition of ferritchromit (Fig.VIII.13).

The highly exsolved spinel 1llustrated in Plate 31 is
composed of a dark Al-rich phase and a light Al-poor phase
surrounded by a dark Al-rich chromite rim, Much of the two phase
intergrowth 1s so fine that 1t can only be resolved under very

high magnification (Plate 30). A planimeter was used to estimate*

* The intergrowth pattern 18 so complicated that even wlth a
planimeter it 18 only possible to make an estimate of the
relative proportions of the phases, '
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the areas occupled by the dark rim, the dark and light phases in
the centre and the finely intergrown phases. As analyses are
avallable fof all these phases 1t 1s possible to weligh these
according to area and thus to estimate a bulk analysis oi the
chromite grain (Table VIII,.1l). The calculated bulk analysis
corresponds closely to those for less complicated fine two-phase
intergrowths (Plates 19 and 38 and Fig.VIII.13), all of which
lie on a trend of ferritchromit alteration.

The two-phase cores in Area I correspond to exsolution
products of an original chromite grain represented by the bulk
composition determined by weighted mean (Table VIII.1l) or wide-
beam electron microprobe analyses (Fig.VIII.1l3). These phases
are ferritchromit and a chrome sbinel enriched in A1203 and MgO.
The two exsolved phases and the bulk composition all lie on the
ferritchromit trend (Fig.VIII.1l3). In the formation of sequentilally
zoned ferritchromlt, A1203 leaves the spinel and becomes filxed
in an Al-silicate which in Area III is antigorite. The formation
of the Al-rich exsolution phase means that in this case not all
excess A1203 has mlgrated out of the spinel,

The bulk analysis of the chromite cores falls well outslde
the field of chromite from layered and Alpine-type ultramafic
rocks (Fig.VIII.1l3), and is in fact ferritchromlt. Furthermore,
the homogeneous chromite (Fig.VIII.13), has the compositlon of
ferritchromit although i1t has not developed exsolutlon textures.
These ferpritchromit cores may have formed as in Area III where
chromite cores and magnetite rims reacted to form ferritchromlt
which under sultable conditions homogenized, The reason for the

subsequent exsolution 1s not clear; exsolutlon can be artificlally



Table VIII.1 Estimation of the buik compocsition of the exsolved chromite grain
in pPlate 31 and Table V.8.

DARK RIM LIGHT PHASE TWO PHASE DARK PHASE

Av. x.156] Av. x.033| Av. x.777 Av. x.034 |Weighted
A1203 23.17 3.61 1.88 c.06 .88 3.79 28.65 0.97 8.43
Cr203 30.30 4.73 16.23 0.54 22.36 17.37 30.15 1.03 23.67
T102 0.30 0.05 1.10 0.04 1.22 0.95 0.19 0.01 1.05

MgO 10.93 1.71 2.47 0.08 4,22 3.28 | 14.03 0.48 5.55
NiO 0.19 0.03 1,23 0.04 1.13 0.88 0.12 0.00 0.95
FeO 18.81 2.93 | 26.68 0.88 | 24.72 19.21 15.10 0.51 | 23.53
16.39 2.56 | 50.43  1.66 42,28 32.85 | 11.85 0.40 37.47

The first column in each pair is an average analysis of each phase listed

in Table V.8.The second colurm is this analysis multiplied by the proportion
it occupies of the total area of the exsolved portion of the grain.(The area
of the exsolved portion of the grain is taken as 1).The third column is the
weighted mean,which approximates the bulk composition of the grain.

L6T
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Fig.VIII.1l2. Compositional variatlon of the cores of some slmply
zoned and homogenous Spinels in Area I. The solid circles represent
the homogenous chromite cores to the zoned spinels in Table v.b4;

the open circles the homogenous spinels in Table V.5.

Fig.VIII.13. Compositional variation of the phases in the exsolved
chromites of the type shown in Plates 30 and 31. The solld squares
represent the dark (chromlte) phases (Tables V.6 and V.8),the open
squares the light (ferritchromit) phases (Table V.8),the solid
circles the average analyses'of the two-phase intergrowths using a
wide beam (Table V.T) aﬁd the bisected square the welghted average
composition of the exsolved grain in Plate 31 (Table VIII.1l).
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induced in chrome spinels by heating under high oxygen fugaclties.
It is posslble that in Area I exsolution results from rise in
temperature of the serpentinite adjacent to a late granitlc dyke.

The serpentine and chromlte mineralogy in Area III serpen-
tinltes has been interpreted as indlcating reglonal metamorphism
of serpentinltes; in splte of thils complicated history, relicts
of the original chromite are common., The serpentine mineralogy in
Area I where lizardite only is present is interpreted as indlcating
a less complicated geologlical hilstory subsequent to serpentiniza-
tilon., It would be expected that remnants of the original chromite
would be well in evidence in Area I; in fact they are'not, and
this together with the 'non-magmatic' composition indicates that
chromite has undergone a complicated history prior to serpentinil-
zation, and subsequent to crystallization.

It is concluded that the composition and textures of the
chromite in Area I indicate that some geologlcal event occured
prior to present serpentinization, an event which altered the
composition of the chromlte. The nature of this event can only
be speculated upon at present.

The serpentinites in Area I contain a pervasilve serpentlne
mesh texture (Plate 26 ) in which relict interstitlal materilal
has been reduced to a minimum (Plate 29 ), and a relict inter-
locking texture of origilnal sllicates 18 apparent. Such inter-
locking textures are characteristic of recrystallization of
primary silicates either during deformatlion or under high grade
metamorphism, Serpentinlized amphibole, which 1s clearly later

than the original olivine (Plate 12) 18 common throughout the



ultramafics, and has a texture consistent with 1t being a late,
metamorphic mineral, transacting all other constituents,

It is suggested that the ultramafics underwent high grade
regional metamorphism prior to the present Sserpentinization,
which recrystallized the silicates to an Interlocking mosaic
and altered the chromite to homogeneous ferritchromit. It is
not certaln whether the homogeneous ferritchromit formed on
metamorphism from chromite in a fresh ultramafic rock or from

composite chromite-magnetite grains in a serpentinite,

F CONCLUSIONS

The following conclusions may be drawn concerning the origin
of chrome spinel in Reservation 34:-

(1) The homogeneous chromite cores in the zoned splnels in
Area III are original magmatic chromite,

(2) Ferritchromit rims of variable composition surround the
magmatic chromite cores in Area III and result by reactlon of
chromlte and magnetite rims formed during serpentinization. The
reaction was promoted by post-serpentinization reglional metamor-
phism,

(3) The chromites in Area I have undergone a complicated
post-crystallization but pre-serpentinization history, probably
as a result of high grade regional metamorphism,

(4) Homogeneous magnetite rims formed around the chromite
in Area I during serpentinization.

The following conclusilons may be drawn about chrome sSpinel

generally :-
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The compositional field of magmatic chromite is well-
defined and is controlled by the physical conditions pertaining
- at the tlme of crystallisation.Chromite is however nct stable
under conditions of pressure,temperature and f02 different from
those under which 1t originally crystallised.An elcvation of
temperature will promote a reaction to produce a chrome Spinel,
ferritchromit,stable under the new conditions.

The evldence of the reaction is provided by the occurence
of ferritchromlt rims,of variable composition,around chromite
in metamorphosed ultramafic rocks,and in other environments in
which an elevation of temperature occurs.The correlation between
the occurence of ferritchromit,together with antigorite,or other
Al-sillcate,shows that chrome spinel may be used as a meta-
morphic petrogenetic indicator up to the epldote-amphibolite
facies.The occurence of homogeneous ferritchromit,whose
composition lies outside the field of magmatic chromite,indicates
that at higher grades of metamorphism,the alteration product
may homogenise.The use of chromite as a metamorphlc indicator
extends therefore to higher grades but the nature of the

alteration is less certain.

G SUGGESTIONS FOR FUTURE WORK

The experimental work on chromite has been directed towards
an understanding of the various splnel solid solutions involving
the chromite molecule.The writer knows of no published work
concerning the stabllity of chromite when subjected to physical
conditions different to those under which i1t formed. It would
be Informative to heat chromite,and chromite-bearing rocks,

under controlled conditions of temperature,pressure and foe,and
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to examine the alteration products.Thls would mcre clearly
establish the nature and mechanism of the alteration.

An examination of further examples of metamorphosed
ultramafic bodies,both serpentinised and fresh,would yleld
more data on the relation of chromite composition to meta-
morphlism,.Ideally this study should be conducted on ultramafic
rocks that can be traced from unmetamorphosed tc metamorphosed.

An examination of sulphides coexisting with altered
chromite would establish whether sulphlde mineralogy reflects
the metamorphic changes as well as the spinels.Further work

on the sulphides in Areas I and III is now being undertaken.



IX GEOLOGICAL HISTORY OF SERPENTINITES IN RESERVATION 34

The salilent differences between the serpentinites in Areas
I and IIT (Table VI.1l) have been presented in Chapter VI. The
conclusions drawn from these differences are supported by the
additional evidence of the chrome spinels., It 1s now possible
to propose a sequence of events for Area I (Manitoba Nickel Pelt-

Type ) and Area III serpentinites (Table IX.1).

A AREA III SERPENTINITES

(1) A dunite contalning an average amount of nickel was
emplaced as a magma, or crystal-liquid mush such that it could
crystallize to a cumulate, The lack of features assoclated with
protoclastic deformation suggest that 1f it was emplaced tectoni-
cally; it was thoroughly lubricated at the contact to preclude
internal deformation. Small amounts of Fe-rich, Fe-N1 sulphldes
were formed.

(2) The dunilte was serpentinized, without accompanying
deformation resulting in llzardite and clinochrysotile mesh-
textured pseudomorphsafter olivine, Magnetite released upon ser-
pentinization of the silicates formed rims on the primary chromite
and many small gralns throughout the serpentinite; minor amounts
of Ni-rich sulphides formed from the release of N1 from the ser-
pentinized silicates and S released by oxidation of original
magmatlic pyrrhotilte.

(3) The serpentinite and wall-rocks were regionally meta-
morphosed to the epldote-amphibolite facies. Antigorite, and
posslbly clinochrysotile, and a small amount of tremolite formed

from the mesh-textured serpentine. Chromite grains reacted with



thelr magnetite rims to produce ferritchromit of varying comprosition
around ﬁhe relict chromlite cores.

(4) The margins of the serpentinltes were subjected to CCp
metasomatism, which affected both the wall rocks and the serpen-
tinites to form talc-carbonate schist.

(5) Pnlogopite is of very minor occurrence in Area III %type
ultramafics near granite contacts, and indicates late stage

hydrothermal activity possibly associated with granite intrusion.

B AREA I SERPENTINITES

(1) Ni-rich dunite and peridotite consisting of ollvine,
pyroxene, accessory chromite and a sulphide phase belonging to
the mono-sulphide solid solutlon series was formed. It 1s unlikely
that they were intruded in thelr present position.

(2) The ultramafic rocks may then have been serpentinized,
resulting in the formation (inter alia) of magnetite rims to
chromite grains.,

(3) The ultramafic rocks underwent regional metamcrphism to
a high grade. This caused recrystallization, or regeneration of
olivine and pyroxene glving rise to an interlocking texture, and
a récrystallization of chrome spinels. Some amphibole was
developed,

(4) The metamorphosed ultramafic rock was re-serpentinized,
resulting in the formation of 1izardite mesh-textures and the
addition of a magnetite rim to the altered chromlte. Primary
Fe-rich sulphides were replaced by Ni-rich ones.

(5) Minor metamorphlc or hydrothermal activity resulted in

the production of phlogopite throughout the serpentinite and in
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anthophyllite-biotite contact zones between granitlc dykes and

serpentinites.

C CONCLUSIONS

Within a very short distance serpentinites of differing
geologic history sub-outcrop. This is to be expected since the
geology beneath Reservation 34 is not a simple extenslion of the
Manitoba Nickel Belt (p.33 ).

When the evolution of the two types is compared (Table IX.1)
there 1s only one event common to both, namely event (5), the
production of phlogopite and some contact equilibration effects
at a late stage. Even this is only poorly developed in Area III,
being most common in those serpentinltes nearer to the granite,
Phlogopite 1s better developed in Area II(Fig.II.1l ) where the
serpentinites are simlilar to those in Area III.

It 1s possible that the regional metamorphic event (3) that
affected the two bodies is coeval and that a higher grade was
achieved in Area I than Area III. If so then Area III type ser-
pentinites were serpentinized before Area I-type and 1t is possible
that the CO, metasomatism that affected Area III is related to
the period of serpentinization in Area I.

The jJjuxtaposition of serpentinites with very different
evolutions suggests that a major tectonlc break exists between
Area T and the remainder of the Reservation. Thils break may occur
between the Superior Province and Churchill Province with the
Area I serpentinites belonging to the Manitoba Nickel Belt type
and Area III type serpentinites belng part of an Archaean green-

stone belt; an extension of the Cross Lake sub~-Province.



Table IX.1 Illustration of the con

trasting evolution of serpentinites in Reservation 34.

+ ARER I

ARER III

(S) Hydrotheraal ectivity &

PHLOGOPITE-SERPENTINITE

Minor devalopmsnt of phlogopite.Biotits end
enthophyllits selvedges dsvelop at the contact
batween serpentinito and granitic dykes.

intrusion of grenitic
dykes.

SERPENTINITE

Toah-textured 1izardite psaudomorphs olivinag
megnetite rims chrome spinel of verisble
composition.Replecemant of primary Fe-
sulphides by Ni-sulphides.

(4) Serpentinissticn,

(3) Regional mstexorphisa to
tha esphibolite Pecies or
graator.

2) Serpentinisstion ?

1) Intrusion or cmplacement
of ultresafic crystal mush

METAMORPHOSED ULTRAMAFIC

Recrystsllisation of sither (e) originsl dunitg
end harzburgite to produce interlocking

olivine end pyroxene,end ferritchromit from
chromite or (b) serpentinite to regenerate
olivine end pyroxsna,snd composite magnetite-
chromite grains to react to foro homogeneous
forritchromit

SERPENTINITE

Production of serpentinite minerels and
magnetite rims to chromite greins.

LLTRAMAFIC INTRUSION

Formetion of dunits and harzburgite consisting
of olivins,pyroxsns,sccessory chromite end
sulphides,

|
—1(5) Hydrothermel ectivity

(4) €0y notesonatisn

(3) Regionsal meterorphism to

PHLOGOPITE-SERPENTINITE
Minor end sporedic development of - phlogopite.

TALC-CARBONATE SCHIST
Tolc end carbonate cavslop in both wall-rocks
and serpentinite on sither side of ths contect.

[ANTI GORI TE-SERPENTINITE
Antigorite, together with minor tremolits end
chlorite,dsvalops;composits magnetite-chromito
grains rvasct to fora farritchronit of varying
composition,

(2) Serpentinisation

(1) Intrusion or emplacemant
of ultremafic melt.

epidote-eaphibolite facieg

SERPENTINITE
Lizerdite end clinochrysotils mesh-texturod

chromita grains;millerite forms,

serpentinite pssudomorphs olivine;magnetito rios

ULTRAMAFIC INTRUSICON
Formation of dunite consisting of olivine,
sccessory chromita snd rars Fe-sulphice.

EVENT

RESULTING ROCK

EVENT

RESULTING ROCK

$02S



209

D SUGGESTIONS FOR FUTURE WORK

The implications regarding the conclusions that there
are two different types of ultramafic body sub-outcropping
beneath Reservation 34 are important from the point of view
of regional geology and the continuation of the Manitoba
Nickei Belt beneath the Palaeozolc rocks. The conclusion can
only be properly evaluated as more becomes known about the
geology 1n the vieinity of the Nickel Belt.

Wicks (seep.9) has established characteristics of the
serpentine mineralogy in the Nickel Belt between Manlbridge
and Thompson and 1t would be interesting to examine the chromite
mineralogy to see what correlation exists. Clinochrysotile
occurs towards Thompson and it 1s possible that this indicates
metamorphism to the greenschlst facles.If this is so then some
alteration might be expected in the chromite analogous to that
demonstrated in Area III.as a result of metamorphism.

The Area I serpentinites are simllar to those in the
exposed portion of the Manitoba Nickel Belt and conform to the
sequence of serpentine minerals established by Wicks.The
assignment of Area I serpentinltes to the Manltoba Nickel Belt
would be confirmed 1f the chromlte mineralogy was found to be
consistent.

It.was concluded that the Area III serpentinites were not
part of the Manltoba Nickel Belt sequence and that they were
llkely to be part of an Archaean greenstone belt.Detalled
descriptions of ultramafic rocks in the Cross Lake sub-Province

would facilitate the comparison.



CLAIMS AS TO ORIGINAL WORK

Originallwork in this thesis pertains to the regional geology
at the SW end of the Manltoba Nickel Belt and to chrome spinel
mineralogy.

Manitoba Nickel Belt

(1) Knowledge of the geology of the Manitoba Nickel Belt has
been extended SW beneath the Palaeozolc cover.

(2) It has been shown that the ultramafic rocks of different
type sub-outcrop beneath Reservation 34, One type (Area I) has
wall-rocks, mineralilzation and serpentine mineralogy consistent
with them belonging to the Manitoba Nickel Belt. The other sequence
of ultramafic rocks has had a more complex serpentinization history,
and 1ts environment and mineralogy are not typical of the Manitoba
Nickel Belt sequence. It 1s possible that these serpentinites are
part of an Archaean schist belt extending west beneath the Palaeozolc

from the Superior Province.

Spinel Mineralogy

(1) Ferritchromit rims of chrome spinel have been shown to
have resulted from regional metamorphism and not as previously
thought from serpentinization.

(2) This leads to the possibility of using chrome splnel as
a metamorphic petrogenetic indicator. Further work 1is needed in
both the field and the laboratory to establish this conclusion.
Spinel mineralogy could be a powerful tool in elucidating the
metamorphic history of ultramafic rocks that have undergcene

serpentinization at a late stage 1n thelr history.
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PLATES

The photomlcrographs, Plates 1-42, were taken by a Leltz
Photomlcroscope 35mm camera, (with automatic exposure) using
Kodak Panatomic X film and normal commercial developing and

orinting. The bar scale on each photograph represents O.lmm.

The electron beam images, Plates 43-45, were taken through the

optical microscope of an Acton-cameca electron microprobe,

The X-ray microbeam images, Plate 46, were taken by br. F.J.

Wicks of the Royal Ontarlo Museum, using a Norelco microbeam

X-ray camera,



214

Plate 1 Olivine replaced by mesh textured serpentine (Area III).
Irregular white lizardite mesh rims enclose dark mesh centres of
clinochrysotile and lizardite. Antigorite (white) 18 in turn re-
placing the mesh-textured serpentine, Dusty magnetite 1s aggrega-
ted into some mesh centres., The texture 18 relict cumulus. (W 387,
transmitted light).

Plate 2 Relict cumulus texture in serpentinized dunite (Area III).
Euhedral to sub-hedral olilvine replaced by mesh textured serpen-
tine (dark) in turn replaced by antigorite (1light), largely around
the margins., Secondary magnetilte forms tralns outllining the ori-
ginal olivine and fills the interstitial spaces. Large rounded
spinels are relicts of primary chromite. (W 162, transmitted light
photograph of a polished thick section),

Plate 3 Ollvine replaced by mesh-textured serpentine (Area III).
The euhedral outline of the original olivine 18 clearly visible,
Bipartite velns of e¢{-serpentline, llizardite, enclose mesh

centres of isotroplc lizardite and clinochrysotile. Antigorite
(colourless) is replacing the margin of the pseudomorph. These 3
interstitial spinel grains are present. (The fine grid 1s the
microprobe heam scar) W 89, transmitted light.

Plate 4 Mesh-textured serpentine typical of Area III. Olivine
pseudomorphed by lizardite and clinochrysotile mesh-textured
serpentine, with the individual pseudomorphs clearly outlined
by interstitial material., (W 63, crossed nicols).

Plate 5 Mesh-textured serpentine partially replaced by fine anti-
gorite (Area III). Similar orientation of mesh rims in widely
separated remnants indlcates a lack of deformation accompanying
the formation of antigorite. (W 201, crossed nicols),

Plate 6 'Curtain' antigorite (Area III); mesh-textured serpen-
tine replaced by fine antlgorite and coarse 'curtaln' antigorite
developing from a fracture through the pseudomorph. A portion of
the pseudomorph margin has a fringe of coarse antlgorite as well,
(W 201, crossed nicols).

Plate 7 Lizardite ribbon mesh rim continuous across a grain
boundary between two ollvine pseudomorphs (Area III). (W 219,
crossed nicols).

Plate 8 Bipartite mesh rim (Area III). The vein 1s separated into
two zones of lizardite by a median of nearly isotroplc serpentine.
(w 87, crossed nicols).
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Plate 9 Mesh-textured serpentine (Area III) in which the mesh
centres consist of fibro-lamellar patches of orientated clino-
chrysotile. (W 201, crossed nicols).

Plate 10 Exterior mesh rim to serpentinized olivine (Area III).
Isotropic mesh centres are separated by mesh rims of lizardite,
The exterior mesh rim is present around the margin of the ollvine
pseudomorph, an uncommon feature. (W 63, crossed nicols).

Plate 11 Partially serpentinized olivine remaining in a mesh
centre (Area I). (2228, crossed nicols).

Plate 12 Serpentinized amphibole laths (Area I) in serpentinized
dunite. The smaller of the two pseudomorphs cuts through a
serpentinized olivine. (W 749, crossed nicols).

Plate 13 Bastite pseudomorph after pyroxene (Area III). The
prominent orthogonal parting may be a relic of the (110)
pyroxene cleavage. (2241, crossed nicols),

Plate 14 Serpentinized amphibole (Area III). The amphibole

pseudo?orphs cut through the serpentinized olivine (W 335, crossed
nlcols).

Plate 15 Bastite pseudomorph (Area I) after a longltudinal
section of pyroxene enclosed in mesh textured serpentine after
olivine. (W 1467, transmitted light).

Plate 16 Bastite pseudomorphs (Area III) after pyroxene., Inter-
stitlal space between serpentinized olivine (white) 18 occupled
by magnetite (black) and bastite (grey). The bastite on the left
side shows an outline and cleavage suggestlve of a pyroxene cross-
section, (W 55, plain light).
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‘plate 17 Deformed dunite from Mount Albert, P.Q. Granulation of
the dunite results in porphyroblastic olivine in a fine matrix:

a bimodal texture (Specimen SDM 57/593 made avallable by Dr. F.J.
Wicks; transmitted light, crossed nicols).

Plate 18 Serpentinized deformed peridotite from Glen Urquhart,
Scotland (Francis, 1965). The bastite pseudomorphs are bent; the
mesh textured serpentine consists of both large and small olivine
pseudomorphs, resulting from the serpentinization of a granulated
olivine similar to that in Plate 17. (Specimen Glen Urquhart 18508

made availlable by Dr. F.J. Wicks; transmitted light, crossed
nicols).

Plate 19 Exsolution textures in the core of a zoned spinel (Area
I). The centre of the chromlte core contains fine exsolution
lamellae of a light and dark phase. The chromite rim is homo-
geneous as 1s the more highly reflecting magnetite rim. The very
highly reflecting materlal at the margin of the photograph 1s
pentlandite. The numbers refer to analyses in Table V.6; the

letters to zones described on p.1ll9 (W 747, reflected llght, oll
immersion).

Plate 20 Rounded and exsolved chrome spinel (Area I) enclosed in
a grain of euhedral magnetite., Small grains of pentlandite are
enclosed by the magnetite. (W 747, oil immersion, reflected light).

Plate 21 Multiply zoned spinel (Area I) in which the magnetlte
rim is incomplete apparently having been removed from part of the
grain. The grain has been badly fractured and a light, highly re-
flecting, sponge-textured magnetite (Table IV.5) partly fills
the fractures and extends as a plume to one side of the grailn,

(W 26L4, oil immersion, reflected light).

Plate 22 Simply and optically zoned spinel (Area III) with a
dark grey chromite core, The hlghly reflecting material around

the edge of the spinel is hematite. (W 269, reflected light, oll
immersion).,

Plate 23 Simply and optically zoned spinel (Area III) with a
train of silicate inclusions, near the outer margin of the graln,
interpreted to represent the magnetite-chromite interface prior
to the reaction which produced ferrlitchromit, Sw 84, partially
crossed nicols, reflected light, oll lmmersion).

Plate 24 Multiply zoned spinel (Area III). A dark grey core of
homogeneous chromite 1s surrounded by ferritchromit with increasing
reflectivity towards the magnetite at the rim, The ferritchromit

is partially replaced by a pyroaurite-group mineral, glving rise

to an ‘'atoll' structure., Fractures in the spinel are filled by ser-
pentine and have a narrow zone of magnetite along their margin,

The white spots in the centre are electron beam scars (see also
Plate 43) (W 264, oil immersion, reflected light).

Plate 25 Simply and cryptically zoned spinel (Area III). The
spinel consists entirely of ferritchromit of varylng compositlon
but with negligible reflectivity differences; hence the cryptic
zoning. (W 84, reflected light, oil immersion). '
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Plate 26 Mesh textured serpentine typlcal of Area I. Birefringent
mesh rims of ol-serpentine enclose mesh centres of l1lsotroplc
lizardite. Some light, irregularly shaped bastite pseudomorphs

are also present. Individual olivine pseudomorph outlines are not
readlly apparent. The texture compares closely with that from near
Wabowden (Coats, 1968, Fig.2). (2240, crossed nicols).

Plate 27 Black serpentine with ribbon mesh texture (Area I).

Alpha serpentine mesh rims, wlth irregular fringes of ¥-serpentine
mesh rims, with irregular parting of magnetite and 1sotroplc ser-
pentine separates the ¥-serpentine from the isotroplc serpentine
of the next mesh, (W 473, plain light). This is similar to the
textuge of an ultramafic from near Setting Lake (Coats, 1968,
Fig.3).

Plate 28 Pentlandite surrounding serpentinized olivine (Area I).
Outlines of rounded olivine pseudomorphs are visible, with pent-
landite occupying intergranular spaces and grain boundaries,
(2384, reflected light).

Plate 29 Serpentinized olivine (Area I) with interstitial and
intergranular pentlandite. Apart from the sulphide the inter-
cumulus material is entirely eliminated, resulting in a sulphide
net texture. (2386, reflected light).

Plate 30 Detall of exsolution textures in the core of a zoned
spinel (Area I). The upper portion of the spinel shown in Plate 3l.
The letters refer to the zones described on p. 117, (01l immersion,
reflected light). .

Plate 31 Exsolution textures in the core of a zoned spinel, A
dark rim of chromlte encloses a reticulate network of veins con-
sisting of a light and dark phase. These velns divide the core
of the spinel into areas consisting of very fine exsolution
lamellae, Magnetite rims the chromite and penetrates the splnel.
The numbers refer to analyses in Table V.5, the letters to zones
described on p 7. (W 747.7, -0ll immersion, reflected light).

Plate 32 Accessory chromlite from the Great Dyke, Rhodesla., The
light grey chromite has been fractured and veined by serpentlne,
White magnetite has been deposited around the margin of some of
the chromite fragments and extends into the serpentine., The
chromite outlines beneath the magnetlte are angular suggesting
that the magnetite has been added to the chromite and not replaced
it. Reflected light. '

Plate 33 Artificially induced exsolution in chromite. An homo-
geneous chromite from the Great Dyke, similar to the one above,
heated for 6 weeks at 900°C.
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Plate 34 Multiply zoned spinel wlth a chromlte core and a
magnetite rim separated from each other by an incomplete zone of
a pyroaurite-group mineral. The numbers refer to the analyses in
Fig.V.1l. (W 13, reflected light).

Plate 35 Simply zoned spinel consisting of a ferritchromit core
wlth remnants of a magnetite rim. Phlogopite surrounds the spinel.
The n%mbers refer to analyses in Table V.4, (2375, reflected
light).

Plate 36 Homogeneous chromite with a scalloped margin adjacent
phlogopite., (1027, reflected light).

Plate 37 Simply zoned spinel with chromite core and magnetite
rim enclosed by pentlandite. The numbers refer to the analyses in
Table V.4, (1031, reflected 1light).

Plate 38 Exsolved chrome spinel surrounded by a magnetite rim
which also encloses an adjacent pentlandite grain. The exsolution
texture 1s only poorly developed. (W 747, reflected light).

Plate 39 Multiply zoned spinel. in which the chromite core and
magnetite rim are also entirely replaced by stichtite, Pent-

1andige adjoins the spinel on the right side. (2246, reflected
light).

Plate 40 Pentlandite in serpentinite. The large pentlandite

rain surrounds a pseudomorph whose shape suggests 1t was spinel
%compare Plates 19 and 37). Rounded, serpentinized olivine grains
are outlined by interstitial pentlandite. (2247, reflected light).

Plate 41 Magnetite rim around a zoned and exsolved spinel, Frag-
ments of the exsolved core have clearly been broken off and
rotated during formation of the later magnetite rim (reflected
light, oil immersion).

Plate 42 Pentlandite surrounding a pseudomorph of magnetite and
pentlandite, probably after chromite, Compare the shape of the

pseudgmorph wilth the chromite core in Plate 37. (w 971, reflected
light ).
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Electron beam images for Mg, Fe, Al, N1 and Cr in the multliply
zoned spinel in Plate 24, The sharp compositional change between
chromlte core and ferritchromit rim for all elements other than
Cr 1s apparent. The compositional change within the ferritchromit
rim 18 not readily apparent except for Cr. The pyroaurite-group
mineral which occurs between the magnetite rim and ferritchromit
contains Mg, Cr and Fe suggesting 1t is a mixture of pyroaurite
and stichtite (p.78). The serpentine-filled fractures are also
apparent, The numbers on the key diagram refer to analysis num-
bers in Flgure IV.9, The scale for the key dilagram is slightly
larger than the bar scale for the remainder.

PLATE 43
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Electron beam images for Al, Cr, Fe and Mg 1n a 8imply zoned
spinel, 1031, The chromite core 18 clearly marked by the Cr
and Al, which 1s absent from the magnetite rim, the surrounding
pentlandite and serpentine, The concentration of Fe and the
depletion of Mg in the magnetite rim shows clearly in contrast
to the concentrations of these elements in the core and the
surrounding sllicate and sulphlde, An optilcal image of thils
spinel is shown in Plate 37 and analyses in Table V.4,

PLATE 44
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Electron beam 1lmages for Al,Cr and Fe and an optical image
for a portion of a homogeneous spilnel W980.Fe and Cr are
distributed uniformly while Al is virtually absent.The
sllicate surrounding the spinel is phlogopite.The scale of
the optical image 1s slightly larger than the bar scale for
the electron beam images.

PLATE 45
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6585

clinochrysotile
and ?llzardite

6624

clinochrysotile
lizardite

6687
antigorite

6734

lizardite
(type II)

6678

pyro-aurite
group

6688

clinochrysotile

6587a

lizardite
(type I)

6714

lizardite
(type I)

6730

llizardite
(type I)

678

pyro~aurite
group

6691

clinochrysotile

6631

lizardite
(type I)

6745

lizardite
(type I)

6638

lizardlte
(type I)

Key to X-ray microbeam photographs in Plate 46
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6714 . 6745 -

6730

6789

X~-ray microbeam photograms of serpentine and the
pyroaurite group mineral,(See Appendix II).

PLATE 46
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THE SPINEL GROUP OF MINERALS IN ULTRAMAFIC ROCKS

A INTRODUCTION

The spinel group of minerals has the general formula,
R®*R3*0, and is divided into the spinel, magnetite and chromite
serles depending on whether the trivalent cation is Al, Fe*3 or
Cr. The type structure 18 taken as that of the mineral spinel,
MgAlzou, which 1s cublec close packed and contalins eight formula
units per unit cell, namely 32 oxygen atoms and 24 cations. It

18 convenlent to express the formula in terms of the unit cell,
R§+R§g032.

Extensive solid solutlon between end members, variation in
cation coordination and cation deficient structures occur in the
splnel group of minerals. The cations occupy two structural
positions, the tetrahedral (A) and octahedral (B) sites. The
distribution of catlons between the A and B sites determines the

type of spinel structure, inverse or normal:-

A site B site formula
normal spinel 8 RV 16 R3* R§" RIE O35
inverse spilnel 8 r3* 8 r3* & 8 T R§+ (Rg+ R§+) 032

The actual distributlion may in fact lle between the two extremes
of normal and inverse structures (Wyckoff, 1965, p.77); when the

A 8ite 1s occupied by, say, 7 trivalent and one divalent cation
then the structure is sald to be 7/8 inverse (Burns, 1970, p.lll).
Experimental determination of catlon distribution in the common
spinels leads to the following types of structure (from Burns,

1970, Table 6,1):-
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a3t cr” pe3*
Mg2+ 7/8 1 N T
o4 I inverse spinel
Fe N N I
N normal sSpinel
Niet 3/b T N T

The factors determining the type of splnel structure were for
some tlme obscure and although 1t was to be expected that the
tetrahedrally coordinated sites would be fllled by the smaller
cations this was not found to be the case.

Empirical predictions of structure may be made from a
knowledge of the constituent catlions which are arranged 1n a
series so that of any two cations in a spinel, the one standing
higher in the table will preferably occupy the tetrahedral site
(Evans, 1964, p.173). This series is as follows:-

increase 1n % Zn2+ cdst increase in

preference Fe3+ In3+ Ga3+ preference

for tetrahedral other divalent cations for octahedral

coordination other trivalent cations coordination
quadrivalent cations Y

Recently crystal field theory has been partially successful
in predicting spinel structures. The octahedral site preference
energy (Burns, 1970, p.lll) 1s a measure of the affinity of a
cation for an octahedral coordination site, over that for a tetra-
hedral site, in an oxlde mineral. Hence the higher the energy,
the more likely is the cation to occupy an octahedral site. When
the trivalent cations have high octahedral silte preference energy
relative to the divalent cations normal spinels result, when the

reverse 18 true inverse splnels result.
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cation deficient solid solutlon occurs when two trivalent
cations replace three divalent cations. This 1s apparent on phase
diagrams by an extension of the solid solution field towards
sesquioxide enrichment. Catlon deficlent structures are more
frequent in synthetic than in naturally occuring spinels (Ulmer,
1970, p.264) and the negligible departure of chrome spinel from
the 1deal formula has been demonstrated by Irvine (1965, p.650).
Howevey Al may substitute for Mg in the A site leading to a spinel
with a ¥-Alp0g structure.

A convenient means of representing spinel group mineral
compositions is by a triangular prism (Stevens, 1944, fig.3) on
which the faces of the prism represent the divalent oxides, NMgO
and FeO and the three prism axes or corners the trivalent oxides
Al503, Crp03 and Fe203 (Figure 1). Thus the six lmportant
compositional end members are represented:-

FeCroOy ferrochromite (chromite) FC  MgCraOy magnesiochromite (MC)
FeAly0) hercynite (Fa) MgAloOy spinel (MA)

Fe304 maghetite (FF) MgFe,0) magnesioferrite (MF)
Spinel compositions are represented by various planar projections

from the prism (Stevens, 1944; Thayer, 1946, 1956; Jackson, 1963;

Irvine, 1965, 1967).

Type A projections result from the projection of a point

within the spinel prism from one corner of the prism on to the
oppésite rectangular face; there are thus three possible type A
projections., A chromlte, of composition p projects onto the
MC-FC-FA-MA face at a (in Figure 1). This polnt 1s determined by
plotting mol.% Cr/Cr + Al agalnst Mg/Mg + Fe2*, The projection of

a point on the MF-FF-FC-MC face 18 found by plotting Fe3+/Fe3++ Cr
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against Mg/Mg + Fe2+, and on the NMF-FF-MA-FA face by plotting
Fe3+/Fe3++-A1 against Mg/Mg + Fe2+(Fig.l)

Typre B projections result from the projection of a point

wilthin the prism along a line parallel to one rectangular face
of the prism on to one or other of the two remalning faces. The
point p projects to b (Flgure 1) in a plane parallel to the
MC-FC-FF-MF face. This projection i1s achieved by plotting
Fe3f/Fe3++- Cr 4 Al against Mg/Mg-+ F62+. Typre B projections also
result from plotting A13f/R3fand Cn/R3+, against Mg/Mg + re? ™,
If one component of the R3+ group 18 reduced to zero, then
a type B plot changes to a type A. For example the factor
Fe3f/Fe3+4- Cr 4+ Al used in a type A plot becomes Fe3+/Fe3++ Cr,

used in a type B, when Al is zero,

Type C projections are obtained by projection of a point

within the prism on to one or other of the triangular faces in
a direction normal to that face. This plot 1s achleved by making
a ternary plot of Al, Cr and Fe3+.

The term ferritchromit was first used by Spangenberg (1943)
to describe highly reflecting margins to chromite in some
serpentinized ultramafic rocks, Ferritchromlt is an Al- and Mg-
poor chromite, of variable compositlion, In terms of the spinel
prism (Fig.l) the composition lies in the MC-MF-FF-FC face between
P' and d, which is the composition of magnetite FF.

B EXPERIMENTAL WORK ON SPINEL GROUP MINERALS
1 Oxilde Systems

Complete solid solution exists between magnetite and chromite

at 1300°C in the system Cro03 -Fe0-Fep03 at an b, between 107t
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and 10~2 atm. (Katsura and Muan, 1964).

The chromite-magnesiochromite stoichiometric join lies in a

plane in the system Cr,05-Fe,03-FeO-Mgl. At 1300°¢, 1 atm. total
pressure and controlled oxygen partial pressure thils solid solution
serles is cation deficlent and so does not lle along the stolchio-
metric join (Ulmer, 1969, Filg.9; 1970, Fig.14).

The magnetite-magnesioferrite join lles in the system MgO-

FeO-Fe203 where at 1300°C and various f02 there 1s complete solid
solution with cation deficient structures becomling more extenslive
towards the Fe-rich side (Speidel, 1967).

The magnetite-hercynite join lies within the system A1203—

FeO-Fe,03 (Ulmer, 1969, Fig.6). Atlas and Sumldo (1958) and
Richards and White (1954) found complete solld solutlon between
1000°¢ and 1300°C. Turneck and Eugster (1962) demonstrated a
miscibility gap in the binary system magnetite-hercynite below
about 86OOC; exsolution is almost complete at 500°¢C.,

The magnesiochromite-magnesioferrite join 18 1n the system

MgO-Fe203-Cr203 where complete solid solution exists in alr at
1300°C (Ulmer and Smothers, 1968).

The magnesloferrite-spinel join 18 in the system MgO—FeEOS-

A1203. Kwestroo (1959) found a misclbility gap between the two
end members along the stolchlometric join at 1250°C although a
complete seriles of cation deficient spinels is found, Ulmer
(1969, p.116) has suggested thét the miscibillity gap becomes more

extensive at low temperatures,

The spinel-magnesiochromlte joln 18 in the system MgO-A1203~
Cr203 where complete solid solution exists between the two end

members down to 5100C (Warshaw and Keith, 1954; wWilde and Ree 3,1943)
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The spinel-hercynite stoichiometric join is in the system
A1203-Fep03-FeO-MgO (Ulmer, 1969, Fig.9; 1970, Fig.15). At 1300°C
1 atm., total pressure and controlled oxygen partial pressures the
spinel series 18 cation deficient containing excess Fe3+.

There 1is no experimental work involving the pair chromite-
hercynite that 1s known to the author,

The following conclusions, based on consideration of the data
at 1300°C, may be drawn:-(1) Spinel stability varies with £ 5
(Ulmer, 1969, p.119); (2) the extent of solid solutilon between the
end members of the spinel group of mlnerals is limited only by
f°2 except 1n the case of the splnel-magnesioferrite serles, and
at low temperatures the magnetite-hercynite series; (3) an ﬂmz'
of 1072 to 10'7/?gm§equired for the formation of chromite (Ulmer,
1969, p.119; Stevens, 1944); (4) both chromite and magnetite may
form at the same fo, about 1077 atm; (5) there is complete solid
solution between MgAl,0y and FeCrpOy and minerals of intermediate

composition are common,

2 Silicate-Oxide Systems

The Mg/Fe ratlio of phases crystallizing in the system MgO-

FeO-Fe203-8102 1s a functlon of temperature and fo Spiedel and

5
Osborn, 1967). Crystallization of the assemblage olivine-pyroxene-
magnesioferrite-liquid under decreasing fo2 results in the spinel
phase (Maghesioferrite—magnetite) becomling enriched in Fe304.
Crystallization under constant or increasing ﬂ>2 results in the
8pinel becoming enriched in MgFegou.

Ulmer (1969, Fig.15) has compiled the work of Osborn (1962)

and Presnall (1966) on the system Ca0-Mg0-S105~iron oxide and
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concluded that coprecipitation of pyroxene and magnesioferrite

can occur down to,but not below,an,fo2 of 10'6 atm.. Similar re-
lations were shown for the system MgO-FeO-Fep03-CaAlpSinOg-310p
(Roeder and Osborn, 1966}, where spinel (magnesio ferrite-magnetite)
and pyroxene precipitate together down to an f02 of 10'9 atm. but
pelow this pyroxene precipitates with other silicates rather than
spinel.

Crystallization at constant total composition under increasing
fop, in the system FeO-—Fe203—A12O3—SiO2 causes a decrease in the
Alp03 content of the spinel formed (Muan and Osborn, 1956).

The silicate-oxide systems described above are more pertinent
to mafiic than to ultramafic rocks, however, the followling con-
clusions may be drawn:-(1) the nature of silicate~oxide assenblages
1s a function of temperature and foy; (2) the trend of elther Fe or
Mg enrichment in the magnetite-magnesioferrite serles depends upon
fo2° The reaction Mg2+ + FeFe204=MgFe204 + Fe2+ goes to the right
with increasing fos; (3) the trend of Fe or Al enrichment in the
series hercynite-magnetite depends upon foe. The reactlon Fe3++-

FeA1204=FeFe204 + Al3+goes to the right with increasing foz.
3 Silicate Melts

H11l (1969) examined the silicate and oxlde mineral assemblages
that resulted from cooling melts of Hawallan basalt under varying
conditions of temperature and fopo. Optilcal and chemical data con-
f1rm the existence of a complete solid solutlon field between
chromite and magnetite-ulvospinel. At constant f02 chromite is
the higher temperature stable phase; at constant temperature mag-
netite 18 stable at the higher fo,. Increase in the Cr content of

the melt extended the stability field of chrome spinel to lower



255

f02 and higher temperatures. The Cr/Fe and Cr/Ti ratios increased
continuously with lowering foe and rising temperature. Below an
fo, of 10”7 atm. and at temperatures below the olilvine-pyroxene
phase boundary (Fig.2), the amount of chromite crystallizing
decreases as the temperature decreases (this is the stabllilty
field labelled Pl+PY+OL+SP?+1IQ). At an f02 of 10—9 atm, chrome
spinel disappears at 11600 to be replaced by magnetlite below
1100°C. This 1s an experimental verification of the observed
separation of chromite and magnetite 1n igneous rocks. At an f02
above 10~7 atm. the crystallization of spinel 1s continuous
between high and low temperatures with magnetite crystallizing
along with pyroxene below 1175°¢C.

Yoder and Tilley (1962) recognized chrome-rich spinels at
high temperatures and magnetltes at low temperatures in their
experimental runs with Kllauea ollvine tholeiite, the same basalt

as used by Hi1ll (1969).

C LITHOLOGICAL ASSOCIATIONS

The compositional fleld of chromite from the Western hemil-
sphere was first established by Stevens (1944, Fig.l4), who showed
that naturally occuring chromite was an Al-bearing magneslochromite
confined to a compositional fleld subsequently shown by Irvine
(1967, Flgs.5 and 9) to be characteristic of ultramafic rocks.
Microprobe analyses of chromlite by Welser (1967, 1966) have shown
that pure ferrochromite and magneslochromlite did not occur
naturally although pure magnetite did.

Chromite i1s an early crystallizing mineral in ultramaflc rocks,

characteristically assoclated with olivine in dunites and
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peridotites, and with a tendency to be antipathetlic to pyroxene.
It occurs either disseminated or segregated into layered or
podiform masses. A8 a result of early crystallization it tends

to be euhedral; on the other hand Ramdohr (1955) contends that
chromite normally occurs as rounded gralns. Sampson (1931) sugges-
ted that chromite could form hydrothermally at a post-magmatic
stage contemporaneous with serpentinizatlon but Thayer (1956) has
advanced reasons why this 1s unlikely. References in the lltera-
ture to secondary chromite normally refer to ferritchromlt
(Spangenberg, 1943), analtered chromite depleted in MgO and
A1203 but enriched in total lron.

Magnetite 1s a comparatively late mineral normally assoclated
with the later products of differentiation and fractional crystal-
1lization: anorthosite, gabbro, basalt and mafic pegmatite.
Magnetite may occur as a secondary mineral as the result of the
oxidation of olivine and the serpentinlzation of olivine ahd
pyroxene, Experlimental sulphuritization of iron bearing silicates
also leads to the production of magnetite. |

The crystallization of magnetite anq chromite 1s separated
in both space and time and they rarely occur together as primary
minerals. "A gap in the spinel series appears to exlst between
the cessation of chromite and the advent of Fe-Ti oxide
crystallization...." (Wager and Brown, 1968, p.551). An experi-
mental verification of this (Hill, 1969) 18 described above.

In the Muskox intrusion, N.W.T., both segregated and accessory
chromite occur in the olivine-rich rocks but are absent from
rocks containing cumulus pyroxene. Magnetite occurs in gabbro and

to a lesser extent in the uppen pyroxenite, part of the Intrusion
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(Irvine and Smith, 1969).

Layered ultramafic intrusions in the Abitibl District of
Oontario contain cumulus chromite in dunite and peridotite, post-
cumulus magnetite in clinopyroxenite and feldspathic clino-
pyroxenite, and cumulus magnetlte in gabbro (MacRae, 1969, p.284).

Worst (1960, p.65) suggested that chromlte had ceased to
crystallize in the Great Dyke of Rhodesia by the time pyroxenlte
was forming. He cites only three occurences of accessSory chromite
in pyroxenite although orthopyroxene enclosing chromite and
olivine is recorded from olivine pyroxenite (Worst, 1960, p.57).
Hughes (1970, p.606) found cumulus chromlte and orthopyroxene
together in the Hartley Complex and suggests that orlginal olivine
reacted with magma to form orthopyroxene. Primary magnetite
occurs in gabbroic rocks in the upper layers of the Dyke (Worst,
1960; Wiles, 1957, p.66).

Layered chromitite occurs in the Critlcal Zone of the
Bushveld Complex, Transvaal, R.S.A., where 1t 18 assoclated wilth
norite, pyroxenite and anorthosite (Willemse, 1969, Fig.5). Some
chromitite seams are developed in pyroxenite and harzburgite in
the underlying Basal Zone, The Bushveld Complex 18 one of the
few ultramafic intrusions which contain a consistent association
of chromite and orthopyroxene (Irvine, 1967, p.76). Magnetite
occurs in gabbro, anorthosite and tfoctolite in the Upper Zone
(Willemse, 1969, p.9 and Fig.5). Magnetite and chromite occur
together in the Merensky reef (van Zyl, 1970, p.101).

The Skaegaard and Sudbury complexes are layered intruslons
of predominantly mafic character. In the Skaergaard, accessory

chromite occurs with olivine gabbro at the base of the exposed



Layered Series and in the Border Group (Wager and Brown, 1968,
p.48). Magnetite and Fe-Ti oxldes are associated with both the
ores and the host rocks in the Sudbury eruptive (Hawley, 1962;
Naldrett et al., 1970a, 1970).

The Vourinos ophiolite complex 1n Greece consists of a
basal zone of dunite and harzburgite, a mlddle zone of pyroxenite
and minor dunite and an upper zone of gabbro (Zachos, 1969).
Chromite 18 found in dunite and harzburgite as both segregations
and accessory grains; 1t 1s rare in pyroxenite and gabbro,
Magnetite is not mentloned.

The Alpine-type ultramaflc sequence 1n the vicinlty of
Mugla, SW Turkey*, consists largely of chromite-bearing perido-
tites. Gabbros belonging to the same magmatic cycle were intruded
into the ultramafic sequence and carry magnetlte as an accessory
mineral (van der Kaaden, 1959).

Chromite ores of Cuba occur only in dunite and troctolite
although accessory chromlte is scattered throughout all the rocks
including pyroxenlte and anorthosite. Both accessory chromite
and magnetite are found 1in the anorthosite (Thayer, 1942, p.l2
and p.24).

These examples of spinel assoclatlons from ultramafic bodles
11lustrate the general relationship of early chromite and late
magnetlte,

Magnetite occurs as a secondary mineral in both maflc and

¥ This area includes the smaller area of Andizlik-Zimparalik from
which certain features of chromltes are 1llustrated in this
thesis (Engin and Hirst, 1970). “
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ultramafic rocks., Olivine may be oxidized to form magnetlite and
orthopyroxene (Muir, Tilley and Scoon, 1957, p.252). During
serpentinization Fe 1s released from the primary silicates and
in the presence of sufficient oxygen is converted to magnetite.
If insufficient oxygen is present natdve lron may result in
additlon to magnetite. Magnetite may also result from the sulphur-
itizatlon of Fe-bearing silicates in the laboratory (Kullerud and
Yoder, 1963; 1964). The addition of S in this way is in fact an
oxidation process:

hMgFe810) + S= FeS + Feg0) + hMgs104

LMgFeS10y + 25 = FeSy+ Fe30y + 4MgS10g
Cheyney and Lange (1967, p.88) have summarized the geological
evidence for these reactions,

The occurence of ferritchromit 1is clearly recorded in zones
around chromite and a detailed account is glven below, As far as
the author knows, there 1s no confirmed instance of ferritchromit
as a discrete crystal or grain. Only four of the chromites plotted
by Stevens (1944, Fig.4) have the composition of ferritchromit.
They could, however, be heavlily zoned chromite., The range of
chromlite content in magnetite from ultramafic rocks (Frietsch,
1970, p.67) between .5 and 5.0% suggests that ferritchromit does
not occur as discrete grains.

A number of conclusions may be reached concerning the
lithological associations of magnetite, chromlte and ferrltchromit:-

(1) Primary magmatic magnetite and chromite are separated
in layered ultramafic and mafic intrusions; chromlte 1s assoclated

wlth the earlier crystallizing ollvine-rich rocks and magnetlte
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with the later gabbroic or plagioclase-rich rocks. Ferritchromit
occurs as rims to chromite.

(2) In the orogenic, or non-stratiform, type of ultramafic
body the same relation appears to hold, although the later
gabbroilc phases are not as well developed as they are in strati-
form intrusions.

(3) Chromite and pyroxene tend to be antipathetic, the
Bushveld Complex providing the major exception to this generall-
zation. The appearance of pyroxene 18 normally accompanied by
magnetite.

(4) Secondary chromite 1is not found although ferritchromit,
in effect a non-aluminous chromite, is found as a secondary
mineral.

(5) Secondary magnetite forms in ultramafic and mafic rocks
as a result (a) of direct oxidation of olivine to enstatite and
magnetite; (b) of the serpentinization of olivine and possibly
also of pyroxene, and (c) possibly of the sulphuritization of

olivine to produce an iron sulphide, enstatite and magnetite.

D COMPOSITIONAL VARIATION IN CHROMITE

1 Trends of Chromite Composltion in Ultramafic Rocks

Thayer (1970) has presented two variation diagrams 1lllustra-
ting the distinctilve compositional trends of chromite from podi-
form and stratiform deposits. The variation diagrams show that in
stratiform chromitites, total liron content increases rapldly with
decreasing Cr203, whereas in podiform chromltites, and accessory
chromite, total iron tends to remaln constant or increase only

slightly with decreasing Cr203. The Alp03 content of
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chromitites increases with decreasing Crzo3 more rapidly for
podiform chromitites than for stratiform chromitites.

Irvine (1965) has presented variation diagrams which are
projections from the spinel prism (Fig.l) to illustrate/spjnel
compositions from varlous types of ultramafic body to which
Aumento and Loubat (1971) have added the field for spinels from
the M1ld-Atlantic Ridge.

Engin and Hirst (1970) have shown that chromite from a wide
variety of ultramafic rocks occuples overlapping fields in an
A1203—Cr203—(tota1 FeO + MgO) ternary plot.

From these diagrams 1t can be firmly concluded that chromite
from chromitite segregations have compositlonal fields character-
istic of their mode of origln, although these fields may overlap.

Zoning in chromlte from unserpentinized ultramaflc rocks
1s not recorded in the literature, although Wager and Brown
(1968, p.550) suggest that 1t might occur.

In describing nodular and orblcular chromite from podiform
deposits, Thayer (1969, p.l40) noted the absence of zoning and
concluded that this coupled with the large grain slze, necessl-
tated slow cooling, Internal homogenelty is characteristic of
Stillwater chromite (Jackson, 1963, p.51), and post-cumulus
overgrowths on chromite above the H zone have essentlally the
gsame composition as the settled chromite (Beeson and Jackson,
1969, p.1086). Qualitative microprobe scans of Coolac chromite
(Golding and Bayliss, 1968) show an overall consistency of
composition in unaltered chromite, Chromite may show remarkable

compositional varlations between adjacent homogeneous grains

(Henderson and Suddaby, 1971).
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2 Zoned Chromite in Magmatic Environments

a Ultramaflic Nodules in Alkali Basalts

Zoning 1s apparent in some chrome splnels found in uvltramafic
nodules in alkall basalts,

Muir and Tilley (1964) describe octahedral chromite with
coffee brown cores and opaque margins enclosed in, or adjacent
to, fresh olivine 1n xenocrysts from Mid-Atlantic Ridge basalt.
The high Cr content in the cores decreases rapldly to the margin,
whereas Fe content 1s doubled between core and rim, suggesting
that the rim has the composition of ferritchromit.

Spinel grains at, or near, boundaries of lherzolite i1nclusiocns
in Hawalian basalt have either been converted to a fine grained
opaque aggregate with feldspar or have developed solid, opaque,
margins (White, 1966). The opaque portion is strongly enriched
in total Fe and depleted in Al relative to the primary spinel.

Alteration in chrome spinels in a dunite nodule from
Lanzarite in the Canary Isles (Fr&sch, 1971), occurs around
borders of and along fractures in grains, enclosed by and adjacent
to, olivine. Chemlcal analyses show that the alteration product
corresponds closely to ferritchromit; the unaltered cores are
homogeneous. The alteration is 1nterpreted as having occured at
high temperature at a late magmatic stage subsequent to the
crystallization of the olivine (Fig.3c).

b Alkall Basalts

Zonlng 1s apparent in chrome Splnels within olivine and
orthopyroxene phenocrysts 1n alkall basalts.
Zoned spinels from basanites 1in the Upper Lolre Valley,

France, whlch occur within olivine phenocrysts are chromlferous
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magnesian picotites with tiltanomagnetite rims (Babkilne, 1965).
Chrome splnel in basanite from the Dunedin Volcano, New Zealand,
1s found within olivine and tiltanauglte phenocrysts where 1t 1is
unzoned, and outslde the phenocrysts where 1t 1s rimmed by tiltano-
magnetite. Titanomagnetite also occurs as discrete crystals
(Wright, 1967). Chromian spinels from an oceanite-ankaramite sulte
in the Crozet archilpelago, which occur as inclusions 1in olivine
and in the groundmass of the volcanics, are frequently rimmed by
ulvospinel (Gunn et al., 1970). The chrome spinel in the Makaopuhil
Lava Lake, Hawail shows a wide range in composition (Evans and
Moore, 1968)., The Al content of the low-chrome chromites decreases
with decreasing Cr content and the authors' suggest that it 1is

the result of a process which post-dates the eruptlon of the lava.
These low-chrome chromites are typlcally located near the margins
of ollvines adjacent to fractures, Thls 18 in contrast to the
high-chrome chromites, which are polkllitically enclosed within
olivine, where the Al content decreases with increasing Cr, a
trend which 1s characteristlc of the magmatlc stage of splnel
development. Concentric zoning 18 rare in tne altered, or low-
chrome chromlites; chemical variabllity occuring between rather
than wilthin grains, but in one sample where zonlng does occur,

the centre of the grain is richer in Cr, Mg, Al and Zn than the
margin, but poorer 1n Ti and Fe. Splnel occurs enclosed in

olivine in British Tertiary Basalts (Ridley, 1972), and where

they have been in contact wilth the basaltlic llquld they are

continuously zoned as follows:-
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molecular core inter. rim
species % % %

spinel 75 32 T
chromite 9 15 1
magnetilte 15 39 33
ulvospinel 1 14 59

¢ Lunar Basalts and Gabbros

Zoning, similar to that ln terrestrial basalts, has been
recorded 1n lunar chrome spinels and interpreted as of magmatic
origin (Haggerty and Meyer, 1970). Cores of chrome spinel are
surrounded by chrome-ulvospinel which are in turn surrounded by
ilmenite., The chrome sSpinel and ilmenlte phases are homogeneous;
the chrome-ulvospinel variles continuously and regularly in
composition., Reld (1971) notes that the coarse lunar gabbros
contaln spinels which vary continuously and smoothly in composltion
from chromite cores to ulvospinel rims. The fine basalts contain
spinels with chromlte cores separated from ulvospinel rims by a

sharp compositional boundary.

3 Zoned Chromites from Refractory Bricks

Compositional zonlng has been described from a used re-
fractory brick consisting of 40% magnesite and 60% raw chrome ore
(Berry, Allan and Snow, 1950). AdjJacent to the cold face of the
brick the chromite develops a ratlculate network of a highly
reflecting constituent, probably Fe203. Inwards from the cold
face a crystallographically orientated intergrowth of a highly
reflecting material develops 1inslde the chromite, while the
margin 18 surrounded by a lacey fringe of.a highly reflecting

material, As the fringe becomes better developed, the intergrowth

disappears and the chromlte ddvelops a grey centre with a lacey
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fringe. Immediately adjacent tc the hot face the chromite becomes
a complex solid solution with a dark rim.Analyses show that in
passing from the cold to the hot face the chromlte becomes
depleted in MgO,Al2O3 and Cr203 and enriched in Fep03.The authors'
conclude that MgA1204 in the chromlte l1s more soluble in the
silicate matrix than MgCro0y «

Silicate and direct bonded chrome-periclase refractory
bricks show euhedral and angular secondary Fe-rich spinel as rims
on chromite or discrete grains in the groundmass (Padfield et al.,
1967).The secondary spinel may be separated from the chromite core

by a line of irregular pore spaces.

5 Zoned Detrital Chromlte

Detrital chromlte grains with differing reflectivity and
single grains with more highly reflectlng borders than cores
have been observed in the Basal Reef of the Witwatersrand System
(Mihalik and Saager,1968).The chromite with higher reflectivity
contailns more Fe and sometimes more Cr but less Al and Mg.The
alteration is intensified by the radiocactivity of adjJacent
uraninite.The authors' conclude that at least some of the chromlte
alteration occured in the sedimentary environment.

Radiocactive haloes have been described from chromite gralns
in the Elsberg Reef in the 0,F.S. (Ramdohr and Schidlowskl,1965)
but no chemlcal data is suppliled,

Chromlte grains in a Trilassic conglomerate, Grenoble,France,
have altered margins,whereas those in Carboniferous conglomerate
do not.Grains in both conglomerates are thought to have been

derived from the adjacent Belledonne ultramaflc intrusion



266

(see p.268), which contains chromite with altered borders. This
led Den Tex (1955) to suggest that the alteration of the chromlte
occured after consolidation of the ultramafic and was unconnected
with deuteric activity.

Alteratlon of detrital chromite 1s effected by radioactivity,
There 1s insufficlent information to know whether other processes
such as dlagenesls or regional metamorphism can bring about the

formatlon of ferritchromit in situ from detrital grains.

5 Zoned Chromite in Serpentinites

a Examples

The slmplest type of zoning results from the formation of
a rim of magnetite around a core of chromlte. This has been
observed in the Red Lodge ultramafic, Montana (James, 1946),

New Caledonla (Maxwell, 1949, p.538); Casper Mountain, Wyoming
(Stephenson, 1940), the Abitibi area, Ontario (MacRae, 1969),

and in serpentinites dredged from the Mid-Atlantic Ridge (Aumento
and Loubat, 1971, p.649) and from the Palmer Ridge (Cann, 1971,
p.613).

Zonlng 1in chromlte may be more complicated and involve the
migration of materlal between the chromite and enclosing silicates,
resulting 1in the formation of spinel phases intermediate in
compositilon between magnetite and chromite and in the formation
of an Al-bearing silicate around the zoned chromlte.

Poitevin (1931) noted the oxidation of brown-red translucent
cores to an opaque,black, oxide around the periphery,and along
fractures,in some Quebec chromites. Chromiferous penninite 1s

assocliated with the oxlidized chromite.
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Horninger (1941) termed the more highly reflecting material
on the margin of chromite as '"grey magnetite". He suggested that
this was an alteration resulting from the transfer of material
between the host rock and the chromite; a removal of Al and Mg
from, or an addition of Fe to, the chromite,

Spangenberg (1943) was the first to use the term ferritchromilt
to describe highly reflecting margins of chromite found in some
serpentinlzed ultramafic rocks. He suggests that as a consequence
of serpentinizatlon the MgAlQOM component of the spinel migrates
to the country rock, the Fe304 migrates into the spinel from the
country rock and the Cr203 content remalns constant.

De WiJkerslooth (1943) described post-serpentinization
hydrothermal alteration of chromite from Turkey. He concluded
that hematite inltially develops from the chromite, eilther as
crystallographlically orlentated lamellae or along the margin of
fractures., Thls 1s followed by the progressive development of
8llicates containing MgO, A1203 and Cr203 derived from the chromlte
and CaO, Nago and 510, introduced by the hydrothermal solutions
untill ultimately the chromite 1s entlrely replaced, The A1,0, and
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MgO 1in the chromltes 1s more readlly removed than is the Cr203

and 1ron oxide,

The alteration of primary éhromite in a serpentinized
peridotite near Barramia in the Eastern Desert of Egypt has been
described by Amin (1948). Secondary, or ferriferous chromite,
occurs at the margin of primary chromite lens, adjacent to cracks
within the lens and 1n bodles of talc-carbonate schist. Dissemin-

ated chromlite has been marginally altered to ferriferous chromite.
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Compared to the primary chromite the ferriferous chromite i1s poorer
in A1203 and MgO but richer in FeO and Fe 04 (Table VII.2 ). The
removal of A1203 from the primary chromite leads to the formation
of chlorite adjacent to the ferriferous chromite.

Chromite in the Webster-Addie ultramafilc ring complex (Miller,
1953) has been replaced during serpentinization by a black opaque
ferriferous chromite (Table VII.2). When compared to the primary
chromite the ferriferous chromite 1s poorer in A1203 and MgO,
richer in FeO and Fe203, 8lightly richer in TiOe, MnO and NiO
and 1ldentlcal in Cr203. The chromliferous chlorite, kammererite
forms inlitially round the margin of the chromite and subsequently
may replace it.

Scattered chromlte grains in a serpentinized ultramafic in
the Belledonne Massif, Grenoble, France,are coated with a highly
ferromagnétic, black opaque material which appears to be magnetite
and which also penetrates along fractures in the chromite (Den
Tex, 1955). The altered chromite is relatively enriched in Cr203
by removal of A1203, MgO and FeO; a colourless chlorite surrounds
the altered chromlte presumably utilizing the released A1203.
Some detrital chromite in adjacent conglomerates is not altered
80 1t 1s suggested that the alteration post-dates the consolidation
of the ultramafic and 18 not the result of late magmatic, deuteric
activity.

The composltion of splinels assoclated wilth dunlte and auglte-
harzburglte from the Mayaguez serpentlinite, Puerto Rico was
investigated by Lapham (1964)., The dunite contains small grains

of chromlte which are of uniform composition from core to rim

and conslist almost entlrely of A1203, Cr203, MgO and iron oxldes



Table I. Compositional variation in zoned spinels from the Mayaguez

Serpentinite, Puerto Rico (Lapham,1964).

Chromite Spinel Magnetite Spinel Magnetite & Fe-sulphs.
Dunite Augite-harzburgite Augite-harzburgite
Core Rim Core Inner rim Outer rim

A1,04 11.0 48.5 7.6 48.5 5.8 5.8
Cr203 54.5 15.5 15.3 12.1 13.0 12,0
¥gO0 8.6 22.2 9.3 21.8 11.0 10.0
NiO 1.0 1.0 1.0 1.0 1.0 1.0
FeO 25.2 13.5 59.4 11.8 43.0 35.0
810, 1.0 1.0 8.0 1.0 5.0 12.0
S 1.0 1.0 1.0 1.0 18.0 6.0
Total 99.3 98.7 99.5 ok.2 96.8 80.8

692



270

(Table 1, col.l). The auglte-harzburgite contalned zoned spinels
which have a core of spinel (s.s.) and a margin, in one case of
chromiferous magnetite and in the other of a chrome-iron sulphide
and magnetite. Lapham suggests that at a high temperature Mg-Al
spinel associated with forsterlite crystallized at a depth between
675° and 1650°C and was followed by low temperature crystallizatlon
of iron sulphide and magnetite associated with serpentinlzation.

Weiser (1966; 1967) examined chromltes from 35 deposits in
serpentine and observed two types of alteration:- (1) an increase
in Fe and Cr with a decrease in Mg and Al between the core and
rim, leading to the formation of ferritchromit and (2) an increase
in Fe and a decrease in Mg, Al and Cr between core and rim leading
to the formation of magnetite. The type of alteration may vary
from deposit to deposit, even in the same chromite province, but
normally only one type of alteration 1s observed in a single
deposit.

Chromite from strongly serpentinlzed ultramaflcs in Northern
Greece exhibilts a narrow marginal alteration phase that 1s richer
in Fe and Cr but poorer in Al and Mg than the cores (Panagos and
Otterman, 1966). Thelr mlcroprobe scanning photographs suggest
that the boundary between the two phases is sharp rather than
gradational.

The distribution of Ni in serpentinites from the Barberton
Area, Transvaal, R.S.A., has been investigated by Mihallk and
Hiemstra (1966). They observed composite spinel grains with
chromite cores and magnetite rims, The N1 content was higher 1n
the magnetite rims than in the chromite cores. Further investil-

gations by de Waal and Hiemstra (1966) confirmed thils observation



and suggested a correlation between the amount of N1 in the
chromite and the magnetite. There was no impoverishment in Ni
in the sillcates adjacent to the Spinel and they suggested that
the zoning was the result of the redistribution of Ni in the
chromite as 1t was replaced by magnetite at a late stage of
Serpentinlzation. Chlorite 1S not recorded from the mineral
assemblages,

Zoned chromlan spinels have been described and illustrated
by Simpson and Chamberlain (1967) from an Archaean serpentinite
at Puddy Lake, Ontario., The cores of the spinels are rich in Cr,
Al and Mg and are surrounded by a lighter and softer rim of
chromian magnetite which contains less Cr and Al but more ferric
iron. Nickel in general increases from core to rim where 1t 1s
higher in sulphur-deficient than in sulphur-rich rock. The
authors are undecided as to whether the zonlng 18 a result of
serpentinlzation or late magmatic crystallization.

The altered chromite from the Coolac Belt, N.S.W., Australia,
1s found in two mineralogical associations (Golding and Bayliss,
1968):~(1) Chloritic assemblages in which chromlte is altered by
oxldation to ferritchromit; (2) Serpentine assemblages contalning
unaltered chromite rimmed by Secondary magnetite, The ferritchromit
characteristically occurs as (a) parallel, or rosette shaped,
crystallographically orientated replacement lamellae; (b) marginal
replacement of individual chromite grains; (c) i1solated areas of
pltted appearance within primary chromite; and (d) zonal sequences
with primary chromite and a non-poiishing Fe, Mg and Cr rich

material, The ferritchromit showed an increase in Cr and Fe and
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decrease in Mg and Al compared to the primary chromite (Table
VII.2 and Fig.3.b). There may be minor variatlons between the
different modes of occurence.Magnetite occurs as rims to chromite
from which it may be separated by a narrow selvedge of material
having a reflectivity resembling that of ferritchromit.There 15
about 1.0% Ni in the magnetite but none in the chromite.Primary
magnetite has not been recognised.Ilt 1s suggested that some of
the chlorife with which the ferritchromit 1s associated developed
as a result of the release of Alp0O3 from the primary chromlte
upon oxildation during serpentinisation.The non-chloritic assembl-
ages developed under conditions of low oxygen activity in which
the chromite will apparently not alter.
_ Beeson and Jackson (1968) examined 100 polished sections
from chromite zones in the Stillwater Complex and found that of
these 10 contained ferritchromit along crystal borders and
fractures within the chromite.The alteratlon was complete to
magnetite in some sections.Two specimens were collected from
cumulus chromite layers for more detalled examination and found
to exhibit slightly different alteratlon patterns (Table VII.2).
Mlcroprobe traverses across part of the first grain showed an
increase in total iron,a decrease 1in Cr203,A12o3 and MgO and
virtually no change in Tio2 content in passing from the chromlte
core to the ferritchromi rim.The change was abrupt and there
was no variation in composition within each phase.Magnetite is
presented around the margin of the graln adjacent to the ferrit-
chromlt from which 1t is clearly demarcated.The second speclmen

exanined showed a simllar sequence of relatlve changes between



the chromite core and the ferritchromit margin except for CP203
content, which increased towards the margin. The amounts of Cr203,
Fe203 and A1203 in the chromlte were constant while that of FeO
rose and MgO fell towards the boundary with ferritchromit. The
composition of the ferritchromlt varies continuously (Fig.3.a ).
Chlorite replaces the serpentine as the silicate mineral surroun-
ding the altered spinels and 1ts formation 1s attributed to the
release of A1203 from the chromites on alteration to ferritchromit
and ultimately to magnetite. The alteration is consldered a
direct consequence of serpentinlzatlon.,

Ore chromites from partially serpentinized harzburglte in
the Andizlik-Zimparalik area of Turkey show sporadic alteration
along fractures and around grain margins (Engin and Aucott, 1971).
Electron microprobe analyses show that the ferritchromit 1s poorer
in MgO and A1203 and richer in total Fe than the original chromite
(Table VII.2 ). The Cr,0; content of the ferritchromit 1s elther
similar to or greater than that of the original chromite. Analyses
of three accessory chromltes show a decrease 1n Cr203/FeO ratlio
and an increase 1n A1203/Mg0 ratio from core to rim. However the
matrix of one specimen 18 not serpentinized so these variations
might be due to a magmatlc process. The authors' suggest that
the development of ferritchromit 1s the result of hydrothermal
actlvity during which the A1203 and MgO were preferentlally re-
moved from chromite leaving zones enriched 1n Cr-203 and Fe203.
It 18 possible that some pyroxene and tremolite was formed at the
same time as the ferritchromlt.
b Summary

Two types of chromite alteration may be recognized 1n the
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examples llsted above. In the first, chromite is altered around
the margin to ferritchromit, and occasionally to magnetite; and
an aluminous silicate (chlorite) i1s normally found adjacent to
the altered chromlite. This type of alteration has been correlated
with the "verde antique" type of serpentine by Thayer (1956). In
the second type of alteration, chromilte grains are surrounded

by magnetie rims but are otherwlise unaltered and are not accompanied
by an aluminous slilicate. This type of alteratlion 18 correlated
with the "buckskin weathering" type of serpentinization (Thayer,
1956). It 1s not always clear from descriptions which type of
alteration 1s being described and it 1s only the advent of the
electron mlcroprobe that makes it possible to clearly determine
which 18 present in any particular case,

The characteristlcs of the verde antique type of serpentinite
have been sumarized by Thayer (1956, p.693):-"In the verde antique
varlety, well described by Chidester (1962) lamellar or platy
serpentine and antlgorite form a felted fabric which makes the
rock tough. Concentration of magnetite in grains of appreciable
slze commonly leaves the native green colour of the serpentine
unobscured when the rock is cut for ornamental use, In this rock
chromite characteristically is attacked hydrothermally, and may
be extenslvely replaced by chromlan chlorite (Miller, 1953;
Thayer, 1956)........In general, I belleve that verde antique is
assoclated with talec in follated greenschist or amphilbolite-facles

country rocks and near younger diloritic or more silicilc plutonic

intrusions".



The assoclated chromite grains are rounded and optically
zoned with the margins having a higher reflectivity than the core.
The dark chromite core passes with a sudden composltional change
to lighter ferritchromit which then grades in composition towards
magnetite at the rim,

The characteristics of the buckskin weathering type of
serpentinite have been summarized by Thayer (1956, p.693):-'"The
buckskin weathering facles 1s named from 1ts characteristic
yellow-brown or brownlsh-red colour on weathered surfaces and is
very brittle. In this rock the serpentine forms a very character-
1stlic mesh of minute cross-fibre velns along grain boundaries
and fractures in olivine; much of the magnetite is extremely fine
and dusty, imparts a sooty gray or black colour on fresh surfaces,
and weathers readily to brown limonite. The magnetite in this
kind of serpentinite commonly accretes on chromite to form simple
sharply bounded rims......The buckskin weathering facies 1s pre-
eminent 1n low-grade unfollated country rock environments such
as Cuba, Oregon, California and Cyprus,"

Chromite assoclated wlth buckskin weathering type of ser-
prentinlite may be surrounded by narrow selvedges of magnetite,
which may or may not be in direct contact withthe chromite.
Magnetlte may also penetrate along the margins of fractures in
the chromlite. The boundary between the chromite and magnetite 1s
composltionally sharp and optically visible due to the higher
reflectlvity of the magnetlte.
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APPENDIX II

X-RAY MICROBEAM DETERMINATIONS OF SERPENTINE
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X-RAY MICROBEAM DETERMINATIONS OF SERPENTINE

AREA TIT

Mesh Centres W89 Three photographs 6585, 6688 and 6691 show the

isotropic mesh centres to be composed of randomly orientated
clinochrysotile. One centre (6585) may also contain a small amount
of lizardite. These centres would be called serpophite unless
proper identification were carried out.

Mesh Centres W201 The centre consisted of a central featureless

zone surrounded by flbrous material; both were included in the X~ray

beam and gave a diffraction pattern of a mixture of clinochrysotile

and lizardite (6624),

Mesh Rims W89 The mesh rims are lizardite in Type 1 orientation

(ot -serpentine) (6587a).

Mesh Rims W201 An «-serpentihe rim adjacent to a spinel was
X-rayed (6631) and found to be lizardite in Type 1 orientation.

Antlgorite W89 Fibro-lamellar ¥ -serpentine was confirmed by X-ray

microbeam to be antigorite (6687).

AREA T

Mesh Textures After Olivine W972 The mesh centres contain lizardite

in Type 1 orientation (6714). Very fine mesh-textured serpentine,
in'which both rims and centres were included in the X-ray beam
(6745), 1s composed of lizardite in Type 1 orientation.

Bastite Serpentine W972 This consists of {-serpentine, which

X-ray diffraction shows to be lizardite in Type II orientation
(6734).
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Serpentine After Amphibole W972 This conslsts of «&-serpentine

which X-ray diffraction shows to be lizardite 1in Type 1 orientation
(6730).

Serpentine After Amphibole 1027 This consists of d-serpentine

which X-ray diffraction shows to be lizardite in Type 1 orientation
(6638) with weak reflections from a 148~ chlorite-like substance.
148 structures have previously been described as an intermediate
stage between ollvine and llzardite (Wicks, 1969, p.280), and
between serpentine minerals generally and olivine (Brindley and

Zussman, 1957).

X-RAY MICROBEAM DETERMINATIONS OF MULTIPLY ZONED SPINELS

The non spinel phase (Plate 24 ) in a multiply zoned spinel
W264 was determined to have a pyroaurite-type structure. Both
photographs were severely darkened by secondary fluorescence from

iron in the spinel (6778, 6789).
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The symmetrically arranged intenslity maxima are those that occur
when the long axls of the mineral 1s normal to the incildent
K-ray beam.When thils is not so the maxima wilill sti1ll occur in
groups of four but wlill be asymmetrically arranged and will form
arcs or even continuous rings rather than sharp spots.
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ELECTRON MICROPROBE ANALYSES
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ELECTRON MICROPROBE ANALYSES

Oxide, sulphide and silicate minerals were analyzed with an

Acton-Cameca MS 64, election microprobe. Quantitative analyses were

made at 15 KV accelerating potential, 0.O4pA sample current and a

10 second integration time.

(13)
(14)

(15)

The followling standards were used:-

Chromium metal

Titanium metal

Hematite #80

Garnet #14 Mg, 6.95; Al, 11.72; Si, 18.22; ca, 3.00; Ti, .05;
Mn, .10; Fe, 17.12.

Pyrrhotite (artifilcial) #531 Fe, 61.25; Ni, .50; S, 38.25,
Millerite #505 Ni, 61.80; S, 38.20.

Chalcopyrite #537 Fe, 32.00; S, 32.50; Cu, 34.50; Co, 1.00.
Olivine #67 Mg, 27.50; Si, 18.71; Fe, 11.00,

Tremollte #53 Na, .12; Mg, 6.35; Al, .10; Si, 24.44; ca, 8.05;
Ti, .03; Mn, .19; Fe, 17.54; K, .06.

Plagioclase #153 Na, 6.14; Al, 13.02; Si, 28.55; ca, 4.32.
Enstatite #12 Na, .060; Mg, 20.10; Al, 2.31; Si, 25.39;

ca, .60; Ti, .10; Mn, .12, Fe, 4.49; cr, .23.

Feldspar #60 Na, .24; Mg, .06; Al, 9.16; Si, 30.43; K, 13.37;
Cca, .21; Fe, .02,

Feldspar #61 Na, 8.68; Al, 10.32, Si, 32.11; X, .08.
Plagioclase #39 Na, 4.47; Al, 14.37; Si, 26.63, K, .49;

ca, 6.56,

Quartz #77 Si, 46.70.
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The standards used in spinel analyses were as follows:

(L) cr
(2) mT1
(3) Fe
(4) Mg, Al
(5) Nt

The raw mlcroprobe data was reduced using the McGill revision

of the Empadr V program (Rucklidge and Gasparrini, 1968).
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APPENDIX IV

RECALCULATION OF SPINEL ANALYSES
( PROBELEMATIC COMPUTER PROGRAMME )
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PROBE-LEMATIC

I OBJECT

The output of silicate and oxide analytical data from the
computer programme (Rucklidge and Gasparrini, 1968), used at McGill
University to correct the raw electron micro-probe data,is tabled
in three ways:-

(1) Element weight percentages.

(2) Molecular proportions based on 24 cations.

(3) oxide weight percentages.

Spinels from the Manitoba Nickel Belt have been analyzed for
Ni, Fe, Al, Cr, Ti and Mg and the oxides of these elements account
for about 98% of the spinel composition, In practice the total of
the oxides calculated from the analyses does not normally exceed
more than about 91% because all iron is calqulated as FeO and all
chrome as CrO and hence the oxygen welght equivalent of the tri-
valent oxides has to be added. Analytical error and the presence
of small amounts of other elements such as Mn and Zn may also
contribute to a deflcilency.

The Probe-lematic programme was written to recalculate the
mlcroprobe analyses to 100%, to report chrome as Cr203, to allocate
the total lron content as FeO and Fe203 and to calculate a number
of significant oxlde and elément ratios.

The programme, written for the IBM 360 series computers, was

devised by tﬁe author and translated into Fortran IV by Dr. M.
Schnelder,
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BASIS OF RECALCULATION

The spinel group milnerals have the general formula
2+ 3+
R Ro 04
which may be written

2+p 3+

R 0
816,73

24

Thus there are a total of oll cations in the expanded formula
unlt, the basis to which the molecular proportions are calculated
in the micro-probe output data. Thils provides a convenlent starting
point for the recalculation.

Microprobe analyses are incomplete in that they do not
distingulsh between the oxidation state of constituent oxides and
in order to recalculate the analyses i1t 18 necessary to make some

assumptions. Firstly, the oxldation state of the elements determined

is assumed to be:-

R 3+group A1,04 R 2*group FeO
Cry03 MgO
T1203 NiO
Fe,03

The programme 18 written for these seven oxides, although it
would be relatively easy to add others and easier still to sub-
stitute any other oxlde for an existing one,

Secondly, it 1s assumed that there are no vacant sites, or
cation deficiencies in the spinel structure; there are a total of
oll cations which are divided into 8 B+ and 16 R3*t. Fe 3*and re®t are
allocated from total Fe to complete the two groups after allocating
the other elements. To do this 1t 1s necessary to recalculate the

molecular proportions to 24,
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III METHOD OF RECALCULATION

A manual example of the recalculatlon that is performed by
the computer programme is shown in Table I. The molecular pro-
portions from the data output are listed in column 1 and this is
the input data for the Probe-lematlc programme,

The molecular proportions are normalized to 100% and al-
located to their correct groups after which the total lron can be
8plit and allocated to complete the R 2+'group to 8 and the R 37
group to 16 (Column 2).

Column 3 shows the assumed molecular form of the elements.

The figures in column 2 are divided by the atomlc proportions
of the elements present in the oxides in column 3, 2 for the R 3+
group and 1 for the R 2+group to produce the correct molecular
proportibns in column 4,

These molecular proportions are multiplied by the molecular
weight in column 5 to give the weight proportion 1n column 6. The
normalized welght proportions are the oxide welght percentages in
column 7.,

Column 8 shows the weight percentages recalculated to 100%
from the oxide weight percentages in the Empadr output. Differences
are apparent because in the probe-lematic programme chrome 1is
calculated as Cr203 and not Cr0O as in the Empadr; Ti 1s calculated
as T1203 and not T10 as in the Empadr, and the total iron is
allocated to FeO and Fep03. This column 1s 1ncluded here for com-
parison only, it 1s not part of the computer programme.

The second half of the programme headed "data for graph',
calculates ten oxide and element ratios. The minor constituents

Ni and Ti are eliminated from the element weight percentage column



Table I. A spinel analysis recalculated mechanically

uslng an electronic calculatop.
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1 2 3 4 5 6 7 8
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The oxlde weight percentages are recalculated from the

molecular proportions which appear in the output from

the corrected microprobe data.
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which 18 then normalized., The ratios

Fe 3*4Fe 2T pmg
3

Cr 3

Al

can be plotted on ternary diagrams after the manner of Engin and
Hirst (1970). The ratios
cr/Cr 4+ Al
re 3YFe 3*+ cr 4 Al
Mg/Mg + Fe o
Fe/Mg + Fe °*
can be plotted on compositional variatlon dlagrams based on
Steverls prism (Irvine, 1965).
In cases where Al 3+1s nil a line of stars appears in place
of a number opposlte Cr 271\1 3T
FA printout of the programme will be found at the end of this
appendix.

IV INPUT FORMAT

Each analysis cccupiles one data card, an example of which
is shown in Figure 1., The sample identification occupies the flrst
16 spaces and may be entered in alpha-numerlc, e.g., Deer, p.427,
Col.#1. It 18 not necessary to fill all 16 spaces and the word
sample which appears on the output is not included in the entry.
The data is entered in 6 £10.3 in the following order:-

Bl.veseeesessolnitial numeral in column 20

Cr.. EEEREEREEEEER XN NI I S A AR I A AR RN R N A A 30
Ti. 9 8 092 8000600800 0600030006006006000000800C0CCTLsIICS uo
Mg. @0 000008 CO0O0OEEEOE0000SESO00000O60008060 000 . 50
Ni © 00 0 00000000000 0600000 QC€0000 6006000 e 0 & 00 60

Fe.otl..'......Il....l‘..‘..l....ﬂ’.... r{O
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V OUTPUT

An example of the output is displayed in Table IITI and is
self-explanatory.
VI DRUM CARD

The drum card used with the programme is shown in Figure 2.
This card allows the choice of alpha-numeric in sample identifica-
tion, automatic skip between all entries provided the numerals are

punched as six figure groups and automatic numeric punching for

the data columns.

VII OBJECT DECK

The programme'is shown in Table IV. , An obJject deck may be
obtalned and data treated at the same time by submitting the
following deck:-

Job card
//S1 EXEC FORTGCLG
/ PARM,FORT="NOLIST,EBCDIC,SOURCE, DECK, MAP, LOAD, ID"
//FORT ,SYSIN DD *

source deck

/—x-
//GO.SYSIN DD *
data cards

END

/-x~
Alterations and additions to the programme may be checked on
Watfor using the source deck and the following control cards:-

$WATFOR 123456-GEOLOGICAL SCIENCES~BLISS, RUN=FREE, KP=29
source deck
$data

data cards
END

$
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VIII VALIDITY OF THE PROGRAMME

The programme is valld within the assumptions made at the
start of thils appendix,

It 18 necessary to analyze for sufficilent elements to account
for about 95% of the total composition, So that serious errors are
not introduced in recalculation. In chrome spinel the oxides MgO,
FeO, Cr203, Al503 and Fey03 account for 98% of the constituent
(Irvine, 1965, p.649).

The molecular proportions calculated from two spinel analyses
by Deer, Howle and Zussman (1966), were recalculated back to the
oxlde analyses using the Probe-lematic programme. The results are
given in Table II, where they are compared to the origlnal analyses.

Table II A comparison of analyses gilven by Deer, Howle and

Zussman, (1966) with those recalculated by the problematic
programme,

1. 2, 3 A, »
Al 15,344 15,344 3,142 3.142
Cr - - 12,178 12.178
T .020 .020 .028 .028
Mg 6.592 6,592 4,852 4,852 Molecular
Ni - - - - N proportions
fo 1.983 1,983 3,702 3.702
In . 025 . - -
Mn 017 . 031 .
Ce - - .039 .
23,98 23,939 23.972 23.902
510, - - .32 -
51203 65,40 - 64,92 10,28 10,12
Cro05 - - 59,40 59,68
T 03 .13 .12 .14 .14 Oxide
*g& 22,23 22,50 12,62 12,61 weight
%10 - - - - percent,
FoD 8,03 0,44 14,09 14,43
7:503 4,32 4,02 3.30 3,02
4 .24 . | - -
nnd .10 8 .14 2
ol - - .14 3
— 100,45 100,00 100,23 100, 00

1. Hercynits,Daer,Howle ens Zusaomen,1966,p,427,col,1.

2, Recelculation of the rolevent portions of tho moleculer proportions of 1,
. by Probe-lematic programme to give oxide weight percenteges,

3, Chromite,Door,Howio end Zusamen,1966,p,427,col,7.

4, Recolculation as fPor col,2,

- not determined * doleted from celculetion beceuse oxids
not cetered for in Proba-lomatic progremma,
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Table III. Example of the output.

PRCBE-LENMATIC SANPLE DEER,P427,CCLHT.,
LeN Carre INFLT &Y Wla FRCP (X1D€ FLEVENT
nle PCTe  Wle PCTa
ALZ+ BL2C3 2.142¢C 341545 157,681C  1C.1248% 5.3560%
C3%s (R223 12,1760 1007275 32%.4465  EC,AE021 4f R010Y
T12+ 11233 CoC26C Cozzal 24218 Cel298% Ca05732
MCZ+ MG 4.B52C 448716 19644247  12,6132% 7.6058%
N12+ NIC Ten0ns f.rrecc r.07C caeraey fonrnne
FE2+ FEC 1,132¢ 301281 22447546 14.4316Y  11.2136%
FE3+ FE203 Pk CeSES1  47.0371 3.0203% 2.1112%

*d o SLNS *e 23.902C 244000C 1557.372C 66455992 67.2049%

INPLT NCRMALTIZATICN FACTOR= leCO41
OXICE NCRMALIZATICN FACTOR= C.C642

DATA FCR GRAPH

ELEVMENT wls PCTs

ICN NCT NORM NCR M
AL2+ £e356C Te981c
CR3+ 4048212 £C.B29¢
MC2+ ToECHE 11,3237
FEZ4 11.2134 1647098
FE3+ 201112 2.146C
SLVMS €7.1C7¢ 1C0.00CC
NCRMALIZATICN FACTCR= l446C1
(FE2+ + FEZ4) 164 €555
(FE2¢ + FEZ4 4 NGZ4) 21.1862
CR2+/(FE3+ ¢ FEZ+) 2eC62¢€
NIz+/CR2+ 0.0CCC
MCZ+/(NGZ+ + FE2+) CetChz
CRZ+/(CRZ+ 4 pLZ+) Ce884C
FE24/(CR2+ + ALZ+ + FE24) CeC437
FE2C2/FEC 0.2063
FEc+/(NG2+ 4 FEZ+) CeS65E
CRz+/AL24 Teb€21€

1G24 /FE2+ Ca€782



Table IV. Probelematlc programme.

34
35

SWATF
c

10
Cs8%8
100
105

115

117

120

125

DR 701090-GEOLOGICALSCIENCES=BLISS,RUN=FREE)KP=29

PROGRAM TO WORK UP PROBE DATA

DIMENSION ATS(8)sPMITISANITIST(LL),)ATN(B)AT(8))WTPN(B),OX]IDE(B),N
$A(3,8),ATW(B)s1D(4)

DATA NA(L,1)5NA(2,1)aNAL3, 1) PHMIL),T(L)AN(L)/TAL3G )t AL21,103 ¢
$999,96,2,0,0,529/

DATA NA(L1s2)sNA(2,2)sNAC352)0PM(2),T(2),AN(2)/1CR3+Y, ' CR21,103 ¢
$5152,02+2,0,0,684/

DATA HACL53)sNA(253)aNA(323)0PMI3),T(3)p)AN(3)/1TI341, TI21,103
$5143,8052,0,0,750/

DATA NA(L124) NAC224)pNACB2G4)PHILY,TIG))AN(A)/IMG2%1 51 MGDI, ! !
$940432,1,0,0,603/

DATA NA(L1,5)sNA(2,5)sNAL3,5),PH(5),T(5),AN(5)/INI241,1 NIOT,Y !
$274,7151,0,0,786/

DATA NA(L26) NAL2,6)sNAL3,6),PMIOI,T(6)2AN(O)/IFE2+1)! FEOMS! !

$5714855140,0,777/

DATA MA(Ls7)sNAC2,TYsNALB,T)aPMITIST(T)2AN(T)I/IFE3+1y1 FE21,103 1t
$5159,7022,020,699/

DATA NA(L,8),NAL2,8)sNA(3,8) /8% 1, 1SUMSTI,1 %%t/

DATA IEND /1END 1/

NTIW=5

NTQUTa6

ATS(7)=100,00

FIX UP MOLE PROP

DO 10 I=1,7

PMIIY=PM(IY/T(T)

READ IN A CARD

READ(NTIW)105,END=500) (ID(J)adulad) s (ATS(1))'IR1,06)

FORMAT(4A4,3X,6F10,3)

AN END CARD

1F (1D(1),EQ.1END) GO TO 550

NORMAL1ZE

CALL NORM (ATS»ATN,24,00,65T(1)sATS(8)sATN(B)IER)

CALl, FE2+ AND FE3+

A=ATN(G)

ATN(6)a8,00=ATN(4)=ATN(S)

ATN(T)=A=ATN(6)

PRODUCE MULE PROP

DO 110 I3l,7

ATWLI)sATM{T)%PM(T)

NORMAL1Z2E

CALL NORM (ATWsWTPNsl00,0572T12)sATW(B)JWTPN(B)sIER)

CALC OXIDES

OXI0E (8)=0

DO"115 1=),7

OXIDE (I)=WTPN(I)%AN(])

OXIDE(B)=CXIDE(8)+OXIDE(])

WRITE IT OUT
WRITE(NTOUT,117) ¢ID(L),

FORMAT (' 1PROBE~LEMATIC!,

WRITE (NTOUT,120)((NA(J,
$H>WTPN(I)»0OXIDE(I)»1=1,8)

FORMAT ( 1Q1// tUION OXIDE  1,6X, VINPUT !, 5Xs tHIRM!Y
$)5Xs 1WTy PROP1,)4X,) 1OXIDE ) 5Xp VELEMENTV /4 TXy 'WT, PCT (133X, 'WT, PCT,
$1/760/1X3384)4F L0440 1%  3FL0,4s "% )/ 1X030405X0F34222X03F10,401%1,F )0
$,4p 1%V /13Xs52( 1 He) //1X3R4,6F 0,401 % FL0,451%1)

FACTURS

WRITE(NTOUT,125) T(1),T(2)

FORMAT ('OINPUT NORMALIZATION FACTOR=',Fl0,4/' OXIDE NORMALIZATIQON
$ FACTORE',F10,4)

.

L=1s4)
30Xs ' SAMPLE 14A4)
[)adm1s3)sATSCIIATN(TI ) ATH (L)
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36
37
38
39
40
4]
42
43
44
45
46
47
48
49
50
51
52
53
54

56

57
58

128
129

130

500
505

550
555
600

$DATA

RATIOS 294
ATS(1)=0XIDE(1)

ATS(2)=0X1DE(2)

ATS(3)=3X1DE(4)

ATS(4)=OXIDE(6)

ATS(5)s0X1DE(7)

CALL NORM({ATS,ATN,100,0s5sSEMP,ATS(6)sATN{6),1ER)
TCIY=ATN(4)+(ATN(S))

Y(2)aT(1)+ATN(3)

T(313ATN(2)/T(L)

T(4)s0XIDE(5)/OXIDE(2)

T(5)=ATN(3)/(ATN(3)+ATN(4))

TEMP=ATN(1)+ATN{2)

T(6)2ATN(2)/TEMP

TCT)=ATN(5)/(TEMP+ATN(5))

TCB)EATPN(T) /HTPN(6)

T(9)=ATN(4)/ (ATN(3)+ATN(4))

1F(ATN(1),GT,0,001) GO TO 128

T(10)=1005000

GO TO 129

TC10)=ATN(2) /ATN(L)

TC1L)=ATN(3) /ATN(4)

WRITE 1T OUT

WRITE(NTOUT,130) (ATS(I),ATNCI)2I=1,6)5SEMPs(T(J))Jd=1,11)
FORMAT(1ODATA FOR GRAPH!/15(LH31//12Xs! ELEMENT WT, PCT,1/
s 110N 1,6Xs INOT NORM  ',3X, INORM!//1 AL
$34124Xs2F10,4) /1 CRI#1 4K 2F1004s /1 MG21,4Xs2F 10,471 FE2414Xs
$2F10,4/" FE34124Xs2F1044/10X»20(1Hr)//1 SUMS1,4Xs2F1044//
$1 NORMALIZATION FACTORs (,F10,4/

$/21Xs V(FE3+ % FE2+) 12F1044
$/21XpV(FE3+ + FE2¢ + MG2#) 12F1044
$/51X2VCRI+/(FE3+ ¢ FE2+) 12F1004
$/2)3X)'NI2«/CR3¢ 19F10¢4
$/51X) YMG2+/(MG2+ ¢ FE2+¢) 12F1044
$/21X2'CR3I+/(CR3+ + AL3+; '2F1044
$/1X21FE3+4/(CR3% ¢ AL3+ & FE3+)1)F9,4
$/,1X)'FE203/FEQ 12F1044
$/21Xs'FE24/(MG2+ + FE2%) 19F10,4
$/s1Xs'CR3I+ /AL 12F10.4
$/s1X)'MG2+/FE2+ 19F10,4)
DO ANOTHER DATA POJINT
GO TO 100
FOF
WRITE(NTOUTL505)

FORMAT (1 L sl ERROR = NO END CARD? /1 Qoiastexenisss END QF PROBE
$=lLEMATIC 2 i)

GO TO 600

WRITE(NTOUTA555)

FORMAT (' )axxux  END OF PROBE=LEMATIC 7?2 ookt

CONTINUE

sTOP

END

SUBROUTINE NORM (AV,AN»V,NDsF»S1s52s LER)
UIMENSIUN AV(8),AN(8)
SET SUMS & ERROR FLAG
S1s0,0

$280,0

IER=Q

SUM UP IM NORM

D0 10 I=1,NO
S1uS)l+AV(])

CALC FACTOR

1F (A35(S1).LT,0,0001) G5 TO 30
Fav/s)

RESCALE

DO 20 [=1,NO

A1) =AV(T)&F
S2eS52+AN(1)

RETURN

AN ERROR

JER=]

Fule0

GO TO 15

END



APPENDIX V

ELECTRON MICROPROBE ANALYSES
Tables of electron mlcroprobe analyses of chrome spinels for
which variatlion dlagrams have been constructed but no individ-
ual analyses presented in the text.
The chromlte core of the zoned spinels 1s indicated by a double

line.The analyses between these lines may be averaged in the

last column.
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TRRLE 32 - 2 FIE ; 3 4 5 6 7 8 9 10 1 12 13 14
Al1,0,100.15 00.00 06.01 00,05 00,03 00.08 1,12 9,25]14.94 15,16 15,71 15,87 15.50 13, 42 3.03
c:%oi 2,93 3.87 6,37 9.85 15.07 2B.65 45.91 47,24 48,27 48,53 48,55 48.28 48,21 48.04[45. 84
710, (00.14 00.24 00.23 00,28 00,44 00.78 00,48 00.21/00,34 00.30 00.21 00.23 00.29 00,32 00,50
Mg0” 00,69 1.24 2,13 2,02 2.95 4,88 5.87 9.89(11.23 11,31 11.31 11.20 11.06 10.33] 6,45
NiD  [00.61 00.56 00.69 00,60 00.54 00.45 00,18 00.06 00,02 60,00 00,00 OO.01 00,04 00,00(00,17
FoD 129.46 28.65 27.19 27,52 26,23 23,57 22,75 18.21[17.26 17,20 17.30 17.49 17.60 18.57(22,23
fop03/66.02 65.44 63,38 59.69 54,74 41,58 23,68 15.14] 7.90 7.47 6.92 6.92 7.29 8.33[21.78
— 15 6 17 819 20 21 22 _Btoll
Al,0,100,72 00,20 00.06 00,02 00,00 00.05 00,00 00.00]15.27
Cr,03(44,98 41.60 14.87 8,55 5,20 4.02 2,44 1,99 (48,32
7152 00,51 00,73 00,42 00,30 00.17 00.1%1 00.19 00.10 (00,29
Mgo $.38 5,01 3,15 1.71 1,51 00.85 00,42 00,53 {11.07
Ni0 100,18 00,30 00.47 00,65 00.68 00,59 00,58 00,56 (00, 01
Fed |23,43 23,73 25,97 27.92 28.14 29,23 29,86 29,70 (17.57
Fop04/24.81 28,42 55,05 60,84 64,31 65.15 66,51 67.11| 7.47
TJABLE IT W269(2) FIG.IV.2

0 1 2 3 4 5 6 7 8 9 10 11 13 14
Al505100.11 00,00 00,03 00.00 00,01 00,02 00,03 00.17 00,06 00,04 00.03 00,00 00.02 00,06
Crols| 2,07 2,93 3,91 4,86 7.78 10.98 16,99 29,36 23.78 13.59 9.38 6,23 2.78 2,36
T40, 100,00 00,00 00,00 00,00 00,00 00,06 00,02 00,20 00.15 00.20 00.08 00,14 00,09 00,07
Mg0™ 100.80 00.29 00,56 2.65 2,26 2.63 3.43 4.64 4.00 3.07 2,85 2,22 1,36 00,93
NiD 1.20 1.30 1.14 1.38 1,22 1,20 00,97 00.67 00,89 00.93 1.10 1,47 1,07 00,94
Fed 128.69 29.33 29,12 25.69 26,48 26,00 25,09 23.72 24.40 25,62 25,73 26.28 27.96 28.73
'Fog03] 67,13 66.12 65.23 65.42 62.24 59,11 53.47 41.30 46,72 56.54 60.83 63.67 66,74 66.90
TABLE IIT W9 FIC.Xv.4

i) 3 3 4 5 6 8 9 10 11 12 13 14 15 16
Al,03(00.23 00,27 00,32 00,45 00.70 1,22 [15.32 16,14 15.95 16,48 16.22 15,90 16,12] 3.96 1.35

Cr,05125.28 27.36 32.42 38,31
116,% 00,97 1,07 1.07 1.06

Gg0 2,14 2,36 2,43 2,82
NiD 100,81 00.75 00.62 00,47
Fe0 127.42 27,17 27,29 26,95

Fo203)43.15 41,00 35,84 29,93

41,91 40,58 |46.31 46.43 46,41
00.81 00.75 100,30 00,64 00,74
2,90 5,84) 6,93 7,55 7.92
00.40 00.31 {00,03 00.00 00,04
27,00 22,62 (23,91 23.15 22,51
26.28 20.68) 7.21 6,09 6.43

46.48 46,81
00.49 00,38
7.49 7,45
G0,06 00,00
23,24 23,31
5.75 5.83

45,80 46,48
2,00 00,60
6.84 7,29

00,01 00,00

24,24 23,55
5.22 5,96

43.38 43,02
00,37 00.62

S.12 3,27
00,14 00,13
24,44 26,81

22,60 24.79

718 19 — %0
A1505]00,63 00,33 00,23 00.15
Cr,03|41.34 34.35 26,36 20,83
Ti0,7100.79 1,06 1.08 00.99
Mgo” | 2.98 2,38 1,85 .1.54
Ni0  100.42 00,54 00,72 00,88
FeD [26.83 27.48 27,98 28,20
F6,03]27.01 33,87 41,79 47.43

21 22 23 _Btolsa
00.13 00.09 00,73 16,02
17.78 15,47 13.36 46,41
00.83 00,65 00.57 00,69

1.45 1.22 1,26 7,36
00.98 1,03 00,97 00,02
28,17 28.43 28,40 23,41
50.66 53,10 55.31 6,09

JABLE IV WB4 Fiq.1V.5
) 1 2 3

4 5 6 7 8

9 10

Al03T13.47 13.42 13.59 13,69
Cr,04)44,27 45,07 45,36 44.92
140,"( 1.00 00.40 00,62 1.24
Mg0” | 6.05 6.29 6.19 .25
N10 |00.06 00.09 00.06 0O.05
Fo0 |24.B7 24,47 24,70 24.64
Fap03]10.33 10.25 9,48 9.20

6.63 2.5 1.26 00.40 00,19
42,58 42,08 41,81 39,72 27,45
00,94 00.58 0D.64 00,78 00, 89

5.47 3,49 2,90 2.80 1.86
00.21 00.44 00.42 00,46 00,67
24,33 26,37 27,07 27.00 28,01

19.84 24,53 25,90 28,84 40.94

00.09 00,04
17.05 12,38
00.67 09.60
1.29 1,11
00,95 1.06
28,43 28,52
51.52 56,30

1 12
00,00 00.00
8.59 7,23
00.36 00,33
00.94 00,70
1.09 1,12
28.67 28.99
60.35 61.63

Oto3

13,53

44,90
00,82

6.19
00,07
24,67

9,82

JABLE V W89 FIC.IV.6

4 6 4 3 2

15 0

N 2

3 4

ST 10__ 9 8
Aly05100.25 00.21 00,30 00,46
Cr,04)21.67 22,88 28,39 34,37
T40,7|00,95 1.09 1,18 1,40
mgd | 1.83 1.87 Z.04 2,44
NiD |00.94 00.B3 1,00 00,65
FoD 27,71 27.77 27,45 27,32
Foy04]46.65 45.34 39,62 33.36

00,61 00.69 2,17 2,96 6.20
42,75 42,98 41.46 45,07 46,27
1.22 00,90 00,71 00.70 00,65
2,68 2,90 3,94 3,51 3.47
00,48 00.42 00,35 00.37 00,31
27.27 27.00 25,71 26,55 27.28
25,00 25.12 25,66 20.65 15.61

15.01]16,57
48,45(48,50
00.49] 00,25
4,22| 6,92
00.09]100,00
28.01]/24,22
3.73]| 3.54

15,37 15,74
45,92 45,17
00,19 00.16
7.14 6.89
00.06 00,06
23,55 23.89
7.83 6.68

7,35 308
42,41 41,44
00.48 00,66

4.02 3,31
00.24 00,33
26.65 26,65
18.86 24,32

4 5 6 7

8 9N__Oto2N

Al03
Cr. 03
T40,
mgo

3.08 1.75
41,44 41,34
00.66 00,78

3.31 2,89
MO (00.33 00,30
Fe0 |26.85 27,29
Foy03(24,32 25,65

00.78 00,40 00.18 00,17
37.54 22.84 15,68 8,90
1.27 1.05 00,85 00,55
2,59 1.77 1,30 2,57
00.46 00,87 1.11 1,38
27.38 27.94 28,27 25,91
29,98 45,14 56,62 60,51

15,43
45,61
00,22

6.91
00,02
23,95

7.86

-

296



TABLE VI uial
1 2

3 4 S

6

glzg:s
r
71323
Mg0
NiO
Fed
78203

00,39 00,05
6.29 6.00
00,00 00,00
2.85 00,51
00,54 00.61
26.28 29.79
63.65 61.04

00,07
10.16
00.00
00.57
00.59
29,75
58. 86

00,07 00,10 00,08
11.71 12,70 10.54
00.05 00.00 00,00
00,70 00.77 00.66
00,60 00.61 00.58
29,56 29.47 29,64
57.29 56,35 58.51

00,05

6.67
00.00
00,53
00.54
29,80
62.41

00,03
00.18
00.00
00.67
00,15
29.85
69,11

TABLE

VI w162
0 1

2

3 4 ]

6

8

9

10

11

Ala0s3
Cr,0
71823
Mg0
N1D
fe0
Fo,04

00.07 00.06
2,95 7.17
00,56 00,64
1.12 1,30
1,05 1.0
28,36 28.18
65.89 61,63

00.05
7.65
00,83
1.41
1.03
28.02
61,01

00.08 00.06 00,04
8.22 7.45 8,50
00,49 00.51 00,49
1.37 1.39 1.66
1.17 1.40 00,38
27.95 27.68 28.25
60,72 61.51 60.68

00.10
8,41
00.32
1.56
1.1
27.70
60,80

00,09
8.43
00,41
1.45
1.01
27,97
60,64

00,05

3.05
00,11

1.04
00.83
28.67
66.24

00.07
8,08
00,35
1.39
1.00
28,07
61,04

00,12 00,07

2,16
00,23
3.27
1.08
25,01
68,13

8,42
G0,55
1.47
00,93
28,02
60,53

TABLE VIIY wW264(1) FI1G.IV.9
1 3 4

2

5 6

Al,0
cr§o§
TiUz
Mg0
Ni0
(]

r5203

00.04 00,03 00,50
19.01 33.59 41,97

2,30
42,72

15.80 17,35
47.17 47,52

4,36
1.72
2.80

3.18 2,93 2,87
2.69 4,19 8.08

3.75
8.21

00,97 00.5% 00.4300,10

3.78
8,45
00,07

26.1% 26,59 24,93
45.96 32,95 24,97

19,37
24,24

22,10
2,93

22,05
00,78

7
17.48
47.16

3.75
8,37
00,09
22,16
00,98

17.74
47.02

3.60

8,04
00.06
22,75
00,80

17.43
46,50
3.56
8.39
00,07
22.14
1.92

10

1"

13

14 15 16

1€.94
46,51
3.54
7.89
00.10
22,78
2.25

16.56
44,92
3.43
8.17
00,09
22,26
4,57

10.39
40,01
3.50
3.53
00,42
27.87

14,28

2,02 00.57 00.00
40,39 33,25 S5.61
3.82 4.85 3,00
3.38 3.05 2.95
00.42 00.53 1.76
26.56 26,62 24,97
23.41 31,15 61.7

TABLE IX u264(2)
7

2 3

4 S 6

Alay03
Cr203
T102
Mg0
NiO
FeD
F0203

00,06 00,44 5.28
16.60 44,80 7,75
1,34 00,52 00,25
2,58 5,70 3,36
7.50 00,57 2.08
20,07 22,50 24,95
51,77 25.46 56.33

00,08 14,58 15,89
6.79 47,52 47.21
00,12 00.17 00,25
5,19 11,13 11,87
2.02 00.20 00.1S
21,20 17.15 16,3
64,61 9,24 8,31

00,00
2.04
00.23
2,57
1.99
25,19
68.00

16,23
47,67
00,27
11.86
00,14
16,41

7.43

00,04
00.06
00.26

1.52

4,69
24,15
69.29

10
a0, 88
9.00
00,12
2,42
4,95
22,80
59.83

1
00.19
32,95
00,78

4,89
1,99
22,14
37,06

5,6,8
15.56
47.47
00,23
11.62
00,16
16.62

0,33

TABLE

X W3 FI1G.V.1
0

3 4 )

10

11

Sto11

46,97
3.66
8,22

00,08

22,33

Oto?

Al,0
cri03
T10,
Mg0
NiO
Fe0

Foa03

24,56 24,56 24,24
31.18 30,99 30,63
00.43 00,44 00.45
11.35 11.06 11,32
00.57 00,51 00,59
18,05 18.57 18,02
13.86 13,87 14,75

24,10 24,19 23,95
30,56 30.72 31,03
00.53 00.58 00.60
11.27 11,26 11,48
00.62 00,60 00.62
18.06 168,10 17.70
14.88 14,55 14.61

24,09
30.97
00,50
11.24
00.63
18.09
14,49

24,57
30.93
00,49
1.41
00.61
17.93
14.05

00,00
00.92
00.00

1.05
00,03
29,40
68,59

00,00
00,23
00,00
00.90
00.05
29,60
69,22

00.00
00.07
00,00

1.30
00,03
29,01
69,59

00.00
00.04
00.23
00,34
00,06
an,.4s
68,687

24,27
30,88
30,50
11,30
00.59
18,07
14,38

TABLE

X1_GREAT DYKE
a 1 2

3 a4 5

6

7

8

10

1

Alg0g
Crp03
Ti02
Mg0
Ni0
Fed

12,72 12,81 13,19
50,11 50.44 50,45
00.34 00,35 00,37
9.34 11,08 11.08
00,10 00.06 00.05
19.71 17.10 17,17

Fop0y

7.67 8,17 7.69

13.21 13,35 13,47
50,23 50,41 50,63
00,35 00.30 00,39
11.24 11.04 10,94
00.04 00.05 00.05
16.95 17,26 17.44
7.99 7,59 7.08

13.49
50.38
00,40
10.82
00,03
17.64

7.22

13.59
49,93
00,49
11,06
00.05
17.27

7.60

13.M
50,45
00,29
10.51
00,06
18.15

6.85

13,82
50,47
00,36
10,58
00,07
18.04

6,65

13.90
$0.10
00,33
10.45
00,06
18,26

6.91

00,00

3:60
00,03

3.46
00,93
24,86
67.12

17.12

1.62
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APPENDIX VI

OTHER ANALYTICAL DATA
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ROUTINE NI ASSAYS

Routine nickel (and copper) assays were made by Mr. H.E.
MacRae, of Amax Exploration Inc., using a Varian Associates A-100
atomlc absorption unit. All intersections of ultramafic, and some
intersections of mafic.rock were assayed,

A diamond impregnated disc grinds a small continuous fillet
from the core and each sample obtained 1s estimated to total 3%
of the complete footage sampled., All of the grind except that
portion of +8 mesh grain size is retrieved and made to pass
through a ~100 mesh seilve, The +8 mesh portion is not retained
because 1t 1s believed to be composed of excess material plucked
out by the grinding disc and therefore not a portion of the
ground fillet. Each sample is subsequently homogenized prior to

analysils,

The analytical procedure for total nickel (and copper) is

as follows:-
1 gm sample welghed on analytical balance
+ 3 ml. 48% HF
4+ 10 ml. 1/1 HCL
+ 5 ml. 70% HNOg
+ 10 ml, Perchloric acid

Mixture heated for 45-75 minutes untll perchloric acid
begins to fume

Mixture cooled

+ 5 ml. demineralized water to redissolve 8salts - aided
by warming

4 dilution to 200 ml.
Assay on A,A, unit for Ni and Cu
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Calibration standard solutions (Fisher Stock) are prepared in a
similar manner but mixtures are not heated,

Sulphide nickel 1s determined by using ammonium citrate as a

'chelating agent followed by hydrogen peroxide leach to selectively
dissolve the sulphide phases. The analytical procedure 1s as
follows:-

1 gm. sample weighed on analytical balance

+ 80 ml. Ammonium citrate 10% solution

+ 40 ml. reagent grade H202

Mixture homogenized on blender 30 minutes

Mixture stands overnight

Heat mixture gently % hour

Mixture filtered and washed twice

+ 10 ml., 1/1 HCL

Dilution to 200 ml,

Assay for N1 on A.A. unit
Calibration standard solutlions (Fisher Stock) are prepared
8imllarly but not heated,

Research on the various sulphide-leach techniques has been carried
out by Amax Exploration Inc, the technique outlined above, was the
most precise and reproduceable, although not all sulphlde dissolved
‘before inclplent attack began on some non-sulphlde phases, The
figure obtained for sulphide nickel 1s believed to be very close

to the real content.

WHOLE ROCK ANALYSES

The sample 18 crushed, and split, approximately 100 gms, belng



retained for analysis, 3i, Al, Fe, Ca, Mg, K, Na, Cr, Ti, P, V,
Co, Ni, Cu, Mn, and Zn are determined by atomlc absorption
spectrophotometry, Dissolution for analyses lnvolves a lithium
metaborate fusion for determination of Si, Ti and Cr and for most
other elements.an HF digestion followed by HNO3 treatment to
quantitatively dissolve the remaining metallic elements for
analysés, Sulphide nickel was leached wlth an ammonlum cltrate-
hydrogen peroxide solutlion.

The values of -HQO, LOI, total sulphur and total carbon, and
an estimation of +HpO are obtalned as follows:

A tared crucible is filled with a l-gram sample and heated
for 1% hours at 110°C, cooled in a dessicator and weighed. Welght
loss 18 calculated to percent and recorded as percent -HQO. The
crucible and sample are placed in a resistance furnace and heated
to 1100°C and held at this temperature for one hour, cooled and
welghed., Weight loss is calculated to percent and recorded as LOI.
This value represents carbon, 002, sulphur, and-+H20 and fluorine.
In this combustion reaction, some of the sulphur is trapped by
reactive metal 1lons as sulphates, necessitating a sulphur deter-
mination on the LOI resldue, calculation of éxygen tied up with
the retained sulphur, and a correction of the LOI value reported.
The corrected LOI value minus the total sulphur, fluorine and
carbon contents 18 an approximation of the-kHEO value.

Total sulphur 18 determined by the Leco carbon-sulphur
instrument. A welghé&éd sample is placed in a speclal (carbon and
sulphur free) single use crucible, covered with metalllc iron and

tin (both carbon and sulphur free), and combusted in the sulphur



inductlon furnace in a stream of oxygen at a temperature "well in
excess of 3000°F", The SO0p 18 trapped and titrated with a standard
KIO3 solutlion, Reproducibllity is * ,02% up to 2.00% sulphur and

+ .2% from 2,00% to 20,00% sulphur.

The total carbon content is determined with the second in-
duction furnace on the unit in a completely dlfferent combustion
train, A second sample 18 weighed out. Iron and tin metals are
added, and the sample i1s burned in a stream of oxygen. All gases
are passed through a sulphur trap to remove S0, and through a
catalyst furnace to convert any CO to 002. The gases are volumetri-
cally trapped, measured, and CO, 18 absorbed in a KOH solution.
The residual gas 18 remeasured and the difference is the amount
of CO2 contained 1n the combustion gases. Corrections are made for
temperature and pressure, and the results are reported as total
carbon., Adequate detection limits and precision for total carbon
determinatlons have not yet been achieved.

The determination of FeO 18 a partitioning technique, due to
the ease with which iron changes from the ferrous to the ferric
state. For the determination, a small amount (0,5 grams) of sample
is decomposed in a platinum crucible by bolling with HF-H5S0y . The
resulting sample solution 18 then "splked" with a fixed amount of
ferrous ammonium sulphate solution and titrated with a standard
dichromate solution with diphenylamine sulphonic acid as the
indicator. The F-, 0,25 grams of sample is fused in a nickel crucible
with NaOH, Water and a small amount of stou is then added to the
fused samr.e and an ammonlum citrate buffer is added to the result-
ing solution. The F- content 1s then determined with a specific

lon electrode,



